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1.1. General introduction 

Composites are used when a combination of properties is required that cannot be 

found in a single material. Particularly interesting are combinations of organic poly-

mers and inorganic materials as the properties of the pure components are very dis-

tinct. In general organic polymers are flexible, tough, and are easy to process, but they 

can also be relatively easily damaged, either chemically or mechanically. In contrast, 

inorganic materials are typically much harder, have better barrier properties, and have 

a good chemical stability, but are also brittle and are difficult to process. Organic-

inorganic composites may yield a combination of these properties, resulting in a hard, 

tough, and chemically stable and durable material that is still easy to process. How-

ever, the combination of organic and inorganic materials may also give a composite 

that is soft, brittle, unstable, and totally useless. 

The properties of a composite are not simply the average properties of its compo-

nents. Besides the volume fractions of the components, also their size, shape, and the 

distribution are important. In a composite one component may be enclosed by another 

component that forms a continuous phase, but it is also possible that the components 

form continuous phases resulting in interpenetrating networks. Properties like heat 

conductivity and electrical conductivity are controlled by transport processes through 

one of the components; consequently a continuous network of the conducting compo-

nent is highly advantageous. The interactions between the different components may 

induce changes in the chemical or physical structure of the components, especially in 

the first few nanometers from the interface(1-3). These effects become particularly im-

portant when the interfacial area between the different components is large(3). The in-

terfacial area increases with decreasing domain size in the composite, and conse-

quently also the properties may change by altering the domain size in a composite. For 

nanocomposites, with domain sizes of about 10 nm, 1 cm3 of composite may contain 

several hundred square meters of interface, hence structural changes due to interface 

effects may affect a large portion of the material(3). The addition of a third component 

that concentrates at the interface and alters the interactions can have strong effects on 

the composite properties(2-6). The third component may be a surfactant that assembles 

at the interface by physical adsorption, or it may be a reactive species that is grafted on 

the surface of the filler or it may even react with both phases forming a chemical bond 

between the two phases(5). This modification of the interface is often used to improve 

the mechanical properties of composites. 
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1.2.  Nanocomposite coatings 

The tailoring of properties is especially important for functional coatings. There-

fore composites are commonplace in the coatings field. For instance, the addition of 

inorganic nanoparticles, typically silica or aluminium oxide, to organic coatings can 

result in a strong increase of the scratch and abrasion resistance(4,7-12). Although many 

examples of abrasion resistant nanocomposite coatings can be found (especially in pat-

ents), explanations for their good performance are rarely given(4). For the friction coef-

ficient both increasing(10) and decreasing(4) values with increasing filler fraction are re-

ported. More agreement is found for the modulus and the toughness that are generally 

reported to increase with the addition of nanoparticles. In comparison with microme-

ter-sized particles, a lower volume fraction of nanoparticles is needed to enhance the 

abrasion resistance and at optimal loadings the performance is considerably better(4). 

Inorganic semiconductor nanoparticles like CdS, TiO2, and SnO2 are used for tai-

loring of optical properties, for instance for increasing the refractive index of coatings 

or for reflection of UV and IR radiation while remaining transparent in the visible re-

gion(13-15). For optical transparency of composites the domain sizes of regions with dif-

ferent refractive index are extremely important: when the size of these domains is lar-

ger than the wavelengths of the light, the light will be scattered and the composites be-

come opaque, but with domains considerably smaller than the wavelengths of the light, 

the local variation in refractive index is averaged out and the composites are still trans-

parent(16).  

Electrically conductive fillers are used for coatings with anti-static or electro-

magnetic shielding properties(14,17-19) and for sophisticated materials utilised in a range 

of electronic devices like pressure and temperature dependent resistors, solar cells, and 

gas sensors(19-21). For a high conductivity carbon black and metallic fillers are pre-

ferred, but for some of the devices and for transparent materials semi-conductor fillers 

are required.  

 

1.3. Composition of the nanocomposites studied 

In this thesis nanocomposite coatings based on UV curable acrylate matrices with 

inorganic nanoparticles are studied. The fillers that are used are silica (silicon oxide), 

tin oxide, and antimony doped tin oxide, with primary particle sizes of about 15, 5, and 

7 nm, respectively. Silica is by far the most used nanofiller, both in academic research 

and in industrial applications; as such it is also the filler for which most literature data 

are available. Tin is in the same group in the periodic table as silicon, thus one may 
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expect strong similarities between the chemical behaviours of their oxides. This en-

ables the application of the same preparation procedures for composites containing sil-

ica or tin oxide. An interesting difference between tin oxide and silica is that the band 

gap in tin oxide is only 3 eV, which makes it a semiconductor, whereas silica has a 

band gap of 9 eV, which makes it an insulator. By doping tin oxide with antimony the 

number of electrons in the conduction band is enlarged resulting in an increased elec-

trical conductivity, whereas optical transparency is retained(22). This makes antimony 

doped tin oxide (ATO) a very interesting filler for lowering the electrical resistivity of 

insulating matrices(22,23).  

The used inorganic fillers are very hydrophilic and cannot be dispersed directly in 

low-polar acrylate resins. To improve the compatibility of the fillers with the acrylate 

matrix, the surface of the fillers can be treated with silane coupling agents(5). In this 

thesis the silane coupling agents 3-methacryloxypropyltrimethoxysilane (MPS) and n-

octyltrimethoxysilane (OTS) are used. MPS has reactive groups for both the filler and 

the matrix and may form a chemical link between the two phases. OTS is used as a 

reference as it has only a reactive group for the filler particles, but it cannot react with 

the matrix.  

MeO
Si O

OMe
MeO

O
MeO

Si

OMe
MeO

3-methacryloxypropyltrimethoxysilane (MPS)            n-octyltrimethoxysilane (OTS)

O
O

O

O O

n

polyethyleneglycoldiacrylate (PEGDA)  
(mean n = 9)

                                                                                 trimethylolpropyltriacrylate (TMPTA)

O O

O O

O

O

O

OH

2-hydroxy-2-methylpropiophenone  
 

Figure 1.1  Chemical structures of components used in the coating formulations. 
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For the matrix three different acrylate resins are used: PEGDA, TMPTA, and 

Ebecryl 745, all with 2-hydroxy-2-methylpropiophenone as photoinitiator. The choice 

for these resins is based on mainly practical grounds. PEGDA is a diacrylate with a 

polyethylene glycol spacer that gives a rubbery matrix after curing. TMPTA is a tria-

crylate with a very small spacer that gives a highly cross-linked glassy matrix after 

curing. Ebecryl 745 is a commercial acrylate resin based on an acrylate backbone with 

unsaturated acrylate side-groups diluted with 25 % HDDA and 25 % TPGDA; also this 

resin gives a glassy matrix after curing and has a good overall performance. The curing 

of the resins takes place by a free radical polymerisation that is initiated by the 

photoinitiator upon exposure to UV light. The use of this curing mechanism has the 

advantage that during the preparation and application of the coating mixtures (in the 

absence of UV light) no reaction takes place.  

A coating needs a substrate; in this study polycarbonate (Lexan 9030, GE Plas-

tics) was used. This substrate was selected as adhesion of the coatings on polycarbon-

ate is achieved relatively easy, and because there is a strong commercial interest in this 

coating-substrate combination. Polycarbonate is an interesting material to replace glass 

in numerous applications as it is highly transparent, flexible, has a high impact resis-

tance, and is easy to process. However, polycarbonate has also unwanted properties 

like a low scratch and abrasion resistance and accumulation of electrostatic charge. 

The coatings that are described in this thesis are intended to correct these undesired 

properties.  

 

1.4. Scope of this thesis 

The central subjects in this thesis are the surface modification of the filler parti-

cles and the effects of this surface modification on the composite properties. The graft-

ing of the silane coupling agents on the filler particles is described in chapter 2. Atten-

tion is paid to the kinetics of the reactions involved and the analysis of the amount and 

structure of the groups grafted on the surface of the particles. In chapter 3 the practical 

problems that are encountered during the preparation of the coatings are described. 

Also a short introduction in colloidal stability of nanoparticles is given as this is the 

main parameter that determines experimental success or failure, and it also influences 

some of the final coating properties. Chapter 4 deals with the curing of the coatings by 

means of a UV-initiated radical polymerisation. The involvement of silane coupling 

agents in the curing and the influence of the particles on the curing kinetics are dis-

cussed. The effect of electrical conducting fillers on the electrical resistivity of the 
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coatings and the effect of the fillers on the mechanical properties of the coatings are 

described in chapters 5 and 6. For both properties the relationships with filler fraction 

and with the amount of grafted silane coupling agents are discussed. 
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Chapter 2     

 

Grafting of silane coupling agents on the 

filler nanoparticles*
 

 

 

 

Synopsis 

In this chapter the grafting of silane coupling agents on the filler nanoparticles is 

described. For 3-methacryloxypropyltrimethoxysilane (MPS) the kinetics of the in-

volved reactions as well as the amount and structure of the groups grafted on the sur-

face of the particles were studied. The grafting of MPS on the fillers was followed with 
29Si-NMR. It was found that the hydrolysis of the methoxy groups of MPS is the rate-

determining step. As the hydrolysis is base-catalysed, the reactions proceed faster in 

dispersions with a high pH. The kinetics measurements also revealed that reaction of 

MPS with ATO is faster than homocondensation. Solid state NMR revealed that 

chemical bonds are formed between the MPS and the particles. Quantification of the 

amount of MPS on the particles by FTIR revealed that the maximum amount of MPS 

bonded to silica or tin oxide corresponds to a monolayer with a parallel orientation to 

the surface of the particle, whereas for ATO a 30-50 % lower value was found. When 

MPS to particle ratios are lower than the amount needed for monolayer coverage of the 

particles, the majority of the MPS is bonded to the particles.  

                                              
* The contents of this chapter are published in the Journal of Colloid and Interface Sciences 269 109-
116 (2004) 
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2.1. Introduction 

In this chapter the grafting of silane coupling agents on the silica, tin oxide, and 

antimony doped tin oxide (ATO) nanoparticles is described. These metal oxides have 

polar surfaces and therefore they have poor interactions with the acrylates that are used 

as matrix material for the coatings. Due to this large difference in polarity, the fillers 

are not compatible with the acrylates and it is not possible to make homogeneous coat-

ings. The compatibility between the fillers and the acrylate can be enhanced by graft-

ing organic groups on the surface of the fillers. For this purpose a special class of 

chemicals is available: silane coupling agents. Silane coupling agents have a silicon 

centred group that can form chemical or physical bonds with a metal oxide surface, 

and they have an organic group for a good compatibility with organic materials. The 

organic group may be a simple alkyl chain but it may also contain a functional group, 

such as an amine, an epoxy, or a methacrylate group. This organo-functional group can 

be used for further reaction with other organic materials. A silane coupling agent that 

is effective in stabilising metal oxide fillers in an UV curable acrylate matrix is 3-

methacryloxypropyltrimethoxysilane (MPS). The methacrylate group of the MPS can 

participate in the curing reaction of the acrylate matrix; consequently MPS can form a 

chemical link between the filler and the matrix. This link may be beneficial for the me-

chanical properties of the coatings. Furthermore MPS has become one of the most im-

portant commercially available silane coupling agents; it is relatively inexpensive and 

a considerable amount of literature data is available for this compound. Therefore MPS 

was selected for the surface modification of the metal oxide fillers used in this work.  

An important question is how much MPS is required to cover the surface of the 

particles. Theoretical calculations(1) yield two estimates, depending on the orientation 

of the MPS molecules (see figure 2.1). If the molecule is considered as a rod with a 

 

Si

O

O

Si

O

O

 
 

Figure 2.1  Grafted MPS with perpendicular and parallel orientation. 
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perpendicular orientation to the surface, it is estimated that 6.9 µmol/m2 of MPS is 

needed for a monolayer. If the MPS is oriented parallel to the surface, which might be 

induced by hydrogen bonding between the MPS-carbonyl and a hydroxyl group of the 

oxide, only 3.0 µmol/m² is needed for a monolayer. However, these estimates are 

based on one completely filled monolayer. The real values can deviate from these es-

timates due to incomplete coverage or as a result of the formation of multilayers. In 

literature most studies describe the modification of silica while only a few consider the 

modification of other metal oxides. Only a part of these studies mention the quantita-

tive amount of grafted molecules(2-8). The experimentally determined maximum values 

for the surface coverage of oxides by MPS range from 2.8 µmol/m2 to 7.5 µmol/m2, 

depending on the type of metal oxide. Miller and Ishida(1) reported a coverage of 2.8 

µmol/m2 for lead oxide and clay, while Abboud et al.(9) obtained a surface coverage of 

4.6-7.5 µmol/m2 for aluminium oxide and titanium oxide particles. For silica Nishi-

yama et al.(6) reported a value of 3.8 µmol/m2. Gellermann et al.(3) prepared core-shell 

particles with a silica core and a tin oxide shell on which they grafted 1.0 µmol/m2 

MPS with an efficiency of ~85%. Unfortunately they did not describe grafting with 

higher MPS loadings. Quantitative information regarding the maximum amount of 

MPS that can be grafted on tin oxide or antimony doped tin oxide particles is not 

available in literature. 

 

2.2. Grafting reactions 

MPS and the other silane coupling agents that are used in this study are repre-

sented by the general formula: 
 

 R’CH2-Si-(OR)3  R = CH3 or C2H5, R’ = organic group 
 

The C-Si bond is relatively stable and will not react under ambient conditions. The Si-

OR bond, however, is easily hydrolysed with the formation of a silanol group and an 

alcohol as a result: 
 

 Si-OR + H2O  SiOH + ROH 
 

The hydrolysis reaction is reversible, and the reverse reaction can also proceed with 

other alcohols. However, typically these reactions are performed with a large excess of 

water and in this case virtually all alkoxy groups on the silane are hydrolysed. The hy-

drolysis reaction is catalysed both by acid and base and the minimum hydrolysis rate is 

found at pH 7 (2). The silanol group can react further in condensation reactions with 
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hydroxyl or alkoxy groups that belong to a metal oxide surface (M-OH) or to another 

silane unit: 
 

 SiOH + M-OH  SiOM + H2O  SiOH + SiOH  SiOSi + H2O 

 SiOH + M-OR  SiOM + ROH  SiOH + SiOR  SiOSi + ROH 
 

As the used silanes have three alkoxy groups they can react with up to three other 

molecules and form oligomers or polymers. The condensation reactions are also cata-

lysed by acid and base. For the homocondensation of two silane monomers the mini-

mum rate is found at pH 4.5, which is the isoelectric point of the silanol group(2). 

A simplified reaction scheme for the grafting of MPS on the particles is given in 

figure 2.2. Scheme A shows the hydrolysis of MPS; this reaction can take place for 

each Si-OCH3 group irrespective the reactions the MPS unit has already undergone. 

Scheme B shows the grafting on the oxide. Not only MPS monomers, but also dimers 

and higher oligomers of MPS may react with the oxide surface. Scheme C shows the 
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Figure 2.2  Reaction schemes for the grafting of MPS onto metal oxide particles. 



                                          Grafting of silane coupling agents on the filler nanoparticles 

 21

homocondensation of MPS, with the intermediates omitted. The grafting (scheme B) 

and the homocondensation (scheme C) compete with each other for the hydrolysed 

MPS. Moreover, if the homocondensation is faster than the grafting reaction, the MPS 

may no longer be available for reaction with the inorganic surface. Methods to sup-

press this homocondensation, such as working under anhydrous conditions or working 

at pH 4.5 where the condensation of trifunctional silanes is negligible(2), cannot always 

be used as they may be in conflict with the colloidal stability of dispersed inorganic 

particles. Consequently, it is possible that a major part of the MPS forms homoconden-

sates and that only a fraction of the added MPS is grafted on the inorganic surface.   

 

2.3. Experimental 

2.3.1. Materials 

The tin oxide (TO) dispersion in water was donated by Nyacol (USA). This dis-

persion (SN-15CG) is amine-stabilised at pH 10, and has a solid content of 15 wt%. 

TEM images showed spherical particles of about 5 nm in rather open secondary aggre-

gates. The antimony doped tin oxide (ATO) dispersion in water was obtained from 

LWB-Eindhoven (the Netherlands). This dispersion has a solid content of 12 wt% and 

a pH of 7, the doping level is 16 mol%. TEM images showed spherical particles of 5-

10 nm in rather open secondary aggregates. The amine-stabilised silica dispersion in 

water (Ludox AS-30) was obtained from Aldrich. This dispersion has a solid content 

of 30 wt%, and a pH of 9.5. TEM images showed spherical particles of about 15 nm. 

3-Methacryloxypropyltrimethoxysilane (MPS) was supplied by ABCR. Methanol and 

n-propanol (both of AR grade) were obtained from Biosolve. All materials were used 

as received. 

 

2.3.2. Grafting reactions 

In a typical modification reaction the aqueous dispersion, containing ATO, TO or 

silica, was mixed with methanol or a mixture of water and methanol (see table 2.1) to 

ensure colloidal stability of both the modified and unmodified particles. The desired 

amount of MPS was added after which the mixture was heated to reflux (approx. 

70 °C) for at least 4 hours. At the end of the reaction, the mixture was allowed to cool 

down and was split into two parts for analysis.  

One part of the reaction mixture was dried by solvent evaporation at 40-50 °C at 

reduced pressure, resulting in a mixture of the particles and all the added MPS 

(grafted, monomers, homocondensates, see figure 2.2). These samples are further re-
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ferred to as the ‘dried’ samples. The other part of the reaction mixture was 4-5 times 

diluted with n-propanol to improve the solubility of the homocondensates. This sample 

was centrifuged at 20.000 rpm for 2 hours at room temperature. The clear supernatant, 

with the homocondensates and possible unreacted MPS, was decanted from the solid 

deposit comprising the particles with the grafted MPS. These samples of solid deposit 

are further referred to as ‘centrifuged’ samples. Subsequently both types of samples 

were dried at 40 °C in vacuo for at least 16 hours.  

 

2.3.3. Kinetics measurements 
29Si-NMR spectroscopy was used to study the kinetics of the reactions given in 

figure 1. To the reaction mixtures as given in table 1, 0.6 wt% chromium acetylaceto-

nate (Aldrich) was added as a relaxation agent, 5 wt% DMSO-d6 was added as a deute-

rium source to lock the signal, and trimethylsilylethanol (supplied by ABCR, 33 wt% 

of the MPS content) was added as an internal reference. To enable increasing the MPS 

concentration without changing the MPS / ATO ratio, the aqueous ATO dispersions 

were concentrated to 25 wt% solid content. This increased concentration was needed 

to improve the signal to noise ratio to a level where the reactions could be followed 

quantitatively.  

A Varian 500 MHz broadband NMR spectrometer with a 10 mm probe was used 

to collect the spectra. Spectra were continuously recorded and scans were averaged in 

blocks of 5 minutes up to 12 hours collecting time. The middle of each block was 

taken as the spectrum time. The size of a block was a compromise between the desired 

signal to noise ratio and the reaction progress in that time. To ensure that sufficient 

data points were taken, the block size was always shorter than the half-life time (t1/2) of 

the hydrolysis of the MPS.  

 

 TO ATO Silica 

Dispersion (g) 

Water (g) 

Methanol (g) 

Reflux time (hrs) 

MPS (g/g particle) 

20 

40 

150 

4 

0.03 – 0.58 

20 

- 

50 

24 

0.04 – 0.36 

10 

- 

25 

4 

0.10 – 0.85 
 

Table 2.1  Overview of the different types of experiments. 
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2.3.4. Characterisation and quantification of the grafted MPS 

The grafted MPS was characterised using FTIR measurements and solid state 
29Si-MAS-NMR spectroscopy. For both techniques the ‘dried’ and ‘centrifuged’ sam-

ples as described in subsection 2.3.2 were used. The solid state 29Si-MAS-NMR meas-

urements were performed on a Bruker DMX500 spectrometer equipped with a 7 mm 

MAS probe head. For FTIR measurements KBr pellets were prepared using the ‘dried’ 

and ‘centrifuged’ samples and IR spectra were taken on a BIORAD FTS6000 spec-

trometer.  

For the quantification of the grafted MPS the ratio between the surface area of the 

peaks associated to MPS and of the peak of the oxide was determined ([AMPS/Aoxide]exp). 

This ratio was measured as a function of the MPS concentration (g MPS / g oxide) in 

the initial reaction mixture. The peaks relevant for analysis are illustrated in figure 2.6. 

The ‘dried’ samples were used to make a calibration line for determination of the 

amount of MPS that was present in the centrifuged samples. The slope of this calibra-

tion line (C), a straight line, was used for the calculation of the amount of MPS in the 

‘centrifuged’ samples. 

