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ABSTRACT 

The aim of this thesis was to investigate the process-structure-property relationships of UV-curable hyperbranched polymer (HBP)/silica nanocomposites. Special attention was paid to the interplay between photo-conversion, rheological behavior, shrinkage, and stress dynamics. This knowledge was used to maximize the shape fidelity and dimensional stability of imprinted nano-patterns made with these nanocomposites. Two different processing routes, resulting in different nanocomposite morphologies, were compared. The first and more conventional approach was ultrasonic, solvent-assisted mixing with solid silica nanoparticles followed by UV curing, which led to a discrete dispersion of silica particles in the matrix. The second and more novel approach was a dual-cure process combining UV and sol-gel processing with liquid tetraethyl orthosilicate. The sol-gel process, using a low-viscosity organometallic precursor, overcame the potential processing issue of the highly viscous particulate nanocomposites and led to a hybrid material with a homogeneous silica network at nanometer scale. Rheological analysis of silica nanoparticle suspensions up to the concentrated regime in the HBP showed an exponential increase of the viscosity with the particle fraction for well-dispersed discrete particle systems. A liquid-to-solid transition occurred in the 5 to 10 vol% range, which was correlated with an immobilized layer of polymer hydrogen-bonded to the silanol groups on the surface of the particles, as was confirmed by calorimetric analysis.  Polymerization kinetics of HBP nanocomposites and hybrids were analyzed by means of photo differential scanning calorimetry using an autocatalytic model. A time-intensity-superposition principle with power-law dependence was established, which invalidated the classic radiation dose equivalence principle. Gelation and modulus build-up were monitored using photo-rheology. The calorimetric and rheological data were combined in the form of time-intensity-transformation diagrams. It was found that gelation was delayed with respect to conversion up to 36% when lower UV intensities were used, which favored reduce polymerization stresses.  The dynamics of polymerization shrinkage and internal stress build-up were investigated using photo-hyphenated interferometry and beam-bending methods. The linear shrinkage of the HBP was as low as 4.5%, which was further reduced to 3.3% with the addition of 20 vol% nanoparticles. The residual stress of HBP/SiO2 nanocomposites was below 5.5 MPa. That is well below the level of standard non-reinforced resins, in spite 
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of an increased stiffness. For the sol-gel hybrids with 20 vol% SiO2, stress reduction by 50% with simultaneous stiffness increase by 20% with respect to corresponding particulate composites was demonstrated. The coefficient of thermal expansion was also lowered by 30%.  Finally, nanogratings with a period of 360 nm and a step height of 12 nm were fabricated using UV-nanoimprint lithography with a glass or nickel master in a low-pressure (max. 6 bar) and rapid (≈1 min) process. Stable gratings were imprinted in the composite material containing up to 25 vol% of silica nanoparticles, despite the high viscosity of such compositions. Thanks to the exudation of a HBP-rich surface layer, the shape fidelity in terms of period of the replicated patterns was within 98% of the master, with shape distortion increasing with internal stress. The obtained nanogratings were used as a substrate for grated high refractive index TiO2 waveguides and then applied as wavelength-interrogated optical sensors (WIOS). An immunoassay with the polymer WIOS showed the same ultrahigh detection sensitivity as the standard glass-based devices. Therefore, the novel polymer-based sensor should be useful to probe contaminants in liquids with concentrations as low as a few ppb.     
Keywords: UV curing, photo-polymerization, hyperbranched polymer, internal stress, residual stress, nanoimprint lithography, wavelength-interrogated optical sensor.  
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KURZFASSUNG 

Die Zielsetzung dieser Studie war die Untersuchung des Zusammenspiels von Herstellungsmethode, Struktur und Eigenschaften von UV-aushärtenden Nanoverbundwerkstoffen aus hochverzweigten Polymeren und Siliciumdioxid. Insbesondere wurden das Polymerisationsverhalten, rheologische Eigenschaften, Polymerisationsschrumpfung und die Entwicklung von Eigenspannungen untersucht, mit dem Ziel, Stabilität und Formtreue von Nanostrukturen zu verbessern, die mittels Nanoprägelithographie hergestellt wurden. Zwei verschiedene Methoden zur Herstellung von Verbundwerkstoffen wurden untersucht, die zu verschiedenen Morphologien führten. Die erste, eher konventionelle Methode war das Mischen eines Nanopulvers mit dem Polymer im Ultraschall und nachfolgende UV-Polymerisation. Dies führte zu einer diskreten Verteilung der Nanopartikel in der Polymermatrix. Bei der zweiten, zuvor weniger untersuchten Methode handelte es sich um einen Zweistufen-Prozess, welcher zum ersten einen Sol-Gel Prozess mit flüssigem Tetraethylorthosilikat, und zum zweiten einen UV-Polymerisation-Schritt umfasste. Dank der geringen Viskosität des niedermolekularen anorganischen Vorläufers konnten die Probleme, welche bei der Verarbeitung von Verbundwerkstoff üblicherweise auftreten und ihre Ursache in den hohen Viskositäten beim Einmischen der Nanopartikel haben, vermieden werden. Das auf diese Weise erhaltene Material war durch das Vorliegen eines Siliciumdioxid-Netzwerks gekennzeichnet, dessen Morphologie im Nanometer-Bereich sich als homogen erwies. Rheologische Untersuchungen der Nanopartikel-Suspensionen zeigten eine exponentielle Abhängigkeit der Viskosität vom Partikelgehalt. Dies galt für gut dispergierte Suspensionen bis zu hohen Konzentrationen, bei denen zudem ein Übergang von flüssigem zu festem Verhalten im Bereich von 5-10 vol% beobachtet wurde. Dieser Übergang wurde auf eine Immobilisierung von Polymerketten auf der Oberfläche der anorganischen Partikel zurückgeführt, die durch Wasserstoffbrückenbindungen mit Silanolgruppen auf der Partikeloberfläche vermittelt wurde. Dieser Zusammenhang wurde durch kaloriemetrische Untersuchungen bestätigt. Die Reaktionskinetik der Polymerisation wurde mittels eines Photo-Differential-Scanning-Kalorimeters untersucht und auf der Grundlage eines autokatalytischen Modells analysiert. So wurde ein Zeit-Intensität-Überlagerungsprinzip gefunden, das einem 
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Potenzgesetz folgte, während sich das üblicherweise erwartete klassische Strahlungs-energie-Gesetz als nicht zutreffend erwies. Gelbildung und die Zunahme des Schermoduls während der UV-Aushärtung wurden mittels Photorheologie untersucht. Die Resultate konnten zusammen mit kalorie-metrischen Daten in Zeit-Intensität-Umsatz-Diagrammen dargestellt werden. Damit konnte gezeigt werden, dass bei kleinen UV-Intensitäten die Gelbildung erst bei erhöhtem Polymerisationsumsatz (bis zu 36%) stattfindet, wodurch kleinere Eigenspannungen zu erwarten sind.  Durch eine interferometerbasierte Methode wurde die Polymerisations-schrumpfung gemessen. Sie konnte durch die Zugabe von 20 vol% Nanopartikel gegenüber dem reinen Polymer um 33% verringert werden. Die Eigenspannungen, die während der Vernetzung entstanden, wurden aus der Krümmung von Verbundwerkstoff-beschichteten Aluminiumlamellen bestimmt. Die Verbundwerkstoffe wiesen Werte unter 5.5 MPa auf, was trotz der höheren Steifigkeit solcher Materialien deutlich unter den Werten von Standard-Polymeren liegt. Für Sol-Gel-Verbundwerkstoffe mit 20 vol% SiO2-Gehalt wurde gegenüber den konventionell hergestellten Verbundwerkstoffen eine Spannungsreduktion um 50% bei gleichzeitigem Steifigkeitsgewinn um 20% und um 30% reduziertem Wärmeausdehnungskoeffizient gemessen.  Durch UV-Nanoprägelithographie mit einem Nickel- oder Glas-Formstück wurde ein Rasterprofil mit einer Periodizität von 360 nm und einer Stufenhöhe von 12 nm hergestellt. Dazu waren nur ein kleiner Druck (max. 6 bar) und kurze Durchlaufzeiten (≈ 1 min) nötig. Stabile Rasterprofile aus Verbundwerkstoffen mit einem Gehalt von bis zu 25 vol% SiO2 konnten hergestellen werden, trotz der hohen Viskosität solcher Materialien. Dank der Ausscheidung von einer polymerreichen Phase an der Profiloberfläche wurde eine Formtreue in Bezug auf die Periodizität von 98% erzielt, aber eine Zunahme der Eigenspannungen führten zu Profildeformation. TiO2-Wellenleiter auf einem Polymersubstrat mit Rasterprofil wurden in einem wellenlängenabhängig angesteuerten optischen Sensor verwendet. Dieser neuartige Polymersensor zeigte eine ebenso niedrige Nachweisgrenze für Verunreinigungen in flüssigen Reagenzien wie der Standard-Glassensor, die in der Größenordnung von wenigen ppb lag.  
Schlüsselwörter: UV Aushärten, Photo-polymerization, hochverzweigte Polymere, Eigenspannungen, Nanoprägelithographie, wellenlängenabhängig angesteuerter Sensor. 
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1 INTRODUCTION 