To calculate the surface coverage, in µmol/m2, the specific surface area of the un-

treated particles was determined with BET surface area analysis using a Micromeritics 

Tristar, with N2 as the adsorbent gas. The obtained values for ATO, tin oxide, and sil-

ica were respectively 121, 182, and 191 m2/g, with an experimental error of about 8%. 

Assuming perfect spheres with a density of 6.9 g/cm3 for ATO and tin oxide and 2.2 

g/cm3 for silica, these values would represent pore-free particles with a size of 7, 5, 

and 14 nm, respectively. TEM pictures showed particles of similar size. 

The surface coverage of the particles was calculated using:  

6exp 10
]/[

⋅
⋅⋅

=Γ
BETMC

AA

MPS

oxideMPS
        [1] 

where Γ is the surface coverage in µmol/m2, [AMPS /Aoxide]exp is the ratio of the surface 

area of the peaks associated to MPS and of the peak of the oxide, C is the slope of the 

calibration line in g oxide / g MPS , MMPS is the molar mass of MPS (248.35 g/mol), 

and BET is the measured BET surface area in m2/g. 

 

2.4. Colloidal stability of the particles 

The nanoparticles that were used in this study were already dispersed in water 

when they were supplied. However, pure water is not a good solvent for the silane 
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coupling agents that are used in this study. For a successful grafting of the silane cou-

pling agents on the particles a one phase system is desired. Moreover, after the graft-

ing, the particles have an apolar surface with the consequence that also the particles are 

no longer compatible with water. Thus the polarity of the water had to be lowered to 

enhance the solubility of the silane coupling agents and to increase the colloidal stabil-

ity of the grafted particles. This can be done by the addition of alcohols like methanol, 

ethanol, and propanol. However, if too much alcohol is added the stability of the dis-

persion is affected and the particles start to gel. The maximum amount of methanol 

that can be added to the dispersions before gellation occurs is considerably larger than 

the maximum amount of ethanol that can be added, and the maximum amount of etha-

nol is higher than the maximum amount of propanol. In the case of the tin oxide dis-

persion as supplied, the amount of alcohol that can be added is too low to enable dis-

solving the silane coupling agents. The required alcohol concentration for dissolving 

the silane coupling agents can only be reached by decreasing the tin oxide concentra-

tion. At lower tin oxide concentrations colloidal stability is also maintained at higher 

alcohol to water ratios. In practice, after threefold dilution of the tin oxide dispersion, 

sufficient methanol can be added to dissolve the silane coupling agents. 

 

2.5. Kinetics study by 29Si-NMR 

To gain more insight into the competition between the grafting reactions and the 

homocondensation, and to ensure that the reaction conditions and reaction time were 

sufficient to complete the grafting process, a kinetics study was performed by 29Si-

NMR. To distinguish between the different hydrolysis and condensation states that 

MPS can have during the whole process the notation MPS(x,y) is used, where x repre-

sents the number of hydroxy groups on the silicon and y represents the number of Si-

O-Si bonds formed by condensation with another MPS unit. As the 29Si-NMR signal is 

weak and the MPS concentrations are low, many scans have to be combined and aver-

aged to get a reasonable signal to noise ratio. For the MPS(0,0) (unreacted) this im-

plied that blocks of 5 to 10 minutes of scanning time were needed to observe a signifi-

cant signal. These blocks were short enough to enable following the disappearance of 

MPS(0,0) in all experiments with silica and ATO. For the intermediates 30 minutes to 

several hours of scanning time was needed as they appeared in lower concentrations or 

yielded broader peaks. Consequently, only for the experiments where the reactions 

were relatively slow the formation processes of the intermediates and final products 

could be monitored.  
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The experiment that gave the most accurate data was the modification of ATO at 

25 °C. In this experiment the reactions were very slow which permits the use of scan-

ning blocks of 12 hours. Due to the large number of scans acceptable integrals over all 

peaks could be obtained. Figure 2.3 shows the averaged spectrum taken between 48 

and 60 hours after the start of the reaction. The starting material MPS(0,0), the inter-

mediates, and the homocondensates are all visible in this stage of the reaction. Figure 

2.4a shows the progress of the hydrolysis of the MPS(x,0). The MPS(0,0) disappears 

with an exponential decay, which suggests pseudo-first order kinetics for the first hy-

drolysis step. The half-life time (t1/2,ATO) for this decay is found to be 16.4 hours.  The 

product of this first hydrolysis step, MPS(1,0), is visible in the NMR-spectra, but never 

reaches a high concentration. Also the MPS(2,0) and MPS(3,0) are only present in 

small quantities. This implies that at least one of the next steps, the grafting or the con-

densation, is faster than the hydrolysis.  

The progress of the condensation is shown in figure 2.4b. It can be observed that 

also in the case of condensation, the concentrations of the intermediates, MPS(x,1) and 

MPS(x,2), remain low. As the intermediates never reach a high concentration, it is 

concluded that the first step of the reaction, the hydrolysis of MPS(0,0), is the rate-

determining step.  
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Figure 2.3 29Si-NMR spectrum taken between 48 and 60 h reaction time during the 

grafting of MPS onto ATO at 25 °C, ratio MPS/ATO = 0.21 g/g. 
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When the MPS is grafted to a particle, it becomes immobile and consequently it 

will give a much weaker NMR-response. As a result, the sum of MPS related signals 

will decrease. Such a decrease in the sum of the signals gives an indication for the 

amount of grafted MPS. In figure 2.4b one can see that the sum of the signals de-

creases by about 30 % in the first 30 hours and then remains more or less constant. 

This implies that the grafting of the particles takes place in the first stages of the reac-

tion, thus the grafting proceeds faster than the homocondensation of the MPS. In this 
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Figure 2.4 Quantification of starting material, intermediates and products during 

the modification of ATO at 25 °C, divided in hydrolysis of the MPS 

monomer (a) and the formation of homocondensates (b). Grafted MPS 

gives no signal in this experiment and is consequently quantified by the 

decrease of the sum of the signals. 
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experiment 0.21 g MPS / g ATO was used, thus the 30 % decrease equals an amount 

of 0.06 g MPS / g ATO. Using a specific surface area of 121 m2/g, that was determined 

with BET adsorption measurements for ATO, a coverage of 2 µmol MPS per m2 ATO 

surface is calculated. 

For the modification reactions of silica and TO, the reactions proceeded much 

faster when compared to the ATO modification. Consequently, the scanning time per 

block had to be reduced resulting in spectra with a lower signal to noise ratio. A good 

quantification of the intermediates is not possible, but verification of the general trends 

was still possible. As the peaks for MPS(1,0), MPS(2,0), MPS(3,0), and MPS(x,1) are 

rather sharp, relative low concentrations of these intermediates would also give a sig-

nificant signal. However, significant signals of these intermediates were not observed 

in any of the experiments, which indicates that in all experiments the hydrolysis was 

the rate determining step and not the condensation.  

As a reference experiment the reactions of MPS in the typical reaction mixture at 

pH 9.5 but without particles were followed. The concentration of MPS could be taken 

relatively high as it was not linked to the concentration of particles. The formation of 

the intermediates and of the homocondensates showed the same course as in the ex-

periment with ATO. Only the relative intensity of the homocondensate signals was 

higher as no MPS was consumed by particles. 

As the first hydrolysis of MPS is the rate determining step, the decay of the 

MPS(0,0) signal can be used to give an estimate of the overall progress of the reac-

tions. Moreover, as only one peak is followed, it is allowed to use peak height instead 

of peak area for the quantification of the MPS(0,0). Peak height determination is less 

sensitive to noise than the peak area determination; therefore the block times could be 

reduced to 5 minutes. The MPS(0,0) consumption in the experiments with silica parti-

cles showed also an exponential decay, but now with a half-life time (t1/2,silica) of ap-

proximately 38 times shorter than t1/2,ATO. However, for the hydrolysis of MPS the 

temperature dependence of the reaction rate was the same, as illustrated by the slopes 

in the Arrhenius-plots (see figure 2.5). The difference in reaction rate might be ex-

plained by the pH of the particle dispersion used. It is known that OH– catalyses the 

hydrolysis of MPS, thus the higher pH of the silica dispersion probably caused the 

faster hydrolysis. Increasing the pH of the ATO dispersions should result in a higher 

overall reaction rate for the grafting of MPS on ATO. Experiments to test this theory 

unfortunately failed as addition of base caused coagulation of the ATO. The reflux 

temperature of the reaction mixtures is 70-75 °C. Extrapolation of the fitted lines in the 
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Arrhenius plots gives half-live times at reflux temperature of approximately 4 minutes 

for the hydrolysis of MPS(0,0) in silica dispersions and 2½ hours for the hydrolysis in 

ATO dispersions. Both fitted lines correspond to an activation energy of 37.8 kJ/mol. 

Monitoring the reactions in the TO dispersion was not possible due to the low 

concentration of the reactants and the high reaction rates. Only a rough estimation at 

25 °C could be made, resulting in a half-life time (t1/2,TO) of 15-30 minutes. Consider-

ing the effect of the pH found on the reaction rates in the silica and ATO dispersions 

this estimated half-life time is in line with expectations. 

 

2.6. Characterisation of the grafted particles 

2.6.1. Quantification of the MPS load  

The signals of TO and ATO in the infrared spectra are well separated from the 

peaks associated with MPS(x,y). The TO and the ATO have a large peak at 600 cm-1 

and some small peaks at 1400 and 1630 cm-1, the latter ones can be assigned to associ-

ated water. The MPS has several well-separated peaks in the range of 800-1800 cm-1 of 

which most are assigned to groups that do not participate in the grafting or condensa-

tion reactions (figure 2.6). The intensity of the used peaks is only dependent on the 

concentration of MPS, irrespective whether MPS has reacted with the particles, has 

formed homocondensates, or has not reacted at all. With increasing MPS concentration 

the selected peaks (assigned * in figure 2.6) of MPS should grow linearly relative to 
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Figure 2.5  Arrhenius plots of MPS hydrolysis in the presence of ATO or silica. 
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the peak of the oxide (assigned #). This linear relation was found for the ‘dried’ sam-

ples (dried reaction mixture, consisting of the particles with the grafted MPS and the 

homocondensates). Consequently, a reliable calibration line for the measurement of the 

MPS concentration in the ‘centrifuged’ samples (deposit of the centrifuged reaction 

mixture, consisting of the particles with the grafted MPS but without the homoconden-

sates) can be made. The main peak of silica (1100 cm-1) is positioned in the middle of 

the MPS spectrum, thus only a few peaks do not overlap with this silica peak. How-

ever, with the remaining peaks still a good calibration line for the MPS / silica ratio 

could be made.  

When a large amount of MPS was added to the reaction mixtures containing TO 

or ATO particles, a new peak appears at 1120 cm-1 in the ‘dried’ samples. This peak is 

assigned to the Si-O-Si bonds that are present in MPS-homocondensates(10). In the 

spectra of the ‘centrifuged’ samples this peak is not observed. Apparently, these ho-

mocondensates are not bound to the particles. In addition, the carbonyl peak in the 

spectra of the dried samples is found at 1730 cm-1 with a shoulder at 1700 cm-1. In the 

‘centrifuged’ samples the carbonyl peak only appears at 1700 cm-1. This indicates that 

after grafting, a hydrogen bond between the oxide and the MPS-carbonyl is formed(1).  

Miller and Ishida(1) calculated the amounts of MPS needed to build a monolayer. 

Depending on the orientation of the MPS molecule, they proposed two estimates for 
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Figure 2.6  FTIR-spectra of TO treated with 0.16 g MPS / g TO.  

A: ‘dried’ sample, B: ‘centrifuged’ sample, C: untreated tin oxide,  

* MPS peaks used for quantification,  # TO peak 
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surface coverage. Considering the MPS molecule as a rod with a perpendicular orien-

tation to the surface 6.9 µmol/m2 is needed for a monolayer. When parallel orientation 

is considered, only 3.0 µmol/m2 is needed. This parallel orientation can be induced by 

hydrogen bonding of the MPS-carbonyl and the hydroxyl group of the oxide. The for-

mation of hydrogen bonds is envisaged in the infrared spectra by the presence of a 

peak at 1700 cm-1. 

Figure 2.7 shows the calculated surface coverage (Γ, Eq. [1]) of MPS for different 

amounts of MPS initially added to the particles. The solid lines are the calibration lines 

that were determined using the ‘dried’ samples. The dashed lines in the plot represent 

the theoretical amount of MPS that Miller and Ishida(1) calculated for a completely 

filled monolayer. The lower dashed line in figure 2.7 represents a parallel orientation 

of the MPS to the surface and the upper dashed line represents a perpendicular orienta-

tion. From figure 2.7 it becomes clear that for silica and TO the maximum amount of 

MPS bound to the particles corresponds to one completely filled monolayer with for 

the most part a parallel orientation. This orientation is consistent with the presence of a 

hydrogen bond between the oxide surface and the carbonyl peak as found in the spec-

tra of the centrifuged samples. These results are in line with the results that Miller and 

Ishida obtained for the grafting of MPS on lead oxide and clay.  

The maximum amount of bound MPS onto ATO is only 2 µmol/m2, or about 50-

70 % of a completely filled monolayer. It should be noted that this value is consistent 

with the result obtained in the kinetics experiments (see figure 2.5.). This low value 

can be explained in two ways. It is expected that the ATO-surface is enriched with an-

timony(III)(7) and a bond between the MPS and this antimony might not be possible. 

The number of reactive sites on the ATO surface might be lower than the number 

needed for a full surface coverage. Another explanation might be that a part of the 

measured surface consists of pores in which the MPS cannot penetrate and conse-

quently that part of the surface is not covered. However, the measured surface area of 

ATO corresponds to massive particles with a diameter of 7 nm, and this size was con-

firmed with TEM measurements. As porous particles with the same diameter will have 

a larger specific surface area, the latter hypothesis is less likely. 

If the amount of MPS added to the particles is about equal to or lower than the 

amount needed to fill a monolayer, then most of the MPS is bonded to the particles. 

This confirms the observation in the kinetic experiment that the grafting to the parti-

cles is favoured over the formation of homocondensates.  
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Figure 2.7  Surface coverage of modified particles as determined by FTIR. 

( ) ‘dried’ samples; ( ) ‘centrifuged’ samples; the solid line is the cali-

bration line; the dashed lines are the theoretical amounts needed for a 

monolayer of MPS, where the upper line represents perpendicular ori-

ented MPS and the lower line represents parallel oriented MPS. 
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2.6.2. Solid state 29Si-NMR 

To determine the existence of a chemical bond between the MPS and the oxide 

particles solid state 29Si-NMR measurements on ‘dried’ and ‘centrifuged’ samples 

were performed. In the case of untreated silica particles, NMR signals were found at 

-112 ppm, from (SiO)4Si groups in the bulk of the particles, and at –102 ppm, from the 

surface (SiO)3SiOH groups(4). After the grafting of the MPS the signal at –102 ppm 

became much weaker as a large portion of the surface (SiO)3SiOH groups had reacted 

with MPS and was converted to (SiO)3SiOSi groups. Determination of the grafting of 

MPS to silica by the position of the 29Si-NMR peaks that originate from MPS is not 

possible due to overlap of peaks. MPS grafted onto silica or MPS bound to another 

MPS moiety both are characterised by the formation of a Si-O-Si bond and these peaks 

will overlap.  

In the case of TO and ATO particles, obviously no 29Si-NMR signals from the 

particles can be expected. Consequently, determination of grafting of MPS to the parti-

cles had to be performed by studying the signals of the silicon atom in MPS. In the re-

actions of MPS with TO or ATO Si-O-Sn or Si-O-Sb bonds are formed which may 

give a different peak position compared to the peak positions of the homocondensates. 

In the spectrum of a ‘dried’ sample of grafted TO three peaks were observed: at -43.9, 

-58.8, and -68.3 ppm. In the spectrum of the ‘centrifuged’ TO however, only the peak 

at -43.9 ppm was found (figure 2.8). Consequently this speak was assigned to the MPS 

grafted TO. As the signals at -58.8 and -68.3 ppm were only present in the ‘dried’ 

samples, they are attributed to the homocondensates. The chemical shifts are in good 

agreement with values that are reported(5) for MPS(x,2) and MPS(0,3). In the 29Si-

NMR spectra of the ATO samples no clear signal for the MPS grafted to the particles 

could be found. However, in the range from -40 to -70 ppm an elevation of the base-

line appeared. A possible explanation is that the electric conductivity of the ATO 

causes strong broadening of 29Si NMR signals of the attached MPS, e.g., similar to the 
13C NMR line broadening observed for 13CO on platinum(8). Another possibility is that 

the doping of the oxide yields a broad surface heterogeneity on the ATO particles with 

correspondingly different MPS binding sites. This will yield a broad, inhomogeneous 
29Si NMR signal of the attached MPS. 
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2.7. Conclusions 

The treatment of TO and silica particles with sufficient MPS results in a closed 

monolayer of grafted MPS on the particles surfaces. The MPS has a parallel orienta-

tion towards the oxide surface and a hydrogen bond between the MPS-carbonyl and 

the oxide surface is formed. For ATO the maximum amount of grafted MPS is about 

30-40% lower than the minimum amount required to form a closed monolayer. When 

the maximum surface coverage is reached excessive MPS does not bind to the particles 

but forms homocondensates. Both the NMR and the infrared data show that the graft-

ing of MPS onto the studied particles is preferred over the formation of homoconden-
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Figure 2.8 29Si MAS NMR spectra of ‘dried’ and ‘centrifuged’ samples of an experi-

ment in which MPS was reacted with TO (0.27 g/g). 
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sates. The kinetic experiments with the silica and ATO dispersions show that the rates 

of the grafting and the homocondensation are limited by the hydrolysis of the 

MPS(0,0). Although the reaction rates change when using another oxide, the oxide it-

self is probably not involved in this difference since the observed differences can eas-

ily be correlated to the differences in pH.  
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Synopsis 

In this chapter an extensive description of the preparation procedure of the coat-

ings is given. The colloidal stability of nanoparticles is discussed, as this is the main 

parameter that determines experimental success or failure, and it also influences some 

of the final coating properties. It appears that for the colloidal stability of the used 

nanoparticles the polarity of the solvents is an important factor. The used nanoparti-

cles are dispersed in water when supplied and these dispersions become unstable when 

the polarity of the solvent is lowered. However, after the grafting of silane coupling 

agents on the particle surfaces, stable dispersions can only be obtained in low polar 

matrices. Furthermore the adhesion of the coatings and its consequences for the selec-

tion of the acrylate resins are discussed.  
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3.1. Introduction 

The ultimate object of this thesis is to investigate the influence of the coating 

composition on the electrical and mechanical properties of the coatings. It is evident 

that before studying the coating properties, the coatings need to be prepared. However, 

the preparation of usable coatings was not straightforward for all desired compositions. 

The most critical factors for experimental success were the colloidal stability of the 

filler particles and the adhesion of the coatings; both are strongly affected by the com-

position of the coating formulations.  

The basic components of the coatings are metal oxide nanoparticles, an acrylate 

resin with photoinitiator, and a silane coupling agent that is present in two forms: 

grafted on the particle surface and as homocondensate (see chapter 2). Both the type 

and the relative amounts of these components are varied extensively, resulting in a 

large number of different coating compositions. During the preparation also solvents, 

water, methanol, and propanol are needed to enhance the colloidal stability of the 

nanoparticles, or to lower the viscosity of the formulation. With this large number of 

components, and with the large number of variations therein, a fundamental study of 

colloidal stability and adhesion was not possible. Hence, the preparation procedure 

was established on basis of educated trial and error. In order to give the reader more 

feeling for the critical parameters, the basics of colloidal stability and adhesion are dis-

cussed and an example of the preparation procedure is given. Furthermore the selec-

tion of the acrylate resins is discussed as this selection was partly determined by the 

adhesion of the coatings. 

 

3.2. Colloidal stability - theory 

Colloidal stability is determined by several types of attractive and repulsive inter-

actions between the particles, by interactions between the particles and the dispersing 

medium, and by the thermal energy of the system. The interactions include Van der 

Waals, electrostatic, steric, and solvation/structural interactions. The relative impor-

tance of any of these interactions depends on the composition of the system and on the 

size of the particles. Extensive general descriptions of the various interactions can be 

found in many textbooks, where especially the book of Israelachvili is renowned(1-4). A 

short but very comprehensive overview of the particle size effects on the interactions 

in colloidal dispersions is given by Miller and Zukoski(5).  
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3.2.1. Thermal energy 

Nanosized particles in a low viscous liquid continuously move due to thermal en-

ergy. The mean kinetic energy of these particles is 3/2 kT, where T is the absolute tem-

perature and k is Boltzmann’s constant. If a particle encounters an energy barrier 

higher than its thermal energy, its movements are blocked effectively. This may, for 

instance, prevent breaking up of aggregated particles, or it may prevent the opposite, 

the aggregation of particles. As 3/2 kT is the mean energy, a considerable part of the 

particles have a higher thermal energy, thus to restrict the movements of virtually all 

particles also the energy barrier has to be considerably higher. This is especially 

important if the interaction between two particles is strongly attractive at contact, but 

repulsive at a small separation (a very common situation). When the repulsive barrier 

is high, the particles will not come into contact and the dispersion is stable. If the 

repulsive barrier is low (less than 10-20 kT), however, the dispersion is unstable as in a 

non-negligible part of the encounters between particles the barrier will be passed and 

the dispersed particles can aggregate, with a rate depending on the barrier height. 