Three-dimensional patterns with dimensions in the nanometer range, so called nano-patterns (Figure 1-1), are used in various applications, such as optical sensors1, transistors2, lab-on-a-chip devices3, and spectrometers4. The efficiency of such devices is strongly dependent on the geometric accuracy of the patterns, the reason for which dimensionally stable materials such as glass and silicon are often selected, in spite of high cost. Polymers are thus increasingly investigated as a low-cost alternative.5-7 High throughput of nano-patterns and devices with a resolution under 10 nm can be achieved with cost-effective methods such as nanoimprint lithography8,9. However, the main drawback of polymers is the lack of dimensional stability10,11, due to excessive levels of internal stress resulting from polymerization shrinkage12 and cool-down from the process temperature13. Combined with low stiffness, high coefficient of thermal expansion14 and surface tension driven viscous flow15, these stresses lead to distortion and eventual decay of the nano-pattern.   
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Approaches towards stress reduction include photo-polymerization16,17 with UV light, an extremely rapid crosslinking method that transforms liquid precursors into rigid solids within a few seconds. The process is carried out at room temperature; therefore, thermal stresses only result from possible exothermic effects and are usually negligible. Photo-polymerization in combination with nanoimprint lithography was successfully implemented for the production of nano-patterns.18,19 The introduction of an inorganic non-shrinking phase into the polymer matrix is also effective to reduce overall shrinkage, e.g., shrinkage reduction from 7% to 2.5% was achieved with the addition of 57 vol% glass filler.20 The composite approach is attractive, because it also improves the thermo-mechanical stability of small-scale structures, thanks to increased hardness, stiffness, scratch resistance, and reduced coefficient of thermal expansion.21-25 However, an increase in the stiffness of the material can have a disadvantageous effect on the internal stress, as has been shown for highly filled dental composites.26   

Figure 1-1 Examples of nano-patterns. (a) GaAS pattern produced by electron beam lithography27, (b) polyanaline honeycomb produced by electropolymerization around assembled colloids and subsequent etching of the colloids28, and (c) PMMA pattern produced by nano-casting29.  For UV-curable formulations, the filler has to be in the nanometer range to prevent scattering of the light on the particles and to ensure transparency of the material. In this case, even small amounts of nanofiller drastically alter the viscoelastic properties of the material, transforming the liquid-like polymer into a solid-like composite paste. 30-33 This represents a challenge for processing, and the problem is often overcome with the use of solvents. A cheaper and more environmentally friendly solution is in situ sol-gel processing, where the inorganic phase is formed through condensation of an organometallic precursor inside the polymer matrix. In situ sol-gel chemistry was successfully applied in combination with photo-polymerization.34-36 The microstructure of this class of composites has shown to be very different from the particulate composites37 
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and, therefore, distinct differences in mechanical behavior can be expected between particulate nanocomposites and hybrid sol-gel composites. A further approach towards shrinkage reduction is the use of hyperbranched polymers (HBP)38,39. HBP are macromolecules that are characterized by a highly branched structure and multiplicity of reactive chain-ends. They belong to the family of dendritic polymers40-42, but are less perfectly branched than the monodisperse dendrimers. HBP have very distinct rheological properties, i.e., they show low Newtonian viscosity even at high molecular weight, owing to their globular structure and absence of entanglements.38 Acrylated HBP were demonstrated to have significantly lower shrinkage and internal stress than standard acrylates.43-45 Schmidt et al.46 at LTC have demonstrated twofold stress reduction and a simultaneous stiffness increase by a factor of 1.6 for a UV-curable polymer material based on acrylated HBP.  In combination with nanoparticles, the low viscosity of the HBP should be useful to postpone the liquid-to-solid transition (which compromises nanocomposite processing) to higher particle loadings. The rheology of nanoparticle suspensions in HBP has however not been studied, apart from the work on HBP/clay nanocomposites carried out at LTC.32  
1.1 OBJECTIVE AND CHALLENGES 

The objective of this thesis was to investigate the process-structure-property relations of UV-curable HBP/silica nanocomposites, with particular attention paid to the interplay of conversion, shrinkage and stress build-up. A schematic drawing of the interplay of parameters and properties is shown in Figure 1-2.  These nanocomposites were expected to demonstrate improved mechanical properties, thermal stability, and reduced coefficient of thermal expansion over their unreinforced equivalents. In order to evaluate the potential of these materials for the application to high-precision nano-structured devices, the goal was to fabricate a nano-scale grating by low-pressure UV-nanoimprint lithography; these nanogratings were then supposed to be applied in wavelength-interrogated optical sensors47.   
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Figure 1-2 Interplay between composition, process conditions and materials properties, and influence on the shape fidelity of nano-devices.   The three main challenges that were identified in this project were:  
 to produce highly filled transparent nanocomposites, due to the liquid-to-solid transition resulting from the high specific surface area of the filler; 
 to determine the shrinkage and stress dynamics in the extremely fast polymerizing UV-curable systems; and 
  to produce devices with structure in the nanometer scale, comparable to the size of the inorganic phase. In order to approach these challenges, two different nanocomposite processing routes were evaluated. One was solvent-assisted mixing of a nanopowder with the HBP, and the other was the in situ formation of the inorganic phase by condensation of an organometallic precursor (sol-gel processing) inside the polymer matrix. UV-hyphenated techniques were employed to monitor the fast evolving shrinkage and stress dynamics with high time resolution. Nano-sized gratings were then produced with the HBP/silica nanocomposites, and the shape fidelity and ultimate resolution of the gratings were investigated as a function of pressure and composition.    
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1.2 OUTLINE 

A schematic outline of the thesis is shown in Figure 1-3. Chapter 2 presents a thorough review of the literature covering all relevant aspects to this work. Chapter 3 details the hyperbranched polymer and different inorganic powders that were chosen for the UV-curable nanocomposites.  In a first step, the rheological and glass transition behavior of the nanocomposites was investigated and the results and their analysis form Chapter 4. The rheological analysis was of great importance for the future production of high-fidelity nanostructures.  In a second step, the kinetics of network formation and the occurrence of gelation, which determines the internal stress of the material, were analyzed in the form of time-intensity-transformation diagrams, as detailed in Chapter 5.  In view of the application of these materials to high-precision devices, the dynamics of shrinkage and internal stress build-up during photo-polymerization and the thermo-mechanical properties of the cured material are important to understand and are addressed in Chapter 6.  The processing and resulting properties of dual-cured hybrid sol-gel nanocomposites are described in Chapter 7 and the results are compared to the nanocomposites prepared by conventional mixing.  As both types of nanocomposites showed highly interesting thermo-mechanical properties and low stress, these materials were then applied to the production of nanostructures and optical sensors and the results are discussed in Chapter 8. Chapter 9 concludes the work and provides an outlook to future research interest.   
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Figure 1-3 Outline of thesis.   
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2 STATE OF THE ART 

2.1 POLYMERIZATION SHRINKAGE AND INTERNAL STRESS 

Internal stress in polymers is a consequence of shrinkage,48-54 which occurs, for example, during solidification as a result of solvent evaporation, phase transformation, chemical reaction and coalescence, or from thermal expansion mismatch, e.g., with a substrate. In acrylates volume shrinkage due to polymerization reaction can be as high as 20%.55 Polymerization shrinkage values of 6.9% for an epoxy resin56, 8% for SU857, and 9.3% for PDMS58 were reported. If the shrinkage is constrained, e.g., by a rigid substrate or reinforcement, the shrinkage will cause internal stresses to arise.  The origin of polymerization shrinkage is attributed to a change in interatomic spacing between molecules. Before polymerization, monomer molecules are about 4 Å apart. During polymerization, the interatomic spacing is replaced by single covalent bonds of about 1.5 Å length.55,59,60 Hence, shrinkage and stress are directly related to conversion (Figure 2-1).61,62  
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Figure 2-1 Relationship between shrinkage and conversion during the photo-polymerization of hydroxy-ethyl-bisphenol A-dimethacrlyate. Figure adapted from63.  
2.1.1 Strategies for Shrinkage and Stress Reduction 