 

3.2.2. Particle-particle interactions  

Particles attract each other through Van der Waals forces. These forces are strong 

at very short distances, but their strength decreases with increasing distance. The Van 

der Waals interaction energy (VA) between two spheres at short distance can be written 

as(1,2): 

( )2
12 pmA AA

d

a
V −⋅

⋅
−=        [1] 

where A is the Hamaker constant, the suffixes m and p indicate the matrix and the par-

ticle, a is the radius of the particles, and d is the distance between the particles. Table 

3.1 shows the calculated Hamaker constants, the distance where the Van der Waals at-

traction equals the thermal energy, and the Van der Waals interaction energies at 

minimum separation for the fillers used in this study. A minimum separation distance 

of 0.165 nm was used in these calculations; this separation distance was also used in 

calculations of the surface energy on basis of the Van der Waals interactions leading to 

remarkable accurate results for a wide range of liquids and solids(2). In a crude estima-

tion the maximum attraction between two nanoparticles at minimum separation in a 

typical coating is about 2.6 kT for silica, 20 kT for tin oxide, and 29 kT for ATO. Equa-

tion 1 shows that the medium between the particles influences the Van der Waals at-

traction. If the medium has the same Hamaker constant as the particles, the net at-
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traction between the particles is zero. This situation can be encountered for instance 

with silica particles in an acrylate matrix.  

As the attractive Van der Waals forces are only strong at small particle separa-

tions, aggregation of the particles can be prevented by repulsive forces between the 

particles. One type of repulsive force is electrostatic repulsion. Inorganic particles that 

are dispersed in polar solvents typically have an electrical charge, with a value usually 

depending on the pH of the system. A cloud of oppositely charged ions around the par-

ticle balances this charge leading to an electrical double layer. The thickness of this 

layer is determined by the ion concentration, ionic charge, temperature, and the dielec-

tric constant of the medium. When two particles approach to a distance where their ion 

clouds overlap they experience the interaction of their charges. As two particles of the 

same material will be equally charged, their interaction will be repulsive. For large 

particles dispersed in polar media this force can be quite large and is an important sta-

bilisation mechanism. However, small particles (10 nm) have also a small surface, 

which limits the charge of the particles and thus limits the magnitude of the repulsion 

to about 5 kT(5).  

Another type of repulsive force that prevents the approach of two particles is 

steric stabilisation by an adsorbed or grafted layer of (organic) molecules on the parti-

cle surface. These molecules are literally in between the particles, preventing the parti-

cles from approaching each other at distances smaller than the size of the attached 

molecules. To effectively stabilise the dispersion, the attached molecules should have 

 Particle size 
(nm) 

Hamaker 
constant 
(x10-20 J) 

d where 
VA = 3/2 kT 

(nm) 

VA at con-
tact** 

(kT) 

Silica 

Tin oxide 

ATO 

15 

5  

7  

6.4  

21* 

21* 

0.3  

2.2  

3.2  

2.6  

21  

29 

Water 

Propanol 

Acrylate 

 3.6  

4.7  

6* 

  

* estimated value on basis of the Lifshitz theory (2) 
** average distance at contact is about 0.165 nm (2) 

 

Table 3.1  Estimates of the Van der Waals attraction. 
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properties distinctively different from the particles so they do not contribute to the par-

ticle-particle attraction. The size of the attached molecules should be larger than the 

distance at which the particle-particle attraction becomes effective. As for nanoparti-

cles a steric barrier of only a few nanometer is sufficient for stabilisation, attachment 

of relatively small groups is sufficient to effectively counteract the particle-particle 

Van der Waals attraction. The groups on the surface can be intentionally added com-

pounds that may be grafted or adsorbed to the surface, but the groups may also be ad-

sorbed solvent molecules.  

 

3.2.3. Particle-matrix interactions 

The relevance of particle-matrix interactions for the colloidal stability is increas-

ingly recognised in colloid chemistry. However, the exact interpretation of these inter-

actions and the nomenclature are not yet established. The interactions can be divided in 

two groups: those due to unfavourable packing of the matrix molecules and those due 

to interaction energies of the matrix components with the filler surface.  

Upon close approach of two particles, the matrix molecules may no longer be 

able to completely fill the space between the two filler surfaces, as schematically 

shown in figure 3.1. The unfavourable packing of the matrix molecules results in an 

additional pressure in the direction of a more favourable packing. This pressure has an 

oscillatory dependency on the distance between particles, with a periodicity close to 

the diameter of the matrix molecules(2). At increasing distance this pressure effect 

fades out and at about 4-5 times the molecular diameter, which typically is about 1-2 

nm, the effect has faded away. For ‘rough’ surfaces and for matrices with a heteroge-

neous composition the packing effect will be less pronounced.  

Particles with a hydrophobic surface that are immersed in water experience a 

considerable stronger attraction than expected on basis of the particle-particle interac-

tions and the oscillatory pressure. The exact origin of this interaction is still unknown, 

but entropically unfavourable orientation of water molecules in the vicinity of surfaces 

1     2        3            4   5  
Figure 3.1 Schematic illustration of the filling of the gap between two approaching 

surfaces by matrix molecules; the resulting pressures between the sur-

faces are alternating repulsive (1-3-5) and attractive (2-4).  
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that cannot form hydrogen bonds is believed to play a major role(2). The magnitude of 

this hydrophobic interaction energy (W) has been found to correlate with the solid-

liquid interfacial energy γSL of the particle surface with the matrix by(2): 

02 dd
SL eW /−⋅⋅−= γ          [2] 

where d is the particle-particle separation and d0 is the decay length (typical 1-2 nm). 

The interfacial energy between water and hydrophobic surfaces is typical 10-50 mJ/m2, 

or 2-12 kT/nm2, which makes the hydrophobic interactions a major factor for colloidal 

(in)stability. Particles with a hydrophilic surface are found to be more stable in water 

and other hydrogen bond forming solvents than expected on basis of the particle-

particle interactions and the oscillatory pressure(6,7). Upon contact between two parti-

cles, the liquid-particle interface at the contact area (several nm2) is replaced by parti-

cle-particle interface. The contact between two solids is typically imperfect due to sur-

face roughness, thus interface energy between solids at contact will remain higher than 

zero, unlike in the case of two contacting liquid droplets, where the interface disap-

pears. When the interface energy between two contacting filler particles is higher than 

that of a corresponding filler surface wetted by the matrix, the contact energy will be 

positive and the colloidal stability will be enhanced(7).  

 

3.3. Colloidal stability – consequences for the systems studied 

Colloidal (in)stability during the preparation of a coating has a large effect on the 

final distribution of the particles in the coating, and consequently has a large effect on 

the properties of the coating. A good stabilisation of the particles during the whole 

preparation procedure results in a homogeneous distribution in the final coating (figure 

3.2). If the particles loose colloidal stability somewhere during the preparation proce-

dure, this may lead to aggregation. This aggregation may result in segregation of the 

particles from the matrix, leading to extremely inhomogeneous coatings. Such aggre-

gation may also result in a particle gel leading to coatings that are homogeneous on a 

macroscopic scale, with properties very different from coatings with well-dispersed 

fillers. Whether gelation or segregation takes place depends on factors like particle 

concentration, particle size, bond strength between particles, and process time.  

Acrylate matrices generally are poor dispersing media for metal oxide fillers. The 

difference in surface energy between acrylates and metal oxide fillers is typically very 

large. Additionally, in acrylates with a low matrix polarity the ion dissociation is low 

leading to poor electrostatic stabilisation. Stabilisation of the fillers, however, is possi-
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ble by attachment of organic groups that lower the interface energy and provide steric 

stabilisation. In this study organic groups are provided by silane coupling agents that 

react with the metal oxide surface (see chapter 2). This surface modification can be 

sufficient to provide a stable dispersion in an acrylate matrix, depending on the amount 

and the type of silane coupling agent used, and on the type of matrix. For coating for-

mulations with still insufficient filler stabilisation, the stability of the filler can be im-

proved by the addition of solvents that lower the filler concentration and increase the 

polarity of the medium. Upon drying of such coatings, the stabilisation contribution by 

the solvents will be lost and the insufficiently stabilised fillers will aggregate. With 

partial filler stabilisation (for example when using a small amount of silane coupling 

agent) instead of no stabilisation, the moment of aggregation can be postponed and ag-

gregation may result in a homogeneous particle gel instead of segregation. 

Addition of solvents may also be needed for coating formulations with well-

stabilised fillers with large repulsive barriers. For the rheological properties, repulsive 

barriers enlarge the effective radius of the particles; consequently the effective volume 

fraction of the particles is considerably higher than the real volume fraction. If the ef-

fective volume fraction exceeds levels of about 50 % (the real volume fraction might 

be below 10 %), the system solidifies into a colloidal crystal or glass(5). To obtain in 

such a case a liquid coating formulation, the effective volume fraction of the filler has 

to be lowered by the addition of solvents. 

 

3.4. Consequences of colloidal (in)stability for the preparation of the coatings 

The coating preparation starts with the surface modification of the inorganic fill-

ers. The fillers (silica, tin oxide, and antimony doped tin oxide (ATO)) were supplied 

as aqueous dispersions. The silane coupling agents (3-methacryltrimethoxysilane 

 

Homogeneously dispersed    Gelled aggregate            Segregated aggregate 
 

Figure 3.2  Different modes of filler distribution.  
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(MPS) and n-octyltrimethoxysilane (OTS)), which were used for the surface modifica-

tion of the particles, are not soluble in water; in order to dissolve them in the filler dis-

persions the aqueous filler dispersions were mixed with methanol in a 1:2 (for MPS) or 

2:5 (for OTS) w/w ratio. Other alcohols like ethanol or propanol could also be used, 

but only in smaller amounts as decreasing the polarity of the dispersing medium also 

decreases the stability of the unmodified particles. This problem appeared particularly 

severe for the tin oxide dispersions; to avoid aggregation they had to be diluted with 

water (from 15 to 5 w%) before methanol could be added.  

After mixing methanol with the filler dispersion, the silane coupling agent was 

added and the mixture was heated to reflux. During the reaction the filler particles be-

came more hydrophobic, and thus required a less polar dispersing medium. In the cho-

sen water-methanol mixture typically both the unmodified and the modified particles 

were colloidally stable at the reflux temperature (about 70 °C). Depending on the 

amount and type of the silane coupling agents used, upon cooling to room temperature 

some dispersions became unstable and extra alcohol (n-propanol) had to be added. The 

resulting dispersions were very dilute (0.3-5 vol% filler) and needed to be concentrated 

(by solvent evaporation) before they could be used for coating applications.  

During evaporation of the solvents (in a rotational evaporator), methanol disap-

peared first, which could result into loss of colloidal stability and aggregation of the 

particles into a gel. By the addition of propanol the particle gel could be redispersed. In 

the case of silica and tin oxide this appeared only successful as long as the gel was wet, 

for ATO even dried particles could be redispersed. Without surface modification, ag-

gregation of the silica and tin oxide particles was irreversible whereas ATO could be 

redispersed with water. After the methanol had been removed, the acrylate resin was 

added and the mixture was further concentrated. In this stage both water and propanol 

evaporate together (as they form an azeotrope). When needed, additional propanol or 

water was added to maintain colloidal stability. At the point that a viscosity suitable 

for coating application was reached, the last component, the photoinitiator, was added. 

The solvent content (water + propanol) of the coating formulations at this stage was 

typically 30-50 w%, 70-85 w%, and 60-75 w% for the silica, tin oxide, and ATO filled 

coating formulations, respectively.  

With this procedure the control over the amount of solvents and the ratio between 

the solvents in the coating formulation is poor. The amount of solvents added is rele-

vant for the rheology during application of the coatings, for which a high precision is 

not needed. However, the amount of solvents is not expected to have a significant in-
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fluence on the structure of the coatings after drying. The water to propanol ratio may 

be more important, but is more difficult to control. The relative evaporation rates of 

water and propanol depend on pressure and temperature, and on their chemical activi-

ties in the coating formulation, which are also influenced by the other coating compo-

nents. For the formulations that are on the limit of stability the poor control over the 

water to propanol ratio during evaporation can cause lack of reproducibility. For the 

formulations that are clearly stable or unstable the influence of the solvent ratio on the 

final coating structure is considerably smaller. The coating property that is most sensi-

tive to the filler distribution is the electrical conductivity. For most coating composi-

tions the reproducibility of the electrical conductivity is reasonable, but for some com-

positions it is rather poor, as is further described in chapter 5. 

 

3.5. Drying of the coatings 

The next step in the preparation of the coatings was the application of a layer of 

the coating formulation on the substrate with a doctor blade (gap 100 or 200 µm) and 

placing the samples in a well-ventilated place to allow the solvents to evaporate. Dur-

ing the solvent evaporation the filler particles may loose colloidal stability and aggre-

gate into a particle gel. If the gelation starts in an early stage where the amount of sol-

vents is still high, further drying results in mechanical stresses in the gel and cracks 

may appear in the coating. Another problem that may arise after the application is 

demixing of the solvents and the acrylate resin. As most acrylate resins are not com-

patible with water, a sufficiently high alcohol/water ratio is needed during all stages of 

the drying. Methanol and ethanol evaporate considerably faster than water and conse-

quently are not useful in the drying stage. With 1-propanol this problem does not arise; 

hence this is the preferred cosolvent for the drying stage. After the drying, the acrylate 

matrix was cured by a short and intense exposure to UV irradiation, which fully fixed 

the particles in the matrix. 

 

3.6. Adhesion 

A coating can only fulfil its functions as long as it is fixed well to the substrate. 

As such, adhesion is the most important requirement of a coating-substrate system. 

Adhesion is realised by a range of forces, like chemical bonding, Van der Waals 

forces, mechanical interlocking, etc(8). For plastic substrates, adhesion can be enhanced 

by moderate diffusion of the coating binder in the substrate(9,10). Delamination is 
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mainly caused by mechanical stresses that may be applied either externally or may be 

built up in the coating during curing.  

To achieve an optimal adhesion, the contact area between the coating and sub-

strate has to be as large as possible, which means that the coating should follow the 

micro-roughness of the substrate. The extent to which this occurs depends on the sur-

face energies of the substrate and the applied coating formulation. The coating will 

completely wet the substrate if the sum of the surface energy of the coating formula-

tion and the coating-substrate interface energy is lower than the surface energy of the 

substrate. With a higher sum the coating will not completely fill the micro-roughness 

valleys.  

During UV-curing of acrylate coatings Van der Waals bonds between acrylate 

groups are replaced by (shorter) chemical bonds, resulting in shrinkage of the coating 

film. The shrinkage is about 20 ml for each mol of reacted acrylate groups(9), for com-

monly used acrylate monomers this equals a few percent up to 25 % of the coating 

volume(11). As the coatings are attached to the substrate, shrinkage in lateral directions 

is not possible and the stresses that are built up can become large. With flexible sub-

strates this commonly results in upwards bending of the sample. The stresses are lower 

for coatings with lower concentrations of reactive groups as well as for coatings with a 

low Tg as those can dissipate the stresses more easily by reorientation of the polymer 

chains. As the internal stresses are a bulk property of the coatings and the adhesive 

forces between the coatings and the substrate only act at the interface, the net adhesion 

decreases with increasing coating thickness. 

 

3.7. Selection of the acrylate resins 

Several acrylate resins were tested as matrix material for the nanocomposite coat-

ings. The main issue was their performance on a polycarbonate substrate, as the stud-

ied nanocomposite coatings are expected to find their main applications on this type of 

substrate. Monoacrylates and to a lesser extent (linear) diacrylates do swell the poly-

carbonate substrate, whereas branched acrylates and methacrylates hardly do so. This 

swelling of the polycarbonate by the acrylate resin is very beneficial for the adhesion 

of the coatings(9,10), but excessive swelling is not desired as it results in a turbid inter-

phase. The addition of fillers was found to reduce the swelling drastically. Conse-

quently, acrylate resins that, when applied without filler, give coatings with a good ad-

hesion, can have insufficient adhesion when the filler level is increased; at high filler 

levels these coatings delaminate already during curing. On the other hand acrylate res-
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ins that give coatings with a good adhesion at high filler levels, generally swell the 

polycarbonate excessively at low filler fractions resulting in highly turbid systems. 

None of the tested acrylate resins has an excellent performance with both high and low 

filler fraction.  

The three acrylate resins that were used for the experiments described further on 

in this thesis are PEGDA, TMPTA, and Ebecryl 745. These examples of a rubbery, a 

glassy, and a commercial resin have in general sufficient adhesion for the performed 

tests without excessive swelling of the polycarbonate substrate. 

PEGDA is made of a polyethylene glycol oligomer (n = 10.5) with two acrylic 

endgroups. PEGDA coatings without fillers swell the polycarbonate moderately, re-

sulting in some turbidity. However, with 10 vol% filler, or more, the coatings are 

transparent as apparently the swelling of the polycarbonate is weaker. As cured 

PEGDA is a rubber (Tg at –30°C), internal stresses will be relatively low thus also 

thick coatings can have good adhesion. The polyethylene glycol oligomer has a rela-

tively good compatibility with polar materials, which lowers the need for surface 

modification of the used fillers. As the viscosity is rather low and the surface tension is 

relatively high, the (undesired) flow of the coatings after application is extensive. 

TMPTA is made of three acrylic groups connected by trimethylolpropane. It 

forms relatively hard coatings with a very high crosslink density. The swelling of 

polycarbonate even by low-filled coatings is relatively small and all coatings are trans-

parent. Notwithstanding the extremely high shrinkage of TMPTA upon curing, the ad-

hesion is sufficient for the tests applied in this study, except for very high filler frac-

tions and very thick layers. The compatibility of TMPTA with polar materials is rela-

tively poor thus proper mixing with the fillers used in this study is not possible without 

surface modification.   

Ebecryl 745 is a commercial acrylate resin based on an acrylate backbone with 

unsaturated acrylate side-groups diluted with 25 % HDDA and 25 % TPGDA. From 

the tested acrylate resins it offers the best compromise between adhesion, rheology, 

and compatibility with a wide range of fillers. Disadvantages are poor adhesion at high 

filler fractions and lack of knowledge concerning the composition of the resin. 

 

3.8. Example of the preparation of ATO filled coatings 

For the modification of the ATO surface 20.0 g of ATO dispersion (12 wt% ATO 

in water, thus 2.4 g ATO) was mixed with 50 g methanol and 0.20 g MPS (3-

methacryloxypropyltrimethoxysilane), and the mixture was heated to reflux (appr. 70 
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°C) during 24 hours. After cooling the mixture the methanol was evaporated using a 

rotatory evaporator at 350 mbar and while slowly decreasing the pressure to 100 mbar 

the mixture was further concentrated to about 10 g, leading to coagulation of a major 

part of the ATO. Subsequently 20 g propanol and 0.71 g PEGDA were added and the 

mixture was stirred until all ATO was redispersed. The mixture was again concen-

trated to 17.2 g with a rotatory evaporator at 100 mbar, now no coagulation was ob-

served. Adding 0.037 g 2-hydroxy-2-methylpropiophenone as photoinitiator completed 

the coating formulation for a coating with 30 vol% ATO. In order to make a coating 

with 5 vol% ATO, 2.00 g of the 30 vol% ATO coating formulation was diluted with 

0.72 g propanol, 0.69 g PEGDA, and 0.022 g 2-hydroxy-2-methylpropiophenon. Note 

that the density of ATO is more than 6 times higher than the density of PEGDA, thus 

the volume fraction does not equal the weight fraction.  

The coating formulations were applied on a polycarbonate substrate using a doc-

tor blade with an opening of 100 µm. Due to rheology, substrate wetting, and other ef-

fects, the wet film thickness was typically considerably lower than 100 µm. Next the 

samples were placed for one hour in a well-ventilated area to allow the solvents to 

evaporate. The coatings were cured by exposure to UV (20 mW/cm2; 60 seconds; N2 

atmosphere). Both coatings were homogeneous and transparent. The thickness of the 

coatings was 8 µm for the coating with 30 vol% ATO, and 20 µm for the coating with 

5 vol% ATO. 
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Synopsis      

In this chapter the curing by means of UV-initiated radical polymerisation of the 

acrylate matrix is described. An important issue is whether chemical links between the 

filler and the matrix are established. The UV curing of the coatings was followed by 

real-time FTIR. Silica and ATO did not interfere directly with the curing reactions, al-

though ATO can retard the curing due to strong absorption of the UV light. Tin oxide 

however interferes directly with the curing reactions, resulting in a strong retardation 

of the curing. Tin oxide is suspected of catalysing the termination of the radical po-

lymerisation by disproportionation. The methacrylate groups of the MPS react faster 

than the acrylate groups of the matrix; this indicates that the intended copolymerisa-

tion between the MPS and the matrix takes place, thus the intended chemical links be-

tween the filler and the matrix are formed. 
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4.1. Introduction 

In this chapter the curing of the acrylate-metal oxide nanocomposite coatings is 

described. The coatings are composed of an acrylate resin, photoinitiator, silica, metal-

oxide nanoparticles (silica, tin oxide or antimony doped tin oxide), and silane coupling 

agents that are mainly grafted on the nanoparticles (see chapter 2). The curing takes 

place by means of an UV-initiated radical polymerisation of the (meth)acrylate groups 

in the coating formulation. General descriptions of UV initiation and radical polymeri-

sations can be found in many textbooks and review articles(1-7). An important issue in 

this chapter is whether chemical links between the filler and the matrix are established. 

These links should be established by copolymerisation of the acrylate matrix with the 

methacryl group of 3-methacryloxypropyltrimethoxysilane (MPS) that is grafted on 

the metal oxide fillers. Typically, methacrylates and acrylates copolymerise, however, 

in this system it cannot be taken for granted because the methacrylate is grafted on the 

filler surface and consequently it is not completely mixed with the acrylate. Further-

more hydrogen bonding between the methacrylate carbonyl and the filler surface may 

restrict the spatial orientation of the methacrylate group and consequently may affect 

its reactivity.  

The addition of metal oxide nanoparticles may influence the curing in many 

ways. A typical problem is absorption of UV light by the metal oxide fillers. Conse-

quently, the intensity of the UV light in the deeper layers of coatings may be very low 

and therefore the curing of the deeper layers may be very slow. Physical interactions 

between the filler and the matrix may affect the mobility of the reactive groups and 

consequently affect the curing rate. Furthermore, the fillers used in this study are 

known to catalyse many reactions, like oxidation of unsaturated hydrocarbons and 

other organic compounds(8,9), and other semiconductor nanoparticles are found to initi-

ate radical polymerisations(10). Hence, unexpected side reactions may occur.  

No literature regarding radical polymerisations in the presence of tin oxide or an-

timony doped tin oxide (ATO) could be found and also detailed studies concerning the 

copolymerisation of grafted MPS with acrylate resins were not found. To determine to 

what extent the mentioned potential problems occur, the curing kinetics of the coatings 

with the different fillers in various amounts were studied. 
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4.2. Theory of the UV curing kinetics 

4.2.1. General kinetics 

The curing starts when UV light activates the photoinitiator: the photoinitiator 

splits up into two radicals that may react with the (meth)acrylate groups and conse-

quently initiate the free radical polymerisation. The polymer chain continues growing 

until it meets another free radical with which it forms a stable chemical bond or until it 

abstracts a H-atom from another molecule that consequently forms a new radical. The 

polymerisation may be strongly retarded or completely inhibited if the radicals are 

consumed in competing reactions with other compounds, which are referred to as in-

hibitors. When present in small quantities an inhibitor will be completely consumed in 

the first moments of the curing, once consumed it plays no further role. However, at-

mospheric oxygen also acts as an inhibitor and may be replenished from the air; to 

prevent this oxygen inhibition radical polymerisations are commonly performed under 

a nitrogen atmosphere.  

For a system with ideal behaviour the relationship between the curing rate Rp and 

the intensity of the UV-light and the concentration and reactivity of the photoinitiator 

and (meth)acrylate is given by:(11)*            

( ) ( )t
dPI

pp kdIMkR ⋅−⋅⋅Φ⋅⋅⋅= ⋅⋅− /][ ][ε1011000 0     [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 and with Rp expressed in 

mol L-1 s-1. Important factors like absorption of the light by other components than the 

photoinitiator, the effects of the light gradient over the coating, differences in reactivi-

ties in monomer mixtures, and changes of the mobility of reactive groups during the 

curing are not taken into account. Hence, the given equation is useful for getting a feel-

ing for the importance of some process parameters, but the model is too crude for al-

lowing the equation to be used for fitting of experimental data. 

 
                                              
*  Unfortunately in literature(4,7,15,23,24) an erroneous equation persistently appears:  

( ) t
dPI

pp kIMkR /][ ][ ⋅−−⋅⋅Φ⋅⋅⋅= ε1011000 0 . This equation predicts that thicker coat-

ings give faster curing, which is opposite to general experimental observations. The 
theoretical derivation of Eq. [1] is given in appendix I. 
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4.2.2. The effects of crosslinking 

Coating formulations typically contain starting compounds with two or more 

(meth)acrylate groups in order to form a densely crosslinked polymer network(12). Dur-

ing the formation of the network the mobility of the reactive groups decreases, which 

may strongly affect the curing rate. The decreased mobility of the (meth)acrylate 

groups may decrease the curing rate. Furthermore, a considerable fraction of the radi-

cals and the (meth)acrylate groups may become occluded in the polymer network and 

may not be available for reaction anymore. In free radical polymerisations a strong in-

crease of the polymerisation rate is often observed at intermediate or high conversions, 

also known as the ‘gel’ or the ‘Trommsdorff’ effect. A common explanation is that de-

creased mobility of the radicals results in a lower recombination rate and consequently 

in a higher radical concentration, which subsequently may result in an increase of the 

curing rate(13). The net result of all effects may be either faster or slower curing. 

An important indicator for the mobility is the glass transition temperature (Tg); at 

temperatures higher than the Tg polymer segments are mobile and below Tg the sys-

tem is vitrified. The Tg is determined by the composition of the polymer, the length of 

the polymer chains, and the degree of crosslinking(14). The influence of the length of 

the polymer chain is approximately described by:(14) 

 nMCTgTg /)( −∞=         [2] 

where Tg( ∞ ) is the limiting value of the Tg at high molecular weight, C is a constant, 

and Mn is the average molecular weight of the polymer. The influence of the crosslink-

ing is approximately given by:(14) 

 cMClTgTg /')( +=         [3] 

where Tg(l) is the Tg for the polymer without crosslinks; C’ is a constant and Mc is the 

average mass between two crosslinks. During the curing the average polymer chain 

length and the degree of crosslinking increase, both resulting in an increase of the Tg. 

When the Tg becomes significantly higher than the curing temperature, the system vit-

rifies and the curing virtually stops.  

 

4.2.3. Copolymerisation of acrylates and methacrylates 

In most of the coatings studied both acrylate and methacrylate groups are present. 

The difference between acrylates and methacrylates is only one methyl group that is 

attached to the vinyl group (figure 4.1); this methyl group does not affect the basic 

mechanism of the radical polymerisation, and acrylates and methacrylates do copoly-
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merise. The kinetics of the radical polymerisation, however, is affected. The methyl 

group enhances the stability of the radical, and consequently lowers its reactivity. In 

homopolymerisations this lower reactivity results in lower polymerisation rates for 

methacrylates compared to acrylates. In the case of copolymerisation, also the cross-

reactivity between the acrylate and methacrylate groups and their radicals has to be 

considered. Both the methacrylate radical and the acrylate radical react faster with the 

methacrylate monomer than with the acrylate monomer. Consequently, in a copoly-

merisation the methacrylates react faster than the acrylates whereas in a homopolymer-

isation methacrylates react slower than acrylates.  

 

4.3. Experimental 

4.3.1. Materials 

The matrix material for the coatings was either PEGDA (polyethyleneglycoldia-

crylate Mw 575, Aldrich) or TMPTA (trimethylolpropanetriacrylate, UCB). 3-Meth-

acryloxypropyltrimethoxysilane (MPS (ABCR)), propyltriethoxysilane (Aldrich), and 

methyltrimethoxysilane (Aldrich) were grafted on the silica, tin oxide, and ATO fillers 

following the procedure as described for MPS in chapter 2. 2-Hydroxy-2-methylpro-

piophenone (Aldrich) was used as photoinitiator. All materials were used as received.  

The coating mixtures were prepared starting from a dispersion of the filler with 

grafted silane coupling agent (and a small quantity of silane coupling agent oligomers, 

see chapters 2 and 3) in a water/n-propanol solvent mixture. To this dispersion the de-

sired amounts of acrylate and photoinitiator were added. The amount of photoinitiator 

was 3 wt% of the organic components (acrylate + MPS) in the coatings. The amounts 

of water and propanol were adjusted to get the best compromise between colloidal sta-

bility of the filler, the solubility of the acrylate, and the rheology of the coating formu-

lation.  
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Figure 4.1  General structures of acrylate and methacrylate. 
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4.3.2. Characterisation techniques 

The curing kinetics was studied by real-time FTIR(15). Hence, the uncured coat-

ings were applied on a diamond ATR crystal that was mounted in a BIORAD Excali-

bur FTIR unit (figure 4.2). This unit was operated at up to three IR-spectra per second. 

The thickness of the coatings with silica, tin oxide, or without filler was 1-3 µm, for 

ATO filled coatings the thickness was less than 1 µm to compensate for the higher 

light absorption by the ATO particles. The curing experiments were started after the 

solvents had evaporated, which could be determined by the disappearance of the sol-

vent signals from the IR-spectrum. The curing was monitored by measuring the de-

crease of the area of the peaks that are associated with the vinyl group. An UV light 

source, a Spectral Luminator from ORIEL instruments, was mounted over the ATR 

crystal. Light (305-325 nm) with an intensity of 2 mW/cm2 was used. The curing was 

studied under constant illumination and under a nitrogen atmosphere. 

The UV/VIS transmittance spectra of the silica, tin oxide, and ATO nanoparticles 

in dispersion were recorded with a Hewlett Packard 8453 spectrophotometer. Nanopar-

ticles with an MPS treatment (0.1 g MPS / g oxide) were dispersed in a 2/1 metha-

nol/water mixture, this solvent mixture was also used for the baseline measurement. 

The concentration of the nanoparticles was 0.01 vol% and the path length through the 

samples was 1 cm. The amount of silica, tin oxide, or ATO in the path of the meas-

urement was equivalent to the amount in a 10 µm thick coating with a filler concentra-

tion of 10 vol%.  

The Tg of the cured coatings was measured with a Perkin Elmer Pyris 1 DSC unit 

at a scanning rate of 10 °C/min. 
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Figure 4.2  Experimental setup for real-time monitoring of the UV-curing. 
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4.4. Curing of pure acrylates 

To get more insight into the curing behaviour of the matrix materials, first the 

curing of pure acrylates with 3 % photoinitiator but without fillers was studied. During 

the curing a large number of peaks disappeared from the IR spectrum, as can be seen 

in figure 4.3. In homopolymerisations of PEGDA and MPS the peaks listed in table 4.1 

decreased at the same rate, indicating that the decrease of these peaks may be attrib-

uted to the same reacting group, which is the vinyl group that is part of the 

(meth)acrylate group. In this study only the peaks at 1636 cm-1, 1410 cm-1, and 1320 

cm-1 were used to follow the conversion of the (meth)acrylate groups. As the carbonyl 
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Figure 4.3  Changing IR-spectrum of PEGDA and MPS during curing; the aster-

isk’s indicate peaks that were used to monitor the curing; other peaks 

that disappear at the same rate are given in table 4.1. 
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group within the (meth)acrylate group is conjugated with the vinyl group the change of 

the shape of the carbonyl peak at 1700 cm-1 is likely also caused by the conversion of 

the vinyl groups during curing.  

For PEGDA the vinyl groups completely disappeared in 10 seconds. For TMPTA 

the initial rate was almost as fast as for PEGDA, but after about 20 percent conversion 

a substantial slowdown of the reaction rate was observed and full conversion was not 

reached (see figure 4.4). This fits well with the theory that states that the reaction is 

retarded when the reactive groups are hindered in their movements. The best indication 

for the mobility of groups in a polymer is the glass transition temperature, or Tg. The 

Tg of completely cured PEGDA is –30 °C, thus at room temperature the reactive 

groups remain mobile. For TMPTA no Tg in the range from -60 to +150 °C could be 

found. A homopolymerisation of MPS was performed to determine the curing rate of 

the methacrylate group in this compound. This rate was approximately hundred times 

lower than the curing rate for pure PEGDA. 
 

4.5. Copolymerisation of PEGDA and MPS 

To study their copolymerisation, PEGDA and MPS were mixed without any filler 

and cured following the standard procedure using 3 % photoinitiator. With increasing 

MPS concentration also the time needed for complete curing increased (figure 4.5). 

For a pure PEGDA coating about 10 seconds of UV exposure was sufficient for com-

plete curing, but for a coating with 30 w% MPS about 35 seconds was needed. The de-

crease of the curing rate is especially observed in the early stages of the curing. This 

observation is in line with the theory for copolymerisation of an acrylate (PEGDA) 

with a methacrylate (MPS) (section 4.2.3). A radical reacts more easily with a 

Disappearing peaks (cm-1) 

PEGDA MPS 

1636 
1620 
1408 
1296 
1271 
1191 
980 
810 

1638 
1320 
1296 
1166 
1015 
940 

 
 

Table 4.1  IR-peaks that can be used to follow the curing. 

 



  UV-curing of the coatings 

 57

methacrylate group than with an acrylate group; therefore in the early stages of the po-

lymerisation the methacrylate is consumed in excess and the acrylate is consumed 

mainly in the late stages of the polymerisation. Consequently, in the early stages the 

curing rate is closer to the curing rate of the MPS and in the late stages the curing rate 

is closer to the curing rate of the PEGDA. 

By monitoring the peaks at 1636 cm-1, 1408 cm-1, and 1320 cm-1 the preferential 

addition of MPS in a copolymerisation with PEGDA can be observed directly. With 

the spectra from the homopolymerisation experiments the peak at 1636 cm-1 can be at-

tributed to both PEGDA and MPS, whereas the peak at 1408 cm-1 is only attributed to 

PEGDA and the peak at 1320 cm-1 is only attributed to MPS. In all experiments the 
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Figure 4.4  Polymerisation of pure components. 
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Figure 4.5  Influence of MPS concentration on the curing kinetics (monitored at 1636 

cm-1).  
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peak at 1320 cm-1 disappeared faster and the peak at 1408 cm-1 disappeared slower 

than the peak at 1636 cm-1. Figure 4.6 shows the decay of these three peaks during the 

curing of PEGDA-MPS mixture with 30 w% MPS. Initially the relative decay of the 

MPS peak is three times faster than the decay of the PEGDA peak. This reactivity ratio 

corresponds well with the values that are typically found for copolymerisation of 

methacrylates with acrylates; typically the methacrylate is 1-10 times more reactive 

than the acrylate(16). 

 

4.6. Influence of the particles on the curing kinetics 

4.6.1. Absorption of the UV-light by the oxides 

As UV light is used to start the curing reactions it is important that the UV light is 

available through the whole coating. Absorption of UV light is a typical property of 

semiconductor materials, thus the use of tin oxide and ATO as filler may decrease the 

UV intensity in the deeper layers of the coating and consequently may hamper the cur-

ing.  

Figure 4.7 shows the transmittance through dispersions of silica, tin oxide, and 

ATO nanoparticles that were treated with 0.1 g MPS per g filler. The amount of 

nanoparticles in the path of the measurement was equivalent with the amount in a 10 

µm thick coating with 10 vol% of filler. For silica the transmittance is high at all meas-

ured wavelengths and problems for the curing are not expected. For tin oxide the 
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Figure 4.6  Copolymerisation of 30/70 w/w MPS and PEGDA. 



  UV-curing of the coatings 

 59

transmittance increases strongly between 290 and 320 nm. Especially the transmittance 

at 315 nm is important as at this wavelength a good efficiency of the photoinitiator is 

combined with a strong peak in the intensity of the emission spectrum of the UV-lamp 

used. At 315 nm 52 % of the light is transmitted through the tin oxide, which is suffi-

cient for a reasonable curing rate. For ATO the transmittance is considerably lower, at 

315 nm 17 %. This transmittance is sufficient for effective, although somewhat slower, 

curing, but for thick coatings or coatings with a high ATO concentration the transmit-

tance will be very low and the curing in the deep layers will be strongly hampered.  

 

4.6.2. Curing of silica filled coatings  

The effect of silica nanoparticles on the curing of PEGDA coatings was studied 

with pure silica and with silica with grafted MPS or n-propyltriethoxysilane. Addition 

of pure silica or addition of silica with grafted n-propyltriethoxysilane did not affect 

the curing. Even at a silica concentration of 50 vol% the course of the curing did not 

change. The addition of silica with grafted MPS resulted in a small retardation, which 

increased with increasing filler concentration. Figure 4.8 shows the curing of silica 

filled PEGDA coatings with 0.2 g MPS per g silica. It is expected that more than half 

of the MPS is grafted on the silica and the remainder is mixed as oligomers with the 

PEGDA (chapter 2, figure 2.7). The retardation is smaller than might be expected on 

basis of the MPS-PEGDA ratio in the coatings (table 4.2), when compared to the cur-
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Figure 4.7 Light transmittance through silica, tin oxide, and ATO treated with 0.1 g 

MPS / g oxide; the grey bar indicates the range where the used photoini-

tiator and UV-lamps interact strongest. 
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ing rates of corresponding MPS-PEGDA mixtures without particles. The coating with 

50 vol% silica has an MPS-PEGDA ratio of 35-65, but the curing is faster than the cur- 

ing of a 10-90 MPS-PEGDA mixture without particles, as shown in figure 4.5. This 

relative high curing rate for the silica filled coating implies that the silica affects the 

reactivity of the MPS or PEGDA, or it is possible that a part of the MPS does not par-

ticipate in the curing. Due to peak overlap it is not possible to exactly determine the 

fraction of MPS that did react, but it is estimated to be more than 70%. Consequently, 

the observed curing rate cannot only be attributed to a low MPS participation, thus an 

increased reactivity of MPS or PEGDA due to interactions with silica has to be consid-

ered. Especially hydrogen bonds between silica hydroxyl groups and the carbonyl 
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Figure 4.8 Curing of PEGDA coatings with MPS treated silica (0.2 g/g) and 10 

w% MPS in PEGDA as reference (all monitored at 1636 cm-1). 

 

weight ratio 
vol% silica 

MPS PEGDA 

0 
10 
20 
30 
40 
50 

0 
4 
10 
17 
25 
35 

100 
96 
90 
83 
75 
65 

Table 4.2  MPS-PEGDA ratio in silica filled coatings (0.2 g MPS / g silica). 
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groups of the MPS or PEGDA may affect the curing. An acceleration of the polymeri-

sation rate due to hydrogen bonding is not uncommon for acrylates and methacry-

lates(16-18). 

An important question is whether the MPS that is grafted on the filler forms a co-

polymer with the acrylate matrix. This can be determined by comparing the conversion 

rates of MPS and PEGDA, as discussed in section 4.5. For all coatings containing sil-

ica with grafted MPS, the conversion of MPS was faster than the conversion of acry-

late. This suggests that the MPS and the acrylate form a copolymer, thus a chemical 

link between the filler and matrix is formed. In figure 4.9 the conversion of MPS and 

PEGDA is shown for a coating with 50 vol% silica. The difference between the con-

version rate of MPS and PEGDA is smaller than expected on basis of the experiments 

in section 4.5. Again the difference between the experiments may be explained by a 

lower MPS conversion or by interactions with the silica that may affect the reactivity 

ratios of MPS and PEGDA. Moreover, as the MPS is mainly located at the surface of 

the silica and to a minor extend in the bulk of the matrix, the degree of mixing of MPS 

and PEGDA is lower. The lower degree of mixing will shift the kinetics somewhat to-

wards the homopolymerisation and consequently will increase the conversion rate of 

PEGDA and will decrease the conversion rate of MPS. 

With TMPTA as acrylate matrix about 40% of the acrylate groups are not con-
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Figure 4.9 Curing of grafted MPS and PEGDA matrix in a coating with 50 vol% 

silica; the MPS/PEGDA ratio is 1/2 w/w. 
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verted during curing. Addition of up to 50 vol% silica with 0.2 g MPS / g silica does 

not result in a significant change of unreacted (meth)acrylate groups after curing. In 

the first stages a slowdown of the curing due to the MPS is observed like with the 

PEGDA, but in the stages where the curing rate is determined by the mobility of the 

reactive groups, the curing rate is not affected by increasing silica and MPS concentra-

tion. 