Several approaches enable to reduce, counteract, or even suppress shrinkage. Low-shrinkage materials are based on large molecular weight monomers,55,64 which contain only few functional groups per volume, and hence only form few intermolecular bonds. The drawback of such materials is, however, the increase in viscosity and related processing difficulties following the empirical Mark Houwink equation: 
MH][ aMx   2.1  where ][  is the intrinsic viscosity, M  is the molecular weight, x and MHa  are constants for a given polymer with MHa  between 0.65 and 0.75 for linear random-coil polymers.65  Various formulations that polymerize or copolymerize without shrinkage or even with expansion in volume have been studied.66-68 Spiroorthocarbonates, for example, expand their volume by as much as 10% during polymerization, due to the release of their initially compact structure by a ring-opening reaction.69 Thermoplasts that phase separate with the crosslinking phase, so called “low-profile” additives, are also known to reduce the polymerization shrinkage.70 Microvoids, which increase the overall volume, are formed as the mixture cools down from the process temperature, due to the differential thermal shrinkage between the phases. Hyperbranched polymers40 (HBP), which will be discussed in detail in Section 2.2, also exhibit low shrinkage and residual stress. And thanks to their globular structure and absence of entanglements, they show low Newtonian viscosities even at high molecular 
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weight. A 30% stress reduction was reported upon addition of 14 wt% epoxy-functionalized HBP in an epoxy resin.45 This was due to increased relaxation capacity of the epoxy network during crosslinking and a stress concentration mechanism at the epoxy/HBP interface. The increased relaxation capacity was attributed to a delay in modulus build-up of the HBP compared to the epoxy resin. Schmidt et al.44 found an optimum ratio of an acrylate resin with an acrylate-functionalized HBP to reduce the residual stress and simultaneously increase the Young’s modulus above the level of the pure components. Scott et al.71 reported a crosslinked polymer that, upon exposure to light, exhibited stress and/or strain relaxation. This was achieved by reversible cleavage of the polymer backbone to allow chain rearrangement without mechanical property degradation.  The introduction of a non-shrinking inorganic phase into the polymer matrix is a further route to reduce the overall shrinkage.20,24,64,68 64% shrinkage reduction was achieved upon addition of 53 vol% inorganic particles.20 Especially in dental restorative practice, composite resins are commonly used to reduce microcracks at the tooth/resin interface and related postoperative problems.72-74 However, in the case of highly filled dental composites an increase in stiffness of the material also increased the internal stress.26 Replacing the silane-treated filler, which provides chemical bonding between the two phases, with untreated filler, reduced the polymerization stress by 25%.75 Fillers also have an influence on the double-bond conversion, which will be discussed in Section 2.3. Another common strategy to reduce stress is the adjustment of the temperature cycle of the cure with the attempt to relax stress at high temperatures.76,77 For example, in a conventional epoxy system no stresses developed during the reaction and subsequent cool-down above the glass transition temperature gT . It was only when the temperature dropped below gT  that stress started to build up.13 In acrylates, on the other hand, considerable stress developed already during the polymerization reaction above gT .13  In UV curing, which is usually conducted at room temperature, thermal stresses are negligible and would in fact result from exothermic effects. UV intensity cycles78, in particular a combinations of initial slow polymerization (at low UV intensity) and then fast polymerization (at high UV intensity), the so called “soft-start”79,80 cure, was used to further reduce polymerization stress.  The sample geometry also plays a role in determining the level of internal stress, as it depends on the ratio of bound to unbound surface.72-74,81-83 Furthermore, stress 
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relaxation can take place through the formation of surface instabilities, as discussed in the following section.  
2.1.2 Surface Instabilities 

The mechanism of wrinkle formation (Figure 2-2) in curing coatings has been investigated in several studies.84-90 It was found that a depth-wise gradient in cure from the exposed surface of a coating inwards is a prerequisite for the formation of wrinkles. The surface layer of the coating solidifies first and emerges as a surface skin above a still liquid underlayer. Subsequently, in-plane compressive stress has to be generated in the surface skin, which then buckles out of plane and creates wrinkles.  The compressive stress in the surface layer can have different origins, e.g., from diffusion of unreacted monomer of the underlayer into the crosslinked skin and subsequent swelling87, solvent absorption91, differential thermal expansion92,93 or shrinkage of the underlayer94.   

Figure 2-2 (a) Epoxy-based powder coatings, (b) liquid applied alkyd coating, (c) thin layer of metal deposited on hot elastomeric substrate by chemical vapor deposition, put in compression by cooling, and (d) compressively strained SiGe film on BPS glass, patterns formed during annealing. Figure taken from87. 
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It was found that the wrinkle wavelength depended on the thickness and modulus of the surface skin, the in-plane compressive stress generated in the skin at the onset of wrinkling, as well as the time for complete gelation of the coating.84,87 In terms of viscosity it was stated that 10 Pa·s was an upper limit for wrinkling to occur.95 Another possible wrinkle mechanism was established by Luciani et al.86, who claimed that the subsurface material underwent a more rapid cure than both the surface layer and the layer in contact with the substrate. In the surface layer the curing reaction was inhibited by oxygen from the atmosphere, and in the layer in contact with the substrate the UV intensity was reduced, due to light absorption by the coating. If the stress relaxation through wrinkle formation is hindered by the rigidity of the material or a rigid substrate, high internal stresses build up. Therefore, Luciani’s wrinkled coatings showed much lower internal stress and better long-term stability than non-wrinkled coatings. It is also possible to quantify residual stress in thin (<1 μm) polymer films via surface wrinkling.96 Hierarchically wrinkled coatings97,98 were produced by stretching a viscoelastic film and modifying its surface by ultraviolet/ozone treatment. The mismatch in the equilibrium state of the skin and the substrate provoked wrinkling. Buckling instability patterns were also seen under mechanical in-plane compression of nanomembranes99 and due to phase separation.100,101  
2.2 HYPERBRANCHED POLYMERS 

HBP belong to the family of dendritic polymers, which are characterized by a highly branched structure and multiplicity of reactive chain-ends.40 Dendrimers42 are produced in an iterative sequence of reaction steps, in which each additional iteration leads to a higher generation material, as shown in Figure 2-3.   

Figure 2-3 Stepwise synthesis of a dendrimer. Figure taken from102.  
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The first example of an iterative synthetic procedure towards well-defined branched structures has been reported as “cascade synthesis”103 and in the early 1980s dendrimers were investigated thoroughly by Tomalia102,104 and Newkome105.  

 
Figure 2-4 (a) Dendrimer and (b) hyperbranched polymer. L = linear, D = dendritic, T = terminal unit.   Dendrimers present perfect structural symmetry, a degree of branching BD  (Equations 2.2 and 2.3) equal to 1, and a precise number of end-groups. On the other hand, HBP are less perfectly branched and their structure is intermediate between those of linear polymers and dendrimers (Figure 2-4). They are synthesized in a one-step process by polycondensation of an A2B monomer that contains two reactive groups of type A and one of type B.106-108 The functional groups A and B are selected in such a way that they react with each other to form a covalent bond. This process is very rapid compared to the stepwise synthesis of dendrimers, but leads to a BD  smaller than 1 (usually around 0.6),106 because some of the A groups remain unreacted, leading to the incorporation of linear segments within a globular ensemble. The DB  is calculated according to Fréchet108 or Frey109: 
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where DN , LN , TN  are the number of dendritic, linear and terminal units, respectively. Dendrimers exhibit properties that are unlike those of all other families of macromolecules, e.g., a maximum in intrinsic viscosity as a function of molecular weight 
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(Figure 2-5).39 In general they have significantly lower viscosities than linear polymers of the same molecular weight.110 When polyether dendrimers were compared with their linear isomers, differing features became obvious after the 5th generation.111 The hydrodynamic volume of the dendrimer was 30% smaller than that of its linear analogue, due to the more compact globular structure. Moreover, the dendrimer was completely amorphous and soluble in a variety of organic solvents, whereas the linear analogue was highly crystalline and poorly soluble in THF, acetone and chloroform. Despite the imperfect branching, the globular structure of the HBP leads to similar rheological properties as the dendrimers, i.e., they exhibit low viscosity at high molecular weight.65,112 The Mark-Houwink parameters (Equation 2.1) MHa  were found to be between 0.3 and 0.4 or less.41 As the viscosity is related to the intermolecular interactions, it strongly depends on the nature of the functional groups.38 The low viscosity of HBP in combination with their availability through simple processes, makes them an attractive low-cost alternative to the rather expensive dendrimers.   

 
Figure 2-5 Viscosity of dendrimers, hyperbranched polymers and linear polymers as a function of molecular weight.  Applications of dendrimers and HBP include low viscosity toughening additives to thermosets,45,113-115 which don’t affect the thermo-mechanical properties, as this is usually the case for rubber toughened resins.116,117 HBP were also used in composite materials,21,32,118-120 where they are claimed to facilitate filler dispersion.43,121,122 In clay nanocomposites they promoted exfoliation of the clays and stabilized the exfoliated structure after drying.25 The globular structure, combined with a large number of polar 
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end-groups, and the relatively hydrophobic core prevented the molecules from collapsing onto the clay layers.123  Dendrimers were used to encapsulate guest molecules into their internal cavities.124,125 The slow diffusion out of the “dendrimer box” enabled controlled release of drugs126 or fragrances127. Due to their high reactivity, dendrimers are also interesting materials for catalysts, with the advantage that the molecules are readily recoverable after the reaction from the solvent streams by ultrafiltration methods.128 The surface chemistry of the HBP is easily adjustable and makes them versatile additives.65,110,129-134 For example, fluorinated135 and alky-functionalized136 HBP increased the hydrophobicity, thermal stability, and solvent resistance, when added to a resin. UV-curable HBP137-141 have attracted interest due to their very fast polymerization reaction.  
2.3 PHOTO-POLYMERIZATION 

Photo-induced polymerization with UV light is an efficient method for the generation of highly crosslinked polymers from multifunctional monomers.17,142-144 It is used extensively for the ultrafast drying of printing inks, varnishes and protective coatings86, the latter being utilized for the protection of virtually any substrate such as wood, plastics, metal, glass, optical fibers, leather, paper, and fabrics.145,146 It has also found extensive applications for adhesives and dental restorative formulations.68,79,147  
2.3.1 Free-Radical and Cationic Polymerization 