 

4.6.3. Curing of ATO and tin oxide filled coatings 

In very thin coatings, where the absorption of UV light by ATO is negligible, the 

effects found with ATO are similar as with silica. Addition of pure ATO does not af-

fect the curing rate and addition of MPS modified ATO causes a small decrease of the 

curing rate (figure 4.10). In thick coatings the curing in the deeper layers is strongly 

retarded due to the lower UV intensity.  

In contrast to silica and ATO, tin oxide has a strong effect on the curing. With in-

creasing tin oxide concentration the curing becomes much slower, as shown in figure 

4.11. The retardation is observed during all stages of the curing and consequently it 

cannot be attributed to a decreased mobility of the reactive groups. It has to be attrib-

uted to a lower propagation rate of the polymerisation or to a decrease of the radical 

concentration. Lowering of the propagation rate can occur when the radicals reversibly 

form complexes with other molecules. In the complex the radical may have a low reac-
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Figure 4.10  Curing of PEGDA coatings with MPS treated ATO (monitored at 1636 

cm-1). 
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tivity or no reactivity at all, but when the complex is broken up the polymerisation can 

proceed(19). With these complexes a strong post curing is expected, i.e. the curing after 

the UV exposure has stopped and no new radicals are generated. However, the post 

curing in coatings with tin oxide was smaller than the post curing in similar coatings 

with silica. Apparently the cause for the retardation has to be found in a lower radical 

concentration. This lower radical concentration can be due to a lower radical genera-

tion rate or due to excessive radical consumption. Lowering of the radical generation 

rate can be expected if the intensity of the UV light decreases due to absorption by a 

filler. However, the transmittance in the coatings with tin oxide is higher than in the 

ATO coatings whereas the curing rate is much slower. Moreover the retardation was 

found to depend only moderately on layer thickness. Consequently, the retardation of 

the curing is most likely caused by excessive radical consumption. The direct interac-

tions between the reactive groups and the tin oxide surface may be an important factor  

for the retardation of the curing. To study these interactions reference coatings with 

pure tin oxide and with tin oxide that was treated with methyltrimethoxysilane (0.2 

g/g) were made. With 5 or 10 vol% pure tin oxide the retardation of the curing was 

stronger than for comparable coatings with tin oxide with grafted MPS. Due to lack of 

colloidal stability of the pure tin oxide, the preparation of homogeneous coatings with 

more than 10 vol% tin oxide was impossible. With tin oxide that was treated with me-

thyltrimethoxysilane the retardation of the curing was negligible; the curing rate was 

0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50 60
seconds UV exposure

C
=

C
 p

ea
k 

ar
ea

 A
.U

.

0, 10,     20 vol% TO with MPS in PEGDA 

30 vol% TO with MPS in PEGDA 

 
Figure 4.11 Curing of PEGDA coatings with MPS treated TO (monitored at 1636 

cm-1).  
 



Chapter 4   

 64

comparable to that of the coatings with silica (see figure 4.12). The methyltrimethoxy-

silane is likely to form a closed inert layer on the tin oxide surface that prevents direct 

contact of the acrylate groups and radicals with the tin oxide. The MPS also forms a 

closed layer, but with its methacrylate group folded back to the tin oxide surface (see 

chapter 2). The direct interaction of this methacrylate group, or an other (meth)acrylate 

group, with the tin oxide surface may be essential in the retardation mechanism.  

 

4.6.4. Proposed mechanisms for the retardation of the curing 

An important termination mechanism for polymerisation of (meth)acrylates is 

disproportionation, i.e. the transfer of one H-atom from one radical to another radical. 

A similar reaction might also be possible with tin oxide. The hydroxyl groups on tin 

oxide can donate a H-atom leaving a relatively stable Sn-O* radical. This new radical 

may not be able to initiate a new chain, but may combine with another (meth)acrylate 

radical. Thus, although the number of radicals remains the same, a large part of highly 

reactive (meth)acrylate radicals are replaced by stable Sn-O* radicals that do not par-

ticipate in the curing. However, the Sn-O* radicals may still combine with another 

(methacrylate) radical. 

Another possibility is the abstraction of a H-atom from a (meth)acrylate radical 

by means of an electrochemical process. Mulvani et al.(20) showed that tin oxide 

nanoparticles can abstract an  electron from a 1-hydroxy-1-methylethyl radical, leaving 
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Figure 4.12  Effect of TO surface on the curing rate of PEGDA based coatings (moni-

tored at 1636 cm-1). 
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2-propanon and a proton. Subsequently the excess electrons in the tin oxide reduce the 

protons under formation of H2. Similar processes may also occur with (meth)acrylate 

radicals. Electron transfer from the (meth)acrylate radical to the tin oxide is possible if 

the redox potential of the tin oxide is higher than the redox potential of the 

(meth)acrylate radical. The redox potential of the conduction band of bulk tin oxide is 

close to 0 V vs. NHE (Normal Hydrogen Electrode), but for nanoparticles a somewhat 

lower value may be expected due to quantum size effects(20). The redox potential for 

the injection of one electron in methylmethacrylate is –1.1 V vs. NHE(10). If a proton is 

added to this anion radical, the structure is the same as for a methacrylate radical in a 

free radical polymerisation. Due to the extra proton a somewhat higher redox potential 

for the methacrylate radical than the mentioned -1.1 V may be expected, but it may 

still be lower than the redox potential of the conduction band of tin oxide, thus transfer 

of an electron from the (meth)acrylate radical to tin oxide may be possible. Figure 4.13 

shows the proposed mechanism for the electrochemical radical consumption by tin ox-

ide. The methacrylate radical has two main resonance structures and the radical is 

partly situated on the carbonyl oxygen (figure 4.13 A). Due to the hydrogen bonding 

between this carbonyl and a hydroxy group on the tin oxide surface the distance be-

tween the radical and the tin oxide is small, which is important for the electron trans-

fer. Together with the electron the methacrylate radical loses a proton; hence effec-

tively a H-atom is lost. The H-atom may be lost from the methyl group, as depicted in 

figure 4.13 B, or it may be lost from the CH2 group in the acrylate backbone. A small 

accumulation of protons in the matrix and electrons in the tin oxide may occur, but ul-

timately they have to disappear. This is possible by reduction of the protons under the 

formation of H2 as observed by Mulvani et al. Furthermore it should be considered that 

the accumulated protons in the matrix increase the redox potential of the 

(meth)acrylate radicals and the accumulated electrons in the tin oxide lower the redox 

potential of tin oxide. Consequently the redox potential of the radicals may become 

higher than the redox potential of the tin oxide and electron transfer from the tin oxide 

to the (meth)acrylate radical may become possible. An equilibrium situation may be 

established in which both the reactions depicted in figure 4.13 B and C proceed and tin 

oxide effectively catalyses the termination by disproportionation. 

As antimony doped tin oxide is also a semiconductor it is surprising that the same 

retardation of the curing was not found with this type of particles. However, the sur-

face chemistry of ATO is very different from the surface chemistry of tin oxide. The 

surface of ATO is enriched with Sb(III)(21,22) and may not contain many hydroxy 
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groups. Furthermore the redox potential of ATO might be different from the redox po-

tential of tin oxide.  

 

4.7. Conclusions 

Silica, tin oxide, and ATO have different effects on the curing of the acrylate ma-

trix. Pure silica does not significantly influence the curing of the acrylate matrix. The 

PEGDA coatings with silica that was treated with MPS cured somewhat faster than 

equivalent PEGDA-MPS mixtures without silica. Tin oxide and especially ATO ab-

sorb UV light, which will slow down the curing in deeper layers. The MPS that is 

grafted on the fillers is thought to copolymerise with the acrylate matrix, thus the in-

tended chemical links between the filler and the matrix are formed. As the polymerisa-
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Figure 4.13  Proposed mechanism for the retardation of the curing by tin oxide. 
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tion rate of MPS is considerably lower than the polymerisation rate of the pure acry-

lates, the presence of MPS in the coating formulations results in slower curing. Direct 

contact between the tin oxide and the (meth)acrylate results in a strong retardation of 

the curing; this effect is not found for silica and ATO. To explain the retardation a 

mechanism is proposed that involves catalysis by the tin oxide of the termination of the 

free radical polymerisation by disproportionation. However, for verification of this 

proposed mechanism further research is needed. 
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Chapter 5       

 

Electrical properties of the nanocomposite  

coatings  

 

 

 

 

Synopsis 

In this chapter the effect of the addition of antimony doped tin oxide (ATO) and 

tin oxide nanoparticles on the electrical resistivity of acrylate coatings is described. 

ATO and tin oxide are electrically conductive materials, hence when used as filler they 

lower the electrical resistance of a composite. To enable dispersing of these fillers in 

acrylate matrices, 3-methacryloxypropyltrimethoxysilane (MPS) was grafted on the 

surface of the fillers. However, the effect of this surface modification on the resistivity 

of the composite was unknown. It was found that the effect of the surface modification 

is twofold. By increasing the amount of (insulating) MPS on ATO a slight increase of 

the electrical resistance between the particles was found. Besides that, the surface 

modification was also found to have a strong effect on the distribution of the ATO in 

the acrylate matrix. Surface modification with a large amount of MPS resulted in sta-

ble dispersions of ATO, leading to a homogeneous distribution. Surface modification 

with small amounts of MPS led to instable ATO dispersions and aggregation of ATO 

into a fractal type network, which gives a much lower resistivity especially at low-

volume fractions.  
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5.1. Introduction 

In this chapter the effect of the addition of antimony doped tin oxide (ATO) and 

tin oxide nanoparticles on the electrical resistivity of acrylate coatings is described. As 

ATO and to a lesser extent tin oxide have a good electrical conductivity, the addition 

of these nanoparticles is expected to lower the electrical resistivity of the composite 

coatings. A complicating factor in this study is the presence of grafted 3-methacryl-

oxypropyltrimethoxysilane (MPS) on the surface of the nanoparticles, which is needed 

for dispersing the nanoparticles in the acrylate matrix (see chapter 2 and 3). The 

grafted MPS forms a thin non-conducting layer on the conductive filler, which is, from 

the point of view of realising a high conductivity level in the nanocomposite coatings, 

an undesirable aspect. By varying the amount of MPS the effect of this layer on the 

electrical resistivity of the composites is studied.  

The electrical resistivity of a coating with conducting filler particles is determined 

by the amount and the distribution of these fillers and by the effectiveness of electron 

transport between the particles(1-3). The electrical resistivity is most effectively lowered 

when the filler particles are in direct contact with each other and form a continuous 

network through the whole matrix. The formation of such a network depends on the 

filler fraction, but also on filler-filler, filler-matrix, and matrix-matrix interactions, the 

size and shape of the particles, and the preparation conditions(1-8). The number of pa-

rameters for electron transport and filler distribution is very large, and it is extremely 

difficult, if not impossible, to include all these parameters in a model describing the 

dependency of the electrical resistivity on the filler fraction. However, for different 

systems not all parameters are equally important and, depending on the system, some 

parameters may be omitted from the model. The many models that have been proposed 

in literature are all applicable to a part of the reported experimental results, but none of 

the individual models is applicable to all experimental results(2,3,7,8). In this chapter first 

the experimental results are presented and subsequently a link with theory is made.  

 

5.2. Experimental 

3-Methacryloxypropyltrimethoxysilane (MPS) was grafted on the ATO and tin 

oxide particles as described in chapter 2. The amount of MPS that was used for the 

grafting was varied from 0 to 0.4 g per g of ATO or tin oxide. The solvent mixture 

used in the grafting procedure was replaced by a water / 1-propanol mixture; the ratio 

between water and propanol and the total amount of solvents was adjusted to obtain a 

stable dispersion in which also the acrylate resin could be dissolved. This resulted in a 
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typical water to propanol ratio of 1:1 to 1:2 by weight and a solvents to ATO or tin ox-

ide ratio of typically 1:2 to 1:5 by weight. Variable amounts of this master batch were 

mixed with the appropriate amounts of matrix material and photoinitiator (2-hydroxy-

2-methylpropiophenone, Aldrich) resulting in a concentration series from 0 to 30 vol% 

ATO or tin oxide (without solvents). As matrix material Ebecryl 745 (commercial 

acrylate mixture, UCB), PEGDA (polyethyleneglycoldiacrylate Mw 575, Aldrich), and 

TMPTA (trimethylolpropanetriacrylate, UCB) were used. For the calculation of the 

volume fractions, the MPS was considered as part of the matrix. The coating mixtures 

were applied on a polycarbonate substrate and subsequently the samples were placed 

for half an hour to one hour in a well-ventilated area to allow the solvents to evaporate. 

Next the coatings were cured by exposure to UV light (20 mW/cm2; 60 seconds; N2 

atmosphere). The thickness of the coatings ranged from 5 to 30 µm.  

TEM images were collected with a JEOL 2000FX operated at 80 kV. The sam-

ples were prepared by microtome cutting; the thickness of the samples was approxi-

mately 70-100 nm. 

The electrical resistance of the coatings was measured with a Keithley 237 elec-

trometer using the direct current mode. The applied voltage ranged between 10 and 

1000 V; in this range the coatings were found to have ohmic behaviour. On the coat-

ings four electrodes were applied with highly conductive paint (graphite conductive 

adhesive 154, Electron Microscopy Sciences). The electrodes were applied as four 

parallel lines with a length and a separation of 1 cm. The resistance was measured over 

at least three sets of electrodes at three different spacings, as indicated in figure 5.1. To 

correct for the contribution of the contact resistance between the electrodes and the 

coating, the increase of the measured electrical resistance upon the increase of the elec-
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Figure 5.1  Schematic representation of the electrical resistance measurements. 
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trodes separation was used to calculate the electrical resistance of the coatings.  

The reproducibility of the experiments depended on the accuracy of the resistivity 

measurements and on the reproducibility of coating preparation. The accuracy of the 

measurements was affected by variations in spacing and length (both + 20 %) of the 

painted electrodes and occasional variations in coating thickness, which could be rec-

ognised by differences in colour intensity. Measurements on different areas of a coat-

ing gave a variation of up to 50 % in resistance values. The same variation caused that 

the increase of the measured resistance with increasing electrode spacing was some-

what irregular: ideally the steps in measured resistance should be equal, but in practice 

a variation of up to 50 % in step size was observed. In the calculated coating resistivity 

the variation in step size is somewhat averaged out. Representative examples of ex-

perimental resistance series are given in table 5.1. In theory, the contact resistance be-

tween the electrodes and the coating can be calculated by extrapolation of the meas-

ured resistances to an electrode separation of zero. However, the variation in the step 

size also affects this extrapolation and the resulting error can be larger than the actual 

contact resistance itself. In practice the calculated contact resistance was in the same 

range as the variation in the step size. The resistance of the coating was converted to 

the bulk resistivity by multiplying the coating resistance with the coating thickness. 

The measured coating thickness ranged from 5 µm for coatings with high filler frac-

tions to 30 µm for coatings with low filler fractions. The thickness of the coatings was 

measured with an accuracy of about 2 µm, which added an additional error of 20-40% 

to the calculated resistivity.  

 measured resistance 

(MΩ) 
increase of resis-

tance (MΩ) 

example R1-2 R1-3 R1-4 step 1 step 2 

ratio be-
tween step 1 
and step 2 

1 
2 
3 
4 

10 
2.5 
25 

16 *102 

19 
4.6 
44 

26 *102 

27 
8.2 
65 

37 *102 

9 
2.1 
19 

1.0 *102 

8 
3.6 
21 

1.1 *102 

1.13 
0.58 
0.90 
0.91 

1: TMPTA with 5 vol% ATO; 0.17 g MPS / g ATO 
2: TMPTA with 10 vol% ATO; 0.08 g MPS / g ATO 
3: Ebecryl 745 with 30 vol% ATO; 0.33 g MPS / g ATO 
4: PEGDA with 20 vol% ATO; 0.21 g MPS / g ATO 

 

Table 5.1 Examples of experimental resistance series. 
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The preparation of the coatings gave the largest variation for the reproducibility 

of the experiments. The resistivity values of different coatings prepared from one mas-

ter batch varied up to 50%, which is about the error of measurement. Between different 

master batches, however, the resistivity levels varied about one decade. As the trend 

lines for the resistivities cover many orders of magnitude this large variation does not 

prohibit drawing useful conclusions. Repeating the resistance measurements with sev-

eral months interval gave values within 20 % of the original measurement.  

 

5.3. Results 

5.3.1. Electrical resistivity of ATO filled coatings 

The electrical resistivity of the ATO filled coatings was studied with three differ-

ent matrix materials: Ebecryl 745, PEGDA, and TMPTA. For these three matrices the 

effects of ATO concentration and of on the filler surface grafted MPS were studied.  

With Ebecryl 745 as the matrix, the dependence of the composite resistivity on 

the ATO concentration and the grafting of MPS on ATO is demonstrated most clearly. 

Ebecryl 745 coatings without filler have a resistivity higher than 1011 Ωcm, but by fill-

ing these coatings with ATO particles the resistivity can be reduced to values below 

103 Ωcm. The resistivity of the composite depends both on the volume fraction of 

ATO and on the amount of MPS used to modify the ATO surface, as shown in figure 

5.2. In the series with 0.04 and 0.08 g MPS / g ATO addition of only 1-2 volume per-
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Figure 5.2  Resistivity of Ebecryl 745 coatings filled with ATO treated with 0.04 to 

0.33 g/g MPS. Lines are guides to the eye. 
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cent of ATO results in a decrease of the electrical resistivity by several orders of mag-

nitude. A further increase of the volume fraction of ATO has only a relatively small 

effect on the resistivity. A curve with this shape will further on be referred to as type I. 

For the whole ATO concentration range studied, the composites with 0.04 g MPS / g 

ATO have a somewhat lower resistivity than the composites with 0.08 g MPS / g 

ATO.  

For the series with 0.10, 0.17, and 0.33 g MPS / g ATO a different dependence of 

the resistivity on the ATO concentration is found. In these series the decrease of the 

resistivity is more or less exponential and is spread out over a much wider concentra-

tion range. A curve with this shape will further on be referred to as type II. It is also 

remarkable that in the latter three series the resistivity does not depend anymore on the 

MPS to ATO ratio. It should be noted that the MPS to ATO ratio refers to the amount 

of MPS added to the ATO during the grafting procedure; however, only a part of the 

MPS is really grafted on the ATO (see chapter 2). In figure 5.3b the actual amount of 

grafted MPS for different MPS to ATO ratios is shown; the remaining part of added 
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Figure 5.3 a: Effect of MPS to ATO ratio on resistivity at fixed ATO concentrations.  

b: Amount of grafted MPS as function of MPS to ATO ratio. 
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MPS that is not grafted on the ATO may be dissolved in the acrylate. The amount of 

grafted MPS may be more relevant for the coating resistivity than the overall amount 

of MPS added to the ATO. This becomes clearer by comparing the amount of grafted 

MPS for different MPS to ATO ratios with the coating resistivity for different MPS to 

ATO ratios, as shown in figure 5.3. At low MPS to ATO ratios curves of type I are 

found, thus the resistivity is low even at a filler fraction of only 5 vol%. In the same 

MPS to ATO range, the MPS layer on the ATO particles is not completely filled. The 

rapid increase of the resistivity for a filler fraction of 5 vol% between 0.08 and 0.10 g 

MPS / g ATO marks the transition to curves of type II. This transition matches the 

range where the amount of grafted MPS on ATO reaches its upper limit. Increasing the 

MPS to ATO ratio beyond 0.10 g MPS / g ATO does not result in more grafted MPS, 

which may explain the overlapping of the type II curves for different MPS to ATO ra-

tios. 

For the PEGDA coatings the trends are similar to those of the Ebecryl 745 coat-

ings. With a MPS to ATO ratio below 0.10 g/g the resistivity versus ATO concentra-

tion curves have similar shape (type I) and similar resistivity levels as found for the 

Ebecryl 745 equivalents (see figure 5.4). With a MPS to ATO ratio higher than 0.10 

g/g curves of type II are found. However, at low filler fractions the resistivity is con-

siderably lower than for the corresponding Ebecryl 745 composites; this may be attrib-
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Figure 5.4  Resistivity of PEGDA coatings filled with ATO treated with 0.05 to 0.33 

g/g MPS. Lines are guides to the eye.  
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uted to the large difference in resistivity of the matrix materials.  

The compatibility of the MPS treated ATO particles with the TMPTA matrix ap-

pears to be lower than with the other two tested acrylate resins. In a TMPTA matrix 

the ATO particles have, especially at low MPS to ATO ratios, a strong tendency to 

segregate from the matrix and it appears difficult to make homogeneous coatings. With 

a MPS to ATO ratio of 0.04 g/g (the lowest used for the other acrylates) no homoge-

neous coating is made and with higher MPS to ATO ratios the reproducibility is poor. 

Figure 5.5 shows that most electrical resistivity versus ATO concentration curves show 

type I behaviour, also at MPS to ATO ratios higher than 0.10 g/g. At a MPS to ATO 

ratio of 0.25 g/g a type II curve is observed. The series at higher MPS to ATO ratios do 

not have exclusive type I or type II behaviour; a part of the data points appear on the 

type I curve found for low MPS to ATO ratios and the remainder of the data points ap-

pear on the type II curve found for the 0.25 g MPS / g ATO series. 

To analyse the distribution of filler in the matrix TEM images were taken. Figure 

5.6a shows a TEM image of a TMPTA coating filled with 1 vol% ATO (0.08 g/g 

MPS) that has a relative low resistivity and originates from a type I series. The filler 

particles are aggregated in rather open flocs. Figure 5.6b shows the same coating at a 

higher magnification; the pattern is similar to that of figure 5.6a, which is typical for a 
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Figure 5.5 Resistivity of TMPTA coatings filled with ATO treated with 0.05 to 0.67 

g/g MPS. Lines are guides to the eye.   
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fractal type distribution. In figure 5.6c and 5.6d an Ebecryl 745 coating with 2 vol% 

ATO (0.33 g/g MPS) is shown; this coating has a high resistance and originates from a 

type II series. At a length scale of a few micrometers the coating is homogeneous, but 

at smaller length scales small aggregates are visible. A continuous network like in the 

TMPTA coating is less evident. The small aggregates do not necessarily indicate ag-

gregation in the coating mixture. Light scattering data indicate that small aggregates 

are already formed before or during the grafting of the silane coupling agents. After 

this procedure the small aggregates may not break up anymore and will also be found 

in the later coating mixture, but they may also have gained sufficient colloidal stability 

to prevent further aggregation in the coating mixture. 

 

 

c  d 

400 nm 100 nm 

400 nm 

 b  a 

100 nm 
 

Figure 5.6  TEM images of: a, b; 1 % ATO (0.08 g MPS / g ATO) in TMPTA, curve 

type I, ~ 105 Ωcm; c, d; 2 % ATO (0.33 g MPS / g ATO) in Ebecryl 745, 

curve type II, ~ 1011 Ωcm. 
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5.3.2. Electrical resistivity of tin oxide filled coatings 

Although pure tin oxide has a higher resistivity than ATO, for some applications 

it is still more interesting as its transmittance for visible light is much higher. With tin 

oxide the same experiments were carried out as with ATO. 

With Ebecryl 745 as matrix material all series followed type II behaviour (see 

figure 5.7), irrespective of the MPS to tin oxide ratio. The obtained resistivities are 

higher than found for the corresponding type II ATO-Ebecryl 745 coatings; the lowest 

obtained resistivity was 108 Ωcm. Also for PEGDA a type II resistivity versus filler 

fraction curve is found. With a PEGDA matrix addition of 25 vol% tin oxide resulted 

in resistivities of 106-107 Ωcm. With TMPTA as matrix the reproducibility was too 

low to draw any conclusion. The TEM images of a TMPTA coating with 1 vol% tin 

oxide (0.3 g/g MPS) were also not very conclusive (figure 5.8). At the highest magni-

fication aggregates of a few hundred nanometer are visible that are close to each other, 

but it is not clear whether they form a continuous network or not. At a lower magnifi-

cation the aggregates are distributed homogeneously, like in the high resistivity ATO 

coating. Already before the surface modification the starting tin oxide dispersion is 

opaque, which is a strong indication of the presence of aggregates. Hence, also in this 

case the aggregates in the coatings may be formed before or during the grafting proce-

dure and may not indicate colloidal instability in the coating formulation. 

400 nm 100 nm 
 

 

Figure 5.8 TEM images of 1 % tin oxide (0.4 g MPS / g tin oxide) in TMPTA 
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Figure 5.7 Resistivity of Ebecryl 745 coatings filled with tin oxide treated with 0.07 

to 0.58 g/g MPS. Line is guide to the eye. 
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5.4. Models for the resistivity of composite materials 

In the experiments two distinct shapes for the electrical resistivity versus filler 

fraction curves were found: type I and type II. Curves with an intermediate shape were 

not found. Given the clear distinction a separate theoretical evaluation will be given for 

both curve shapes.  

 

5.4.1. Model for type I behaviour 

The TEM image of a coating from a series with type I behaviour (figure 5.6a) in-

dicates that a continuous particle network is already formed at a filler fraction of 1 

vol%. This network resembles the continuous particle networks with fractal morphol-

ogy that are found in experimental studies and computer simulations of particle aggre-

gation due to colloidal instability(9-12). The fractal morphology of the network can be 

used to model the electrical resistance (R) as function of filler fraction (φ) and the frac-

tal dimension (D) of the network. As the electrical resistance in the filler network is 

expected to be much lower than the resistance in the matrix, the latter is ignored for the 

modelling of the resistivity of the composite. 

The fractal scaling of the particle network enables a comprehensive mathematical 

description of the number of connecting paths as function of the filler fraction(9). The 

volume (V) of a solid body relates to its radius (r) according to: 
3rV ∝               [1] 

400 nm 100 nm 
 

 

Figure 5.8 TEM images of 1 % tin oxide (0.4 g MPS / g tin oxide) in TMPTA 
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For a fractal structure with a radius considerably larger than the radius of a single par-

ticle (a), the number of particles (n) is dependent on the fractal dimension (D) accord-

ing to: 

( )Darn /∝           [2] 

Assuming the volume of a particle to be a3, the volume fraction (φ) of the particles 

within a fractal structure is: 

)()/(
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A particle network is build with stacked fractal aggregates. The average size of these 

building blocks is named the correlation length. Knowing the relationship between φ, 

D, and r, we can also calculate the correlation length (ξ) as function of the volume 

fraction: 
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Thus the number of such building blocks (N1) along a line with length l is: 
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The number of building blocks (N3) that are needed to fill a container with size l . w . h 

is: 
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and, assuming that each building block has one connecting point with any adjacent ag-

gregate, the number of paths (P) between the walls w . h is: 
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This relationship was used by Bremer(9) to correlate the modulus of a particle gel to the 

filler fraction. He found a good agreement between the model and experimental data. 

The resistance in one path is the number of particles in the path (Qp) times the 

electrical resistance between two aggregated particles (Rf). The number of particles 

that form the conducting path can be calculated by multiplying the number of building 
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blocks (Nl) by the number of particles that form the connecting path within one build-

ing block (Qb). For a straight connecting path the relationship would be: 

a

l

a

l
QNQ bp ∝⋅∝⋅∝ ξ

ξ1

        [8]
 

However, typically the connecting path is somewhat curved and a larger number of 

particles is needed. The number of particles in the connecting path within one building 

block is estimated by(13): 
x
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where x is a constant with a value typical between 0 and 0.4. Hence, the number of 

particles in one connecting path (Qp) is: 
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Assuming that the electrical resistance between two aggregated particles is the same 

for each pair of aggregated particles and is independent on the filler fraction or the 

shape of the network, the resistance of one path becomes:  
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Assuming that all parallel paths have an equal resistance, the bulk resistance (Rb) of 

the network can be calculated by dividing the electrical resistance of one path (Rp) by 

the number of paths:  
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The resistance of a sample is converted in the specific resistance, or resistivity (Rs), by:
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where C is a constant that is proportional to the electrical resistance between two con-

tacting filler particles. It should be noted that the mathematics of the fractal concept 

describes the aggregates as continuous structures, instead as the granular structures that 
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they really are. At low filler fractions, where the correlation length is considerably lar-

ger than the diameter of the primary particles, this approach is reasonably accurate. 

However, at high volume fractions, where the correlation length is only a few times the 

particle diameter, the continuous description may be very inaccurate. 

For the fitting of the theoretical model only the experimentally determined resis-

tivities for filler fractions below 5 % are used. The resulting values for D and C are 

given in table 5.2 (see also figure 5.9); variation of x within reasonable limits (0-0.4)(13) 

does not result in large variations of the values for D. All values for D are within the 

range that is mentioned in the literature concerning particle aggregation. In computer 

simulations D varies from 1.7 to 2.5, depending on the conditions chosen(5,9,10,14). 

When the first contact between two particles results in a rigid bond (rapid aggregation) 

the lowest values for D are found, but when reorientation of the bonds is introduced, or 

when only part of the contacts result in a bond, higher values are found. In experimen-

tal studies typically values from 1.8 to 2.1 are found, where the lower values are found 

for the more rapidly aggregating systems(5,9,10).  

The value for C increases with increasing MPS to ATO ratio. This indicates that 

the electrical resistance in a connecting path increases with an increased amount of 

grafted MPS. It is unlikely that the number of particles in a path will change dramati-

cally due to increased MPS grafting, and a tenfold increase can be regarded as impos-

sible. Hence the increase of the resistance in a path has to be attributed to an increase 

of the electrical resistance between two aggregated particles. This increase of resis-

tance between the particles is already expected as the amount of insulating MPS on the 

particles is increased. The matrix does not have a significant effect on C: this confirms 

MPS/ATO  matrix D (-) 
x = 0.0 

D (-) 
x = 0.2 

D (-) 
x = 0.4 

C 
(Ωcm) 

0.04 g/g  Ebecryl 745 
PEGDA 

2.2 
2.0 

2.2 
1.9 

2.1 
1.8 

2 *100 

9 *100 

0.08 g/g Ebecryl 745 
PEGDA 
TMPTA 

2.3 
1.9 
2.0 

2.3 
1.8 
1.9 

2.2 
1.8 
1.8 

3 *101 

7 *101 
5 *101 

0.17 g/g TMPTA 1.9 1.8 1.7 2 *102 

0.33 g/g TMPTA 2.0 1.9 1.8 4 *102 

 

Table 5.2  Resulting fractal dimension (D) and constant (C) after fitting of Eq. 12 

to type I experimental data. 
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that the electrical conduction mainly takes place in the filler network. Despite the sim-

plicity of the model and the large variance in the measured data the fits give values for 

D that are comparable with literature and a reasonable trend for C.  

 

5.4.2. Type II behaviour 

Fitting the model of section 5.4.1 to the Ebecryl 745 coatings filled with ATO 

with 0.17 g MPS / g ATO would result in D = 2.8 and C = 2 Ωcm. For the other series 

with type II behaviour similar values are found. For a filler fraction of 5 vol% this 

would lead to a correlation length of 1 mm, which should be visible with the naked 

eye. However, the coatings are very homogeneous, also when observed with an optical 

microscope. Furthermore the values for D and C are not in line with the results in sec-

tion 5.4.1 and the TEM images of coatings of type II (figure 5.6c and 5.8a) do not 

show fractal aggregation on a large length scale. Thus describing the filler distribution 

with a fractal geometry leads to wrong results and another type of particle arrangement 

has to be considered to describe the type II curves.  

Due to the grafting of a MPS layer on the filler surface the attraction between the 

filler particles may be reduced resulting in a repulsive net interaction between the par-

ticles and aggregation may be prevented(15). The presence of small aggregates in the 

TEM images is not in contradiction with this hypothesis as these aggregates may al-
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PEGDA 0.08
Ebecryl 0.04
PEGDA 0.05

 
Figure 5.9 Fit of Eq. 12 to experimental series with type I behaviour, dashed lines 

are the fitted curves; the resulting values for D and C are presented in 

table 5.1. 
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ready have been formed before or during the MPS grafting procedure. It is also possi-

ble that aggregation still occurs, but at a much lower rate so network formation may 

not be completed in the time span before the cross-linking of the matrix. These small 

aggregates may in a coating behave as stable particles. At low filler fractions a con-

tinuous filler network can be expected to be absent and consequently the electrical cur-

rent has to flow through the matrix material that separates the particles. At higher filler 

fractions the average distance between the particles is smaller and due to geometrical 

constraints more contacts between the particles are established. At a certain filler frac-

tion, the so-called critical volume fraction, the number of such formed contacts is large 

enough to form a continuous particle network. The location of the critical volume frac-

tion depends on the shape of the filler particles, their relative size towards the matrix 

material, and the particle-particle and particle-matrix interactions.  

At filler fractions below the critical volume fraction the electrical resistance is 

mainly determined by the distances between the particles(16). The TEM image of a high 

resistivity coating with 2 vol% ATO (figure 5.6d) shows typical distances of 10-50 nm 

between the small filler aggregates. It can be expected that with increasing filler frac-

tion the distance between aggregates becomes smaller and, at the upper end of the ex-

perimental range (30 vol%), the typical separation is probably no more than a few na-

nometers. At such short distances electron tunnelling notably enhances the electron 

transport and the electrical resistance is considerably lower than expected on basis of 

the bulk resistivities of the pure matrix materials(1,2,16). Unfortunately the irregular 

structure of the aggregates and possible repulsive or attractive interactions make it im-

possible to construct a realistic model for the effective separation distance between the 

aggregates as function of the filler fraction. Considerations regarding the effects that 

electron tunnelling may have on the resistivity of the coatings are given in Appendix 

II. 

 

5.5. Conclusions 

By adding ATO particles with grafted MPS the electrical resistivity of acrylate 

coatings can be lowered to about 102-103 Ωcm; with tin oxide with grafted MPS resis-

tivity values of 106-108 Ωcm can be reached. For the ATO filled coatings the grafting 

density of MPS has a large influence on the obtained resistivity values. With an in-

complete MPS grafting the colloidal stability of the ATO in the acrylate resins is low 

with aggregation of the ATO as a result. This aggregation results, already for ATO 

fractions as low as 1 vol%, in the formation of a continuous network of filler particles, 
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which is very beneficial for the lowering of the electrical resistance. With a maximal 

grafting density the ATO is more easily dispersed in the acrylate matrix, which favours 

a more homogeneous distribution in the final coatings. For the resistivity as function of 

filler fraction two different curve types are found, one (type I) is associated with coat-

ings with aggregated particles and the other (type II) is associated with homogeneously 

dispersed particles. It is generally found that networks of aggregated nanoparticles 

have a fractal morphology. The fractal concept is used to make a comprehensive model 

for the resistivity as function of the filler fraction. Fitting of this model to experimental 

series that show type I behaviour gives values for the fractal dimension that compare 

well to literature values. The fitting results also indicate that increasing MPS grafting 

density results in a higher electrical resistance between aggregated particles. Fitting the 

same model to the experimental series that show type II behaviour gives unrealistic 

values for the fractal dimension and the correlation length, hence this model is not ap-

plicable for type II curves. Another accurate model for the resistivity as function of the 

filler fraction that is applicable for type II curves is not obtained, but a reasonable ex-

planation for the experimentally determined relationship can be given. At low volume 

fractions the filler does not form a continuous network and the electrical resistivity is 

determined by the bulk resistivity of the polymer. Increasing the filler fraction results 

in a decrease of the distance between the particles and when the interparticle spacing 

becomes less than approximately 10 nm the composite resistivity decreases considera-

bly due to electron tunnelling. At high volume fractions the distance between the ag-

gregates is very small and the tunnelling resistivity becomes smaller than the resistivity 

of the filler. Hence at high filler fractions the bulk resistivity is mainly determined by 

the resistivity of the filler. 
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Chapter 6    

 

Mechanical properties of the coatings  
 

 

 

 

 

 
Synopsis 

In this chapter the mechanical properties of the nanocomposite coatings are dis-

cussed. The hardness and E-modulus of the coatings were measured by microindenta-

tion. It was found that the hardness and E-modulus both increase with increasing filler 

fraction. These effects were much larger for coatings with a (rubbery) PEGDA matrix 

than for coatings with a (glassy) TMPTA matrix. Also the amount and type of silane 

coupling agent used for the surface modification of the fillers was found to have a 

strong influence on hardness and E-modulus; the increase was largest when MPS was 

grafted on the fillers. After indentation the deformation of the coatings recovered for 

the greater part; PEGDA coatings with MPS grafted on the fillers even recovered 

fully. The abrasion resistance of the coatings increased with increasing silica fraction; 

at high silica fractions the performance was excellent. 
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6.1. Introduction 

The use of fillers to improve the mechanical properties of polymeric materials is 

common practice. The fillers may significantly improve properties like modulus, yield 

strength, impact resistance, and abrasion resistance(1-12). For example, Ou et al.(13) 

demonstrated that the addition of 5 w% of silica (50 nm) to nylon-6 resulted in in-

creases in tensile strength (15%), strain-to-failure (150%), Young’s modulus (23%), 

and impact strength (78%). At higher filler levels the Young's modulus further in-

creased whereas the other values decreased. Mammeri et al.(14) filled PMMA coatings 

with up to 100 % in situ formed silica, which resulted in an increase of the coating 

hardness from 180 MPa for the pure PMMA coating, to 540 MPa for a 53 mol% 

PMMA coating and 1400 MPa for a pure silica coating. Vu et al.(15) showed that incor-

poration of 23 vol% silica in UV-curable acrylate coatings can give a 2.5-fold increase 

of the E-modulus and higher abrasion resistance. Silica nanoparticles can be found in 

many performance materials like car tyres and scratch and abrasion resistant coat-

ings(4,8,9,16-22).  

The properties of a composite are not simply the sum of the properties of its 

components. The composite properties are also determined by the size, shape, and 

spatial distribution of the filler in the matrix and by the forces acting between the 

components(8,11,12,22-24). It has been found that decreasing the average size of the fillers 

from a few micrometers to a few nanometers can result in a higher gain in yield stress 

and modulus(22-28). The larger effect of nanoparticles is attributed to their larger surface 

area. The surface area is an important parameter as interactions between the filler and 

the matrix are very important for the composite properties. For a wide range of poly-

mer matrices it is observed that near the filler surface the glass transition temperature 

(Tg) is shifted by tens of degrees(7,17,23,24,29-32). Moving away from the filler surface, the 

Tg returns to the bulk value in a gradient that may stretch over tens of nanometers(24,32-

34). The size and the direction of this Tg shift are determined by the interactions be-

tween the polymer and the filler. In the case of strong interactions, like strong physical 

or covalent bonding, a strong increase of the Tg will be found whereas very weak in-

teractions may result in a decrease of the Tg(32,35,36). Hence, modifications of the filler 

surface may affect the composite properties. For example, for silica-acrylate compos-

ites it has been shown that the Tg increases when 3-methacryloxypropyltrimethoxy-

silane is grafted on the silica surface, whereas with grafted acetoxypropyltrimethoxysi-

lane the Tg decreases(36). Shifting of the Tg affects the mechanical properties, espe-

cially when a rubbery polymer becomes glassy or vice versa. If near the filler surface 
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the Tg of a rubbery polymer is raised above ambient temperature, a shell of glassy 

polymer round the filler is formed. This shell has a much higher E-modulus than the 

bulk rubber, consequently the modulus of the composite increases. The thickness of 

such a shell can be in the order of a few nanometers(17,21,30,31,33,34); for nanocomposites 

this shell may contain a major part of the matrix and large changes in the mechanical 

properties may be expected. For glassy polymer matrices a similar increase of the Tg 

will have a smaller effect on the mechanical properties as no glass transition will take 

place. Literature examples indeed show that fillers that give strong reinforcement in 

rubbers have far less effect in glassy polymers(26,37). For glassy polymers the addition 

of fillers may improve the toughness and impact resistance(5,35). This improvement is 

especially obtained when a filler with weak interactions with the polymer is used.  

  

6.2. Experimental 

As matrix material for the coatings either PEGDA (polyethyleneglycoldiacrylate 

Mw 575, Aldrich) or TMPTA (trimethylolpropanetriacrylate, UCB) was used. 3-

Methacryloxypropyltrimethoxysilane (MPS; ABCR) and octyltrimethoxysilane (OTS; 

Aldrich) were used to modify the silica, tin oxide, and ATO fillers following the pro-

cedure as described in chapter 2. 2-Hydroxy-2-methylpropiophenone (Aldrich) was 

used as photoinitiator. All materials were used as received. The coating materials were 

mixed with the aid of a water-propanol solvent mixture. The coatings were applied on 

a polycarbonate substrate (Lexan 9030; GE plastics) after which the samples were 

placed during 30-90 minutes in a well-ventilated place to allow the solvents to evapo-

rate. Subsequently the coatings were cured by exposure to UV in an UVACUBE (Dr. 

Hönle), which is equipped with a nitrogen flushed sample compartment with a quartz 

window, a timed shutter, and a H-lamp (Dr. Hönle) with an intensity in the UV-A re-

gion of 25 mW/cm2. The typical thickness of the cured coatings is 5-30 µm. 