For the UV curing process a small amount of a photosensitive initiator80,148 is added to the monomer liquid. During irradiation with UV light this photoinitiator is transformed into free-radicals or a cation that are able to initiate the polymerization and crosslinking reaction. The free-radical process has commercial predominance, because it is cheaper, better known and a big variety of monomers with high reactivity are on the market. Cure rates for cationic polymerization tend to be slower than for free-radical systems.149 Nevertheless, the cationic process presents some advantages over the free-radical process. These are in particular the lack of oxygen inhibition150,151, lower cure shrinkage, and the generally less toxic and irritant monomers.133,135 An overview of the characteristics of free-radical and cationic polymerization is given in Table 2-1.  
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Table 2-1 Overview of characteristics of free-radical and cationic UV curing.46  Free-radical Cationic Materials e.g., acrylates e.g., epoxies Growth chain growth step growth Oxygen inhibition sensitive not sensitive Cure speed  very high medium Shrinkage high low Conversion at gelation 1-15% 30-70% Skin irritation by monomers high low  UV-curable monomers are stable in the dark. Upon switching on the light, polymerization starts immediately and at high rate. This easy external control of the reaction start is very convenient for production. In the case of free-radical polymerization, the reaction occurs only in illuminated areas, which enables the generation of high resolution images for the production of printing plates, optical discs and microcircuits. Cationic polymerization is also called “living” polymerization, because once initiated, it continues in the dark.152  
2.3.2 Kinetics of Photo-Polymerization 

High molecular weight monomers have the advantage to crosslink at a relatively low light dose, allowing for low photoinitiator concentration, weak light source and/or faster line speed. Therefore, HBP were investigated in several studies as photo-polymerizable resins16,129,132,153,154 or additives130,133,135,136 for the production of highly crosslinked materials. The polymerization behavior and kinetics were modeled in numerous studies based on the phenomenological autocatalytic model (Figure 2-6a).155-158 This model is described in more detail in Chapter 5. Autoacceleration occurs during the initial stage of polymerization, when the mobility of the radical species becomes restricted due to the formation of a polymer network. This affects mainly the termination step, which becomes diffusion controlled, thus leading to an increase of the radical concentration and hence of the polymerization rate. Autodeceleration is generally observed in the later stages of the polymerization reaction, i.e., when the propagation reaction becomes diffusion controlled. The decreased mobility of the propagating radical and the unreacted monomers leads to a 
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slow-down of the polymerization reaction. Eventually, the reaction stops due to vitrification before complete conversion is achieved.  Many parameters on the cure kinetics of photo-polymers were investigated. It was concluded that the conversion rate increased with increasing UV intensity, photoinitiator concentration, functional group or monomer concentration, and temperature.159-164 The ultimate conversion also increased as the curing temperature was raised,165 because the final stage of the reaction was diffusion controlled.   

 
Figure 2-6 (a) Double bond conversion rate as a function of conversion measured by photo-DSC. The dotted line represents the fit of the autocatalytic model. Figure taken from16. (b) Phase angle as a function of polymerization time measured by photo-rheology. Figure taken from44.   For the dependence of the ultimate conversion on the UV intensity different studies showed inconsistent results. For example, it was shown that higher UV intensity led to higher conversion16,159, while in other studies it was found that using the same energy level (intensity · polymerization time) the same conversion was achieved.79,147,166 In the first case, the trend was explained with the fact that under certain conditions the polymerization shrinkage created non-equilibrium volume conditions, i.e., the specific volume was bigger than the equilibrium value. The resulting excess volume allowed higher mobility and diffusivity to the reacting species than they would have had at the equilibrium. As the conversion level, at which the reaction would have stopped (if the system were at equilibrium), was approached, the excess volume allowed for further reaction and the maximum conversion increased.  Multifunctional acrylates can crosslink so readily that even at low conversion tightly crosslinked microgels167-172 can form, that are still soluble in the polymer liquid. The more the formation of microgels is favored, the more the formation of rigid network is delayed. The process of solidification is shown in Figure 2-7. 
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Figure 2-7 Schematic of gel formation with previous formation of microgel structure. The conversion of the monomer into a glassy solid is accompanied by volume shrinkage. Figure taken from46.  
2.3.3 Shrinkage and Stress in UV-Curable Polymers 

As shrinkage is related to conversion, in the case of photo-polymers it may also be related to UV intensity. In some cases, polymerization contraction was found to increase with UV intensity,173,174 whereas in other cases, exothermic temperature rise expanded the volume and reduced the shrinkage at high intensities.175 In all those cases, high intensities lead to high conversion rates in photo-polymers, equivalent to high temperatures in thermosetting polymers.176 The conversion rate is an important factor with respect to volume relaxation and shrinkage dynamics. When the relaxation time of the forming polymer becomes too long to follow the volume change induced by crosslinking, the volume is no longer at its equilibrium. This is also the case after vitrification63, where the polymer passes from a rubbery to a glassy state. Chain movements are restricted after vitrification (i.e., the relaxation time is very high) and shrinkage is no longer able to keep up with conversion, hence excess volume is generated. Despite the excess volume, significant stresses rise after vitrification,44,76,174,177 due to the increased elastic modulus of the material in the glassy state. Moreover, the excess volume allows additional mobility for the reactive chain ends, leading to higher ultimate conversion,143 and hence higher ultimate stress. Shrinkage that occurs before the gelpoint, defined as the moment when a 3-dimensional network first spans throughout the entire material volume, is compensated by flow and does not induce stress.79  To understand the dynamics of shrinkage and stress, it is crucial to understand the interplay between conversion, conversion rate, volume relaxation and structure build-up (gelation, vitrification). 
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2.3.4 Gelation, Vitrification and Time-Intensity-Transformation Diagrams 