Microindentation measurements were performed with a Fischerscope 100C with a 

Vickers indenter. The measurements were performed in the controlled load mode, in 

which the load was increased and decreased following a quadratic function in time. For 

coatings with a TMPTA matrix the load was increased from 0.4 mN to 10 mN and for 

coatings with a PEGDA matrix from 0.4 mN to 2 mN. The maximum displacement (h) 

under these loads ranged roughly between 0.4 µm for coatings with a high filler con-

tent and 4 µm for coatings without filler, which corresponds to 3 to 12 % of the coat-

ing thickness. The starting load of 0.4 mN is the minimum force that can be measured 

by this equipment. The load was increased in a period of 20 seconds, and after 5 sec-
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onds at the maximum value, the load was decreased to 0.4 mN in a period of 20 sec-

onds.  

The abrasion resistance was tested with a Taber abrader equipped with CS-10F 

wheels and 500 gram loads (ASTM standard D-1044A). The ranking between different 

samples was performed on basis of visual judgement. Attempts were done to quantify 

the results by measuring the loss of transmission of a laser beam, but, as the loss of 

transmission for the best coatings is considerably smaller than the variation of trans-

mittance within one sample, this method is not very accurate.  

 

6.3. Hardness and elasticity 

With microindentation a pyramid shaped indenter is pushed with a controlled 

load in a sample and the resulting displacement of the indenter is measured(1). During 

loading, penetration of the indenter results in a deformation of the sample, which is 

composed of plastic, elastic, and visco-elastic components. During unloading the elas-

tic deformation recovers instantly whereas the visco-elastic deformation may recover 

gradually and the plastic deformation is permanent.  

The resistance against penetration can be expressed by the universal hardness 

HU. The HU is the force that is used for driving the indenter in the sample divided by 

the projected contact area. Mathematically this is expressed in equation 1: 

 2h

F

hA

F
HU

⋅
==

α)(         [1] 

where F = applied force, A = contact area, h = displacement, and α = 26.43, which is a 

constant determined by the shape of the Vickers indenter. This equation implies that as 

long as HU is independent from penetration depth, the h vs. F1/2 plot should be a 

straight line starting from the origin. In the measurements, however, extrapolation of 

the h vs. F1/2 curve to F1/2 = 0 results in a small negative displacement value. For the 

localisation of the surface of the sample, the indenter is slowly lowered until it regis-

ters a minimal force. This force is already high enough for a small penetration of the 

indenter in the sample, which results in a small error in the determination of h = 0. The 

real displacement (h) is calculated by adding the negative displacement of the extrapo-

lated h vs. F1/2 line at F1/2 = 0 to the measured displacement. This real value for h is 

used for the calculation of HU. The HU can also be calculated from the slope (s) of the 

h vs. F1/2 plot. In this case an erroneous h value is automatically corrected. For this 

calculation equation 2 is used: 
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 2

1
s

HU
⋅

=
α           [2] 

In most of the cases the h vs. F1/2 plot shows a straight line. With thin coatings, where 

the indentation is considerably more than about 10% of the coating thickness, the h vs. 

F1/2 plot is curved. This curve can be explained by the fact that the measured mechani-

cal properties are a combination of the mechanical properties of the coating and the 

substrate. Upon increasing indentation depth the substrate increasingly contributes to 

the measured mechanical properties. For coatings that are harder than the substrate, 

this results in an upward curvature of the h vs. F1/2 plot and for coatings that are softer 

than the substrate this results in a downward curvature.  

The unloading data are used to calculate the E-modulus (E) of the sample follow-

ing the method of Oliver and Pharr(1,38): 

dh

dF

A
E ⋅

⋅⋅
=

β
π

2          [3] 

where β is a constant determined by the shape of the indenter and A is the projected 

contact area; for dF/dh and A the values at maximum indentation are used(38).  

The h vs. F1/2 plot for the polycarbonate substrate is shown in figure 6.1. The ar-

rows indicate the direction in which the plot develops during the measurement. The 

unloading curve is less steep than the loading curve and the sample only partly recov-

ers, thus the deformation appears to be partly plastic and partly elastic. As time-

dependent measurements were not performed the visco-elastic component is unknown. 

The HU calculated from this measurement is 0.13 GPa and the E-modulus is 3.0 GPa. 

These values are higher than the values indicated by the manufacturer (0.095 and 2.35 

GPa); the discrepancy may be due to the aging of the material and differences between 

the test methods(1,39). A typical load displacement plot for a tested coating is also 

shown in figure 6.1. Here the difference between the loading and the unloading curve 

is much smaller, which indicates that the deformation of these materials is mainly elas-

tic. This behaviour is found for both TMPTA based and PEGDA based coatings; for 

several PEGDA coatings the loading and the unloading curve even match completely. 

A complete overview of the hardness and E-modulus values for the nanocompo-

site coatings is given in table 6.1. The hardness and the E-modulus show similar 

trends; further on the results are discussed only on basis of the hardness, bearing in 

mind that for the E-modulus the discussion would be the same. 
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6.3.1. Coatings with a PEGDA matrix 

PEGDA coatings consist of cross-linked polymers with a Tg well below room 

temperature (-30 °C), which classifies them as rubbers. A small indentation load al-

ready resulted in a relatively large displacement, but after releasing the load the sample 

fully recovered. The maximum force that was used on these samples was 2 mN, which 

is only five times higher than the minimum force that the equipment can apply. Even at 

this low force the penetration was up to 4 µm. For the 0 % and 10 % filled PEGDA 

coatings extra thick coatings (> 40 µm) were prepared for an accurate measurement 

without the influence of the substrate.  
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Figure 6.1 Load displacement plots resulting from micro-indentation of polycarbon-

ate and of a typical coating. 
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Figure 6.2 Load displacement curves for PEGDA coatings with various silica con-

tents, a: 0.2 g MPS / g silica, b: 0.2 g OTS / g silica. 
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Figure 6.2a shows the h vs. F1/2 plots for a series of PEGDA coatings with a silica 

filler with 0.2 g MPS / g silica. In these samples the silica and the PEGDA are chemi-

cally linked through the MPS(40). Increasing the silica fraction in the coatings results in 

a smaller indentation depth, which indicates a higher hardness. During the release of 

the indenter, the sample recovered almost completely, thus the deformation was 

mainly elastic. A corresponding series with silica treated with OTS (0.2 g/g), is shown 

in figure 6.2b. Contrary to MPS, OTS cannot establish a chemical link between the 

filler and the matrix. Also with OTS an increase of the silica concentration resulted in 

a smaller indentation depth, but the effect was smaller. Moreover, in this case the 

unloading curve did not follow the loading curve as seen for the samples with MPS, 

thus the deformation had a more plastic or visco-elastic character.  

The universal hardness HU as function of silica concentration is shown in figure 

6.3a. The surface treatment of silica appears to have a large effect on the HU. Filling 

PEGDA coatings with 50 vol% of OTS treated silica increased the HU by roughly ten 

times. At the same concentration of MPS treated silica, the HU increased by roughly 

hundred times. Samples with untreated silica have a lower HU than samples with MPS 

treated silica, but a higher HU than samples with OTS treated silica. Modification of 

the silica with smaller amounts of MPS resulted in hardness values closer to the un-

modified silica, but a similar decrease of the amount of OTS had virtually no effect 

(table 6.1).  

The found effects of the surface treatment on the HU of the composite coatings 

make sense. PEGDA and untreated silica are both rather polar, thus one may expect 

strong physical interactions. Treatment of the silica with OTS decreases the polarity of  
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Figure 6.3 Hardness of filled PEGDA coatings. a: effect of surface modification,  

b: effect of type of filler (all with 0.2 g/g MPS). 
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Filler  
modification 
(g/g oxide) 

Amount 
filler 

(vol%) 

Hardness 
(MPa) 

E-modulus 
(GPa) 

Filler 
modification 
(g/g oxide) 

Amount 
filler 

(vol%) 

Hardness 
(MPa) 

E-modulus 
(GPa) 

PEGDA without filler PEGDA – ATO 
-- -- 5.1 0.12 

PEGDA – silica 
MPS (0.05) 

5 
10 
15 
20 
25 
30 

17 
20 
35 
52 
84 

1.2 *102 

0.30 
0.37 
0.67 
1.0 
1.6 
2.2 

without silane 
coupling agent 

10 
20 
30 
40 

12 
21 
36 
56 

0.24 
0.45 
0.81 
1.3 

MPS (0.05) 

10 
20 
30 
40 
50 

8.5 
19 
33 
75 

2.3 *102 

0.17 
0.33 
0.62 
1.4 
3.8 

MPS (0.08) 

5 
10 
15 
20 
25 
30 

11 
20 
38 
60 

1.0 *102 
1.6 *102 

0.22 
0.36 
0.75 
1.1 
1.8 
2.7 

MPS (0.1) 

 

20 
30 
40 
50 

23 
67 

1.3 *102 

2.7 *102 

0.45 
1.3 
2.4 
4.5 

MPS (0.17) 

5 
10 
15 
20 
25 
30 

22 
42 
72 

1.4 *102 

2.1 *102 
3.0 *102 

0.26 
0.59 
0.95 
1.6 
2.6 
3.8 

TMPTA without filler MPS (0.2) 

10 
20 
30 
40 
50 

11 
22 
74 

2.1 *102 

5.4 *102 

0.20 
0.47 
1.1 
4.1 
5.7 -- -- 2.9 *102 4.6 

TMPTA – silica 

OTS (0.1) 

10 
20 
30 
40 
50 

8.7 
10 
15 
24 
50 

0.15 
0.22 
0.35 
0.59 
1.2 

MPS (0.2) 

10 
20 
30 
40 
50 

3.7 *102 
4.7 *102 
6.6 *102 
1.0 *103 
1.3 *103 

5.6 
7.1 
9.1 
13 
17 

OTS (0.2) 

10 
20 
30 
40 
50 

7.3 
9.8 
16 
28 
55 

0.16 
0.22 
0.37 
0.70 
1.2 

PEGDA – tin oxide 

OTS (0.2) 

10 
20 
30 
40 
50 

3.3 *102 
3.6 *102 
4.0 *102 
3.9 *102 
3.8 *102 

5.3 
5.7 
6.0 
6.1 
6.1 

TMPTA –tin oxide 
MPS (0.1) 

10 
20 
30 

41 
86 

1.2 *102 

0.85 
2.1 
2.8 

MPS (0.2) 

5 
10 
15 
20 

3.2 *102 
3.6 *102 
3.9 *102 
4.4 *102 

5.3 
6.1 
6.6 
7.1 MPS (0.2) 

5 
10 
20 

17 
38 

1.0 *102 

0.39 
0.83 
2.4 TMPTA - ATO 

       MPS (0.2) 

5 
10 
15 
20 
25 
30 

2.3 *102 

2.2 *102 
2.6 *102 
2.6 *102 
2.7 *102 
3.4 *102 

4.4 
4.3 
4.6 
4.4 
5.2 
6.7 

Table 6.1  Hardness and E-modulus of PEGDA and TMPTA coatings with vari-

ous fillers. 
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the silica surface, and may weaken the interactions with the PEGDA. Silica that is 

treated with MPS is believed to be linked to the PEGDA by covalent bonds, thus has 

stronger interactions than untreated silica. Strong interactions between the filler and 

the matrix lead to an increase of the Tg near the filler surface(21,31,34,41). The higher Tg 

may imply that near the filler surface the PEGDA is no longer a rubber but a glass, 

with a much higher hardness and E-modulus. Preliminary DSC and solid state NMR 

experiments on PEGDA coatings filled with MPS treated silica indeed showed that a 

considerable part of the organic matrix was immobilised. These experiments are not 

presented here as the amount of collected data is too small to be conclusive. With 

weaker interactions the Tg near the filler surface will be lower. Consequently one may 

expect that the amount of matrix material in the glassy state is also lower, leading to a 

lower HU of the whole composite.  

Besides silica (SiO2) also tin oxide (TO) and antimony doped tin oxide (ATO) 

were used as filler. The results for these fillers treated with 0.2 g MPS / g oxide are 

shown in figure 6.3b. The sizes of the silica, TO, and ATO particles are approximately 

15, 5, and 7 nm, respectively. Based on the filler-matrix interface area one would ex-

pect that the largest increase in HU would be obtained in TO filled coatings, and the 

smallest increase would be obtained with silica filled coatings. However, the strongest 

increase was found with ATO. This may indicate that the interactions between the ma-

trix and the different oxides are not equal in strength. It may also indicate differences 

in the structure of the polymer network. This is not unlikely as tin oxide was found to 

slow down the curing of the matrix, possibly due to excessive termination of propagat-

ing chains. 

 

6.3.2. Coatings with a TMPTA matrix 

Pure TMPTA coatings are much harder than pure PEGDA coatings. To compen-

sate for the higher hardness the maximum applied force in the indentation experiments 

was increased to 10 mN. This force resulted in an indentation depth of 0.5 to 1.2 µm. 

With a typical coating thickness of 10-20 µm the influence of the substrate is expected 

to be small. 

The fillers and their surface treatment were the same as used for the PEGDA 

coatings. Figure 6.4a shows the h vs. F1/2 plots for TMPTA coatings that are filled with 

various amounts of MPS treated silica (0.2 g MPS / g silica). With increasing silica 

concentration the indentation depth at constant load decreased. Moreover, the deforma-

tion became more elastic. The series with silica that was treated with OTS (0.2 g/g) is 
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shown in figure 6.4b. With increasing silica fraction only a small decrease in indenta-

tion depth was found. Also differences in the shape of the h vs. F1/2 plots were negligi-

ble. 

The HU of the TMPTA coatings with silica is shown in figure 6.5a. Like in the 

experiments with PEGDA it shows that chemical linkage between the filler and the 

matrix increased the hardness. Unlike in the experiments with PEGDA no difference 

between silica and TO was found (see figure 6.5b). For the differences in relative per-

formance of silica, TO, and ATO in PEGDA and TMPTA no explanation is found. A 

direct comparison between the silica filled PEGDA and TMPTA coatings is given in 
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Figure 6.5 Hardness of filled TMPTA coatings. a: effect of surface modification, b: 

effect of type of filler (both with 0.2 g/g MPS). 
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Figure 6.4 Load displacement plots for TMPTA coatings with various silica con-
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figure 6.6. The effect of silica on the hardness is much larger for the rubbery PEGDA 

matrix than for the glassy TMPTA matrix. This is in line with literature examples 

where filler reinforcement in rubbery and glassy polymers are compared(26). The HU 

and E-modulus of PEGDA with 50 vol% MPS treated silica are almost the same as the 

HU and E-modulus of TMPTA with 50 vol% MPS treated silica. This may be ex-

plained by a virtually complete transition of the PEGDA matrix to the glass state, 

which is not unlikely as at this high filler level virtually all matrix material is within a 

few nm from a filler surface. The much larger differences between the mechanical 

properties of PEGDA and TMPTA coatings filled with 50 vol% OTS treated silica 

does not contradict with this explanation. The interactions of PEGDA with OTS 

treated silica are weaker than the interactions with MPS treated silica, hence probably 

the layer of PEGDA in the glass state is thinner and a considerable part of the PEGDA 

is still in the rubber state.  

 

6.4. Abrasion resistance  

The variation in abrasion resistance for the different coatings was very large. The 

worst coating, pure PEGDA, was already badly damaged after ten passes of the abrad-

ing wheels whereas the best coating, TMPTA with 50 vol% silica, was virtually un-

damaged after 1000 passes of the abrading wheels. The abrasion resistance is found to 

be dependent on the composition of the coatings, but also on the coating thickness and 
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Figure 6.6 Hardness of PEGDA and TMPTA coatings with MPS and OTS modified 
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adhesion. Coatings that were too thin initially gave a reasonable protection, but even 

with a minor damage to the coating the substrate was exposed and upon further abrad-

ing action the damaged spot grew quickly. Similar problems arose with coatings with a 

very weak adhesion; these coatings delaminated due to the forces developed during the 

abrading action. No general values for the required coating thickness and adhesion can 

be given as these strongly depend on the properties of the coatings themselves. Micro-

scope images of some tested coatings are shown in figure 6.7. 

As expected, changing the composition of the coatings had an effect on the abra-

sion resistance. The most important component for the properties of the coating was 

the matrix material. Pure PEGDA was an absolute inferior material for the protection 

against abrasion but pure TMPTA performed already quite good. For both matrix ma-

terials, addition of silica (with MPS modification) resulted in an improved abrasion 

resistance, for instance on a TMPTA coating with 30 vol% silica the wear track could 

Polycarbonate TMPTA

TMPTA + 20 vol% 
silica, 0.2 g/g MPS

TMPTA + 40 vol% 
silica, 0.2 g/g MPS

 
Figure 6.7 Appearance of substrate and coatings after Taber abrasion test (100 cy-

cles, CS-10F wheels, 500g loads). 
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hardly be seen by the naked eye, even after 500 cycles. The modification of the parti-

cles with MPS had a positive effect on the abrasion resistance. The coatings in which 

silica was modified with 0.2 g/g MPS performed better than the samples in which sil-

ica was modified with 0.1 g/g MPS. The abrasion resistance followed the general trend 

of the hardness and E-modulus of the coatings; the higher these values, the better the 

abrasion resistance. However, this was only the general trend and coatings with equal 

hardness did not necessarily have the same abrasion resistance. For instance, PEGDA 

with 40 vol% silica with MPS modification had a hardness slightly below the hardness 

of pure TMPTA, but it had a higher abrasion resistance. Even stronger this was seen in 

the comparison between the coatings and the polycarbonate substrate. The polycarbon-

ate is harder and has a much higher E-modulus than the PEGDA coatings with a filler 

content of 20 or 30 vol%, but the abrasion resistance is far worse. Evidently other fac-

tors also play a significant role. One factor may be the recovery after deformation. In 

the indentation tests the recovery of the PEGDA-silica coatings were complete 

whereas the recovery of the TMPTA coating and especially of the polycarbonate was 

incomplete.  

 

6.5.  Conclusions  

The fillers can induce a large increase of the hardness and E-modulus of the coat-

ings. The magnitude of the increase depends on the type of matrix material, the type of 

filler, and on the groups present on the surface of the filler. The reinforcing effect of 

the fillers is much larger for PEGDA than for TMPTA. The large reinforcing effect for 

PEGDA may be explained by an increase of the Tg of the PEGDA near the filler sur-

face, which induces a transition from the rubber into the glass state for the PEGDA 

near the filler surface. For TMPTA this effect does not play a role as it is already in the 

glass state. The reinforcing effect of silica is enhanced after surface modification of the 

silica with MPS; this may be explained by stronger interactions between the filler and 

the matrix as physical bonds are replaced by chemical bonds. The surface modification 

of silica with OTS decreases its reinforcing effect; this may be explained by weaker 

interactions between the filler and matrix as the physical interactions between the acry-

late matrices and the OTS are weaker than the physical interactions of the acrylate ma-

trices with the silica. The abrasion resistance of the nanocomposite coatings with a 

high filler fraction is very good. The good abrasion resistance is believed to be due to 

the high hardness of the coatings and the highly elastic recovery after deformation. 
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Epilogue 
 

 

 

7.1. Aims of this study 

The project was started with the aim to develop organic-inorganic nanocomposite 

coatings with good scratch and abrasion resistance and with anti-static properties. The 

objective of this study was to get insight in what determines these properties rather 

than producing ‘the perfect coating’. For the properties not only the type and relative 

amounts of the organic and inorganic components used, but also the interactions be-

tween the components and the distribution of the components were expected to be es-

sential. As the distribution of the components and their interactions are established 

during the preparation of the coatings, studying the processes in the preparation stage 

was as important as studying the final properties of the coatings.  

 

7.2. Preparation and composition of the coatings 

The preparation of the coatings starts with the grafting of silane coupling agents 

on the metal oxide fillers. A complicating factor in this study was the desire to main-

tain colloidal stability of the nanoparticles, especially as the stability of the particles 

changed during the grafting procedure. As a consequence, important parameters for the 

grafting reactions, like pH and solvent composition, were not optimised for the graft-

ing reactions themselves but for maintaining colloidal stability. The resulting reaction 

conditions nevertheless were adequate to graft the major part of the added silane cou-

pling agents on the particles.  

The next steps in the coating preparation procedure are the mixing of all compo-

nents, application of the coating formulation on the substrate, and drying of the coat-

ings. As supplied, the nanoparticles can only be dispersed in polar media, thus not in 

most acrylate resins. After the grafting of silane coupling agents on the nanoparticles, 

dispersions in media with a lower polarity were possible. Dispersing the nanoparticles 

in pure acrylate resins was still rarely possible (for the desired filler fractions), but with 

the aid of small amounts of solvents homogeneous coating formulations with a rheol-

ogy suitable for coating application could be prepared. During the solvent evaporation 

after application of the coating formulation colloidal stability of the nanoparticles 

could be lost. However, aggregation of the nanoparticles in these formulations did not 
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result in segregation on a macroscopic scale but resulted in the formation of a fractal 

type continuous particles network.  

The last step of the coating preparation was the UV curing of the matrix. In this 

step chemical bonds between the matrix and the filler should be formed by copolymer-

isation of the acrylate matrix with MPS that was grafted on the particles. Real-time 

monitoring of the UV curing showed that the acrylate and the MPS copolymerised as 

intended. It was expected that the filler particles would absorb UV light, but would not 

strongly affect the UV curing otherwise. For silica and ATO this expectation was cor-

rect, but for tin oxide a strong retardation of the UV curing was found. To explain this 

retardation, a mechanism for (meth)acrylate radical consumption by tin oxide is pro-

posed that effectively corresponds to catalysis of termination of the free radical polym-

erisation by disproportionation.  

 

7.3. Properties of the coatings 

The introduction of nanoparticles in the acrylate resins resulted in a higher hard-

ness and Young’s-modulus of the coatings and in an improved abrasion resistance. Es-

pecially for the rubbery PEGDA matrix large increases of these values were found. In 

comparison with silica, tin oxide and ATO gave harder coatings. It was anticipated that 

the formation of a chemical bond between the matrix and the filler would be beneficial 

for mechanical properties of the composite. Indeed this was found, for coatings with 

chemical bonds between the filler and the matrix higher values for hardness and 

Young’s-modulus were found than for analogues coatings without these chemical 

bonds. Also the elastic recovery after deformation was enhanced by the chemical 

bonds.  

Beforehand it was uncertain whether the chosen concept for lowering of the elec-

trical resistivity of the coatings would be successful. It was expected that the grafting 

of an insulating layer of silane coupling agents on the ATO particles would increase 

the electrical resistance between the particles, perhaps preventing a significant lower-

ing of the electrical resistivity of the composite. Indeed a rise of the coating resistivity 

with increasing amount of silane coupling agents was found, but within acceptable 

limits. However, the occurrence of two types of resistivity vs ATO concentration 

curves, depending on the grafting density, was a surprise. An explanation for the oc-

currence of two curve types was found in a difference between coatings with aggre-

gated particles and coatings with well-dispersed particles. For the coatings with aggre-
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gated particles a good match between the experimental data and a theoretical model 

was found.  

 

7.4. Suggestions for further research 

One of the most surprising results of this study was the retardation of the curing 

of the coatings by tin oxide. A mechanism explaining this retardation was proposed, 

but not verified. The relative redox potentials of the (meth)acrylate radicals and of the 

tin oxide are crucial for this mechanism. The retardation should only occur if the redox 

potential of the (meth)acrylate radicals is between the valence band and the conduction 

band of the semiconductor. It might be useful for verification of this mechanism to 

carry out free radical polymerisations with other monomer semiconductor combina-

tions that fulfil this requirement.  

The adhesion of the nanocomposite coatings was found to strongly decrease with 

increasing filler fraction. This may be linked to a more limited penetration of the acry-

late in the polycarbonate substrate. Measurements with a confocal Raman microscope 

or with ATR-IR spectroscopy may be useful to obtain quantitative data regarding the 

acrylate diffusion.  

In this thesis the chemical structure of the nanocomposite coatings is described. 

The physical interactions between the different components, however, are not eluci-

dated. Preliminary solid state NMR relaxation measurements and DSC (∆Cp) meas-

urements indicate that the acrylate polymer has a lower mobility near the filler matrix 

interface than in the bulk. As in nanocomposites with a high filler fraction virtually all 

matrix material is within a few nm of the fillers, the fraction of the acrylate that is im-

mobilised can be very high. The properties of this immobilised layer may be substan-

tially different from the bulk acrylate, and may be very important for the mechanical 

properties of the composite. To understand the mechanical properties of the nanocom-

posite coatings a further study of this immobilised layer, depending on surface treat-

ment of the filler, type of acrylate, and type of filler, would be useful.  

The colloidal stability of the nanoparticles in apolar media played an important 

role in this study, but the coating formulations contained too many components to 

study the colloidal stability adequately. Control over the colloidal stability is especially 

important for the preparation of anti-static coatings with a low fraction of conductive 

filler. A good electrical conductivity at low filler fractions can only be reached when 

the conductive filler is organised in a continuous network. Such a network is only 

formed when an initially stable dispersion of conductive particles becomes unstable 
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and the particles aggregate. Although the general trends that determine the colloidal 

stability are known, a better understanding of the colloidal stability is strongly desired 

to improve the control over the properties of the coatings. This may only be possible 

by making a step backwards, and to gather information regarding the colloidal stability 

of the nanoparticles (with grafted silane coupling agents) in different single component 

solvents. Emphasis may be laid on the difference in the surface energies of the dispers-

ing medium and of the particles, as this is thought to be a dominant factor for colloidal 

instability.  
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Appendix I   

Derivation of the curing rate equation 
 

 

By approximation the curing rate is determined by the propagation rate Rp for the 

polymerisation of the (meth)acrylate groups. This propagation rate is determined by 

the chance that the radical and a (meth)acrylate group meet and the chance that this 

encounter results in a reaction: 

 *][][ RMkR pp ⋅⋅=        [A1] 

where 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 ab-

sorbed by the photoinitiator and the efficiency with which the absorption of a photon 

results in the formation of initiating radicals: 

 ai IR ⋅Φ⋅=1000         [A2] 

where 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 cer-

tain 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: 

 ( )
V

A
II dPI

a ⋅−⋅= ⋅− ][ε1010        [A3] 

where 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 photoini-

tiator in L mol-1 cm-1, [PI] is the photoinitiator concentration in mol/L, A is the to the 

light exposed area of the sample in cm2, and 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 trans-

ferred from one radical to the other. The rates of both reactions scale with the probabil-
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ity that two radicals meet and the chance that such an encounter results in either reac-

tion. In a simplified form the radical consumption is expressed by: 

 
2*][RkR tt =          [A4] 

where 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 ap-

proximation): 

it RR = , therefore:   at IRk ⋅Φ⋅=10002*][     [A5] 

leading to, 

 ( ) )/(/*][ ][ VkAIkIR t
dPI

ta ⋅⋅−⋅⋅Φ⋅=⋅Φ⋅= ⋅⋅−ε10110001000 0  [A6] 

It should be noted that due to the light gradient in the coating there is also a gradient 

for the radical concentration and the calculated [R*] is an averaged value. This aver-

aged 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 [A6] with [A1] and V/A = d the expression for the curing rate be-

comes: 

( ) ( )dkIMkR t
dPI

pp ⋅−⋅⋅Φ⋅⋅⋅= ⋅− /][ ][ε1011000 0    [A7] 
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Electron tunneling 
 

 

Electron tunnelling is a very complex process that depends on a large number of 

variables like distance, dielectric constant, applied voltage, filler shape, temperature, 

effective electron mass, etc. Radhakrishnan(1) presented equations for several electron 

transport mechanisms between filler particles that are not in direct contact. He showed 

that the separation between the particles together with the applied voltage and the tem-

perature determine which transport mechanism prevails. Unfortunately, his equations 

contain several parameters that cannot easily be evaluated numerically, which limits 

the application of these equations. Sherman et al.(2) derived a model for the tunneling 

component of the resistivity of a conductor filled polymer. By restricting the validity 

of the model with limiting conditions for temperature and applied voltage they could 

omit some of the electron transport mechanisms that are incorporated in the model of 

Radhakrishnan. The limiting conditions are met by the experiments described in this 

thesis. Another serious simplification of the model is the neglecting of interactions be-

tween the particles and size effects, which results in an inaccurate description for the 

particle distribution. However, the model is useful to get a better idea for how large the 

contribution of the electron tunnelling to the resistivity may be. Their final equation 

reads: 

LVm
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where Rt is the tunnelling resistivity for the composite, h is the Planck constant, L is 

the distance between adjacent particles, d is the diameter of the particles (for ATO 7 

nm), e is the elementary charge, m* is the effective electron mass, V is the barrier 

height, and αct is the effective tunnel junction cross-section area. Figure AII.1 shows 

the electrical resistivity as function of the distance between two filler particles accord-

ing to Eq. [AII-1] with the estimated values(2,3) m* = 5 x10-32 kg, V = 1 eV = 1.6 x10-19 

J, αct = 4 x10-19 m2 and φ/φc = {(d+L)/d}1/3 (assuming that the particles are placed at 

the centre points in a regular lattice with a variable length unit of d+L). The dotted 

lines in the figure represent the resistivities of the matrix and the filler, which act as 
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limiting values beyond which the tunnelling resistivity is unimportant for the resistiv-

ity of the composite. When the tunnelling resistivity is higher than the bulk resistivity 

of the matrix material, electron transport in the matrix will take place by the ‘normal’ 

conduction mechanism and the tunnelling contribution can be ignored. When the tun-

nelling resistivity (in the matrix) is lower than the resistivity of the filler, the resistance 

within the filler will be the limiting factor for electric transport and the contribution of 

the resistance in the matrix material to the composite resistivity may be ignored. 

Using the model of Radhakrishnan, a particle separation of 18 nm results in a 

tunnel resistivity of 1012 Ωcm, which is about the resistivity that is measured for Ebe-

cryl 745 coatings with an ATO fraction of 5 vol%. As the separations for a filler frac-

tion of 2 vol% are about 10-50 nm (see figure 5.6d), a particle separation of 18 nm for 

coatings with a filler fraction of 5 vol% is reasonable. Hence, electron tunnelling might 

in this case be the determining factor for the resistivity of the composite, though the 

significance of this match is not very high as it is based on crude estimates of several 

variables. With increasing volume fractions the distances between the particles de-

crease and a gradual decrease of the resistivity is expected. 

The resistivity of type II coatings with an ATO fraction of 30 vol% is about 105 

Ωcm; in the model of Radhakrishnan this corresponds to a tunnelling distance of about 

10 nm. Moreover, the model also indicates that for particle separations less than 6 nm 

the tunnel resistivity is smaller than 102 Ωcm, which is the estimated resistivity of a 
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Figure AII.1  Theoretical tunnel resistivity according to the model of Sherman 

et al. The dotted lines represent the estimated bulk resistivities of ATO 

particles (lower line) and Ebecryl 745 (upper line). 
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coating consisting only of ATO particles (estimated on basis of the resistivities of type 

I coatings with a high fraction of aggregated ATO particles). These values for the par-

ticle separations are unrealistic high; probably the tunnelling barrier is larger than es-

timated. To obtain a resistivity of 102 Ωcm (lowest experimental resistivity) at a more 

realistic 1 nm (aggregated particles), the combined term V.m* has to be 86 times 

higher, which is not realistic. The problems with the fitting of the model to the experi-

mental data may be due to the neglecting of the resistance within the filler. The outer 

layer of the ATO particles likely is enriched with antimony and consequently has a 

much higher resistance than the core of the particle(4). Hence the outer layer of the par-

ticle may be part of the tunnel barrier; when the size of this additional barrier equals 

the barrier of a polymer layer with a thickness of a few nm (figure AII.2), it may ex-

plain the poor fitting of the resistivity at small particle separations. However, the high 

resistivities found for tin oxide cannot be explained with the same considerations. Here 

the high resistivity of bulk tin oxide may play a role. 
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Figure AII.2  Schematic representation of the tunneling barrier. 
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Summary 
 

 

 

This thesis deals with the preparation and characterisation of UV-curable acrylate 

metal oxide nanocomposite coatings. The main topics of research are surface modifica-

tion of metal oxide nanoparticles with silane coupling agents, the incorporation of 

these modified fillers in UV-curable acrylate matrices, the influence of the fillers on 

the UV curing, and the electrical and mechanical properties of the coatings. The coat-

ings are composed of silica, tin oxide, or antimony doped tin oxide (ATO) as filler; 3-

methacryloxypropyltrimethoxysilane (MPS) or octyltrimethoxysilane (OTS) as silane 

coupling agent; and polyethyleneglycoldiacrylate (PEGDA), trimethylolpropanetria-

crylate (TMPTA), or Ebecryl 745 as acrylate matrix. 

The silane coupling agents were grafted on the metal oxide nanoparticles to in-

crease the compatibility of the particles with the acrylate matrix. The reactions in-

volved in the grafting of MPS on the particles were followed with 29Si-NMR. The hy-

drolysis of the methoxy groups of MPS is found to be the rate determining step. As the 

hydrolysis is base catalysed, the reactions proceed faster in dispersions with a high pH. 

The kinetics measurements also revealed that reaction of MPS with ATO is faster than 

homocondensation of the MPS. Solid state NMR revealed that chemical bonds are 

formed between the MPS and the particles. FTIR measurements revealed that the car-

bonyl group of the grafted MPS forms a hydrogen bond with the metal oxide surface. 

The maximum amount of MPS that can be grafted on the particles corresponds to one 

monolayer of MPS molecules with an orientation parallel to the metal oxide surface. If 

for the grafting an amount of MPS is used that is lower than the amount needed for 

monolayer coverage of the particles, the majority of the MPS is bonded to the parti-

cles.  

The UV curing of the coatings was followed by real-time FTIR. Silica and ATO 

do not interfere directly with the curing reactions, although ATO can retard the curing 

due to strong absorption of the UV light. Tin oxide however interferes directly with the 

curing reactions, resulting in a strong retardation of the curing. It is suspected that tin 

oxide can catalyse termination of the radical polymerisation by disproportionation. In 

homopolymerisations the acrylate resins polymerise faster than MPS. However, during 

curing of the coatings the methacrylate groups of the MPS react faster than the acrylate 
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groups of the acrylate resin. This indicates that the MPS and the acrylate copolymerise, 

and consequently it indicates that a chemical link between the nanoparticles and the 

matrix is formed. 

ATO and tin oxide are electrically conductive materials, hence when used as filler 

they lower the electrical resistivity of the composite. However, it was unknown 

whether the coating resistivity would be affected by the grafting of silane coupling 

agents on the particles. It is found that decreasing the amount of grafted MPS on ATO 

results in a decrease of the electrical resistance between the particles, and a lower re-

sistivity of the composite. Furthermore the grafted MPS is found to have a strong ef-

fect on the distribution of the ATO particles in the acrylate matrix. With a large 

amount of grafted MPS, the ATO particles may have a good colloidal stability in an 

acrylate matrix, leading to a homogeneous distribution of the particles. With a small 

amount of grafted MPS, the ATO particles lack colloidal stability in an acrylate matrix 

and additional solvents need to be added for a stable dispersion. Upon drying of these 

dispersions, the ATO particles aggregate and under favourable conditions a fractal type 

ATO particle network can be formed. A coating with an ATO particle network has, 

especially at low-volume fractions, a much lower electrical resistivity than a coating 

with homogeneously distributed particles.  

The hardness and E-modulus of the coatings were measured by microindentation. 

It was found that the hardness and E-modulus both increase strongly with the filler 

fraction. Also the amount and type of silane coupling agent grafted on the filler parti-

cles were found to have a strong influence on hardness and E-modulus. The increase of 

the hardness and E-modulus was largest with a large amount of grafted MPS. More-

over, when MPS was grafted on the fillers, the coatings showed more elastic recovery 

after the indentation than when OTS was grafted on the fillers. Tests with a Taber 

abrader revealed that the abrasion resistance is strongly enhanced by the nanoparticles. 
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In dit proefschrift wordt het maken en de karakterisering van UV-uithardende 

acrylaat metaal oxide nanocomposiet coatings beschreven. De belangrijkste onder-

delen van dit onderzoek zijn de oppervlakte modificatie van de metaaloxide nanodeel-

tjes met silanen, het dispergeren van deze gemodificeerde deeltjes in de acrylaat ma-

trix, de invloed van de vulstoffen op de UV-uitharding, en de elektrische en mechani-

sche eigenschappen van de coatings. De coatings zijn opgebouwd uit silica, tin oxide, 

of antimoon gedoopt tin oxide (ATO) als vulstof; 3-methacryloxypropyltrimethoxy-

silaan (MPS) of octyltrimethoxysilaan (OTS); en polyethyleenglycoldiacrylaat (PEG-

DA), trimethyloltriacrylaat (TMPTA) of Ebecryl 745 als matrix. 

Om de compatibiliteit van de metaaloxide nanodeeltjes met de acrylaat matrix te 

verbeteren werd het metaaloxide oppervlak gemodificeerd door reactie met MPS of 

OTS. Het verloop van de reactie van MPS met de deeltjes werd gevolgd met 29Si-

NMR. De snelheidsbepalende stap voor deze reactie is de hydrolyse van de methoxy 

groep van MPS. De hydrolyse wordt gekatalyliseerd door basen, dus de reacties verlo-

pen sneller bij een hogere pH. Uit de experimenten bleek dat de condensatie van MPS 

met ATO sneller is dan de homocondensatie van MPS. Met vaste stof NMR werd 

vastgesteld dat er een chemische binding tussen de MPS en de deeltjes wordt gevormd. 

Met FTIR werd vastgesteld dat de carbonylgroep van MPS een waterstof brug vormt 

met het metaal oxide oppervlak. De maximum hoeveelheid MPS dat aan de deeltjes 

gebonden wordt komt overeen met een monolaag van parallel aan het metaal oxide 

oppervlak georiënteerde MPS moleculen.  

De UV-uitharding van coatings werd gevolgd met FTIR. ATO, en in mindere ma-

te tin oxide, absorberen UV licht. Hierdoor is de hoeveelheid gevormde radicalen lager 

en is de uitharding trager. De directe invloed van silica en ATO op de uithardingsreac-

ties is gering. Tin oxide daarentegen heeft een grote invloed op de uithardingsreacties; 

bij direct contact tussen de tin oxide en de matrix danwel MPS wordt de uitharding 

sterk vertraagd. Mogelijkerwijs wordt terminatie door disproportionering gekataly-

seerd door tin oxide. In homopolymerisaties is de omzetting van de acrylaten sneller 

dan van MPS, echter in een copolymerisatie van een acrylaat met MPS is de omzetting 

van MPS sneller. Ook tijdens de uitharding van de nanocomposiet coatings wordt het 
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MPS dat op de deeltjes verankerd zit sneller omgezet dan het acrylaat. Dit duidt op co-

polymerisatie van het MPS met het acrylaat, dus het is aannemelijk dat de deeltjes che-

misch verbonden worden met de matrix. 

ATO en tin oxide hebben een goede elektrische geleidbaarheid, dus bij gebruik 

als vulstof verlagen ze de elektrische weerstand van het composiet. De invloed van de 

op de deeltjes verankerde silanen op de elektrische weerstand van het composiet was 

onbekend. Het bleek dat de vermindering van de hoeveelheid MPS op de ATO deeltjes 

resulteert in een lagere elektrische weerstand tussen de deeltjes, en dus in een lagere 

weerstand van het composiet. Bovendien heeft het MPS een grote invloed op de verde-

ling van de ATO deeltjes in de matrix. Met een maximale MPS bedekking kan de ATO 

een goede colloïdale stabiliteit in de acrylaat matrix hebben, zodat de ATO deeltjes 

homogeen verdeeld zijn. Met een onvolledige MPS bedekking is colloïdale stabiliteit 

van de ATO deeltjes in de acrylaat matrix alleen niet  mogelijk, voor een goede stabili-

teit is de toevoeging van oplosmiddelen vereist. Na het aanbrengen van een dergelijke 

coating formulering verdampen de oplosmiddelen en vindt aggregatie van de ATO 

deeltjes plaats. Onder gunstige omstandigheden resulteert dit in een fractaal netwerk 

van ATO deeltjes. Een coating met een fractaal ATO deeltjes netwerk heeft een veel 

lagere elektrische weerstand dan een coating met homogeen verdeelde ATO deeltjes.  

De hardheid en de E-modulus van de coatings werd gemeten met microindentatie. 

Zowel de hardheid als de E-modulus stijgen sterk bij verhoging van de fractie vulstof. 

Daarnaast worden de hardheid en E-modulus beïnvloed door de hoeveelheid en type 

van het silaan dat gebruikt is voor de oppervlaktemodificatie van de vulstof. De groot-

ste stijging van de hardheid en E-modulus werd gevonden bij een volledige bedekking 

van de deeltjes met MPS. Daarnaast is de elastische terugvering na de indentatie hoger 

wanneer de deeltjes bedekt zijn met MPS dan wanneer ze bedekt zijn met OTS. Testen 

met een Taber Abrader lieten zien dat de slijt en kras bestendigheid van de coatings 

sterk verbetert door de toevoeging van nanodeeltjes. 
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