Three criteria are generally used to determine the occurrence of gelation: i) from photo-rheology178,179 experiments as the crossover of the storage and loss moduli,180 i.e., when the tangent of the phase angle   is equal to 1 (Figure 2-6b), ii) as the point, where the phase angle is independent of the frequency,178 or iii) as the maximum in the conversion rate versus conversion curve (Figure 2-6a) derived from photo-DCS experiments.  Vitrification is also determined by photo-rheology when tan( ) as a function of curing time goes through a maximum,178,181 or as a departure from the diffusion-controlled kinetic behavior.16 In the case of epoxies, vitrification is a distinct event, occurring separately from gelation. In the acrylates vitrification starts immediately after gelation, the two events being sometimes hardly distinguishable, and lasts until the end of the reaction.49  Time-intensity-transformation (TIT) diagrams44,182 are analogous to the time-temperature-transformation diagrams181,183,184 for thermosetting resins. They were elaborated by combining conversion data with the occurrence of gelation and vitrification, and present a tool to choose the optimum processing conditions to achieve low polymerization stress. The investigation of the influence of filler on conversion, gelation and vitrification, and the compilation in TIT diagrams, is an objective of the present work.  

 
Figure 2-8 Time-intensity-transformation diagram for an acrylated hyperbranched polymer. Figure taken from44.  
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2.3.5 Influence of Filler on Reaction Kinetics 

UV curing is also widely used for the curing of composite components.185 In many cases the same autocatalytic model as for the unfilled resins could be used to describe the cure behavior of composites.186-188 However, different studies led to different conclusions about the influence of the filler on the conversion rate and maximum conversion. Three scenarios were found in literature:  Firstly, the filler did not affect the degree of conversion20,188,189 and the reaction rate was the same as for the pure resin.190 If the filler was produced by sol-gel processing prior to polymerization, the presence of unreacted precursor slowed down the reaction, but did not affect the final conversion.191  Secondly, nanocomposites with TiO2 in epoxy acrylate showed decreased polymerization rate in comparison with the pure resin, because the TiO2 particles strongly absorbed the UV light.192 In another study the conversion was reduced with the filler, which was claimed to be because reacting monomer adsorbed on the filler surface and was less mobile.193 Similarly, fillers slowed down the reaction rate, due to lower reactivity of the functional groups grafted to the particles.194,195 Silica filler was also shown to decrease the time for gelation and vitrification to occur.196 In the third case, filler particles accelerated the reaction rate of UV-curable acrylate systems, which was claimed to be due to the synergistic effect of silica nanoparticles during the photo-polymerization process, which also led to higher ultimate conversion.187,197 Montmorillonite clay increased the polymerization rate, because the ions in the organically modified clay catalyzed the curing reaction. In that case the conversion behavior deviated from the autocatalytic model.198   
2.4 COMPOSITES 

The use of particulate materials for enhancement of polymer properties dates back to the earliest years of the polymer industry. Initially used as extending agents to reduce the cost of polymer-based products, fillers were soon recognized to overcome the limitations of polymers, such as low stiffness and low strength, and to improve their thermo-mechanical properties. A strong correlation between filler volume and elastic modulus199-202, compressive yield stress203, scratch resistance204, thermal stability191,205,206, glass transition temperature207-209, coefficient of thermal expansion210-212, as well as optical213-219 and physical properties like gas permeation220-224 was demonstrated. More 
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and more, composites are used as photoresists with high etch resistance225-227, thermally imprintable resists228, and as resist for UV-imprinting229-234 of dimensionally stable and high precision nanostructures.  Filler/matrix interfacial interactions play an important role in determining the thermo-mechanical properties of a composite.235-238 Fillers that are treated to improve wetting show better scratch resistance than untreated fillers.23,239,240 The interfacial interactions also dominate the rheological behavior of nanocomposite melts.241-244 Hence, numerous studies can be found on the surface modification of fillers.245-249  
2.4.1 Nanocomposites 

The properties of composites with filler dimensions ranging from micrometer to a few millimeters do not profoundly depend on the size of the fillers. If filler dimensions are decreased down to a few nanometers, the effect on properties such as thermal stability250,251 and reinforcement252-255 becomes much more important. This is a consequence of the extremely large specific interfacial area and very short distance256 between reinforcing particles.   

 
Figure 2-9 Percolation threshold and intrinsic viscosity as a function of filler aspect ratio. Figure adapted from257.  The last two decades have seen the emergence of so called nanocomposites, where the filler has at least one dimension in the nanometer range. The three families of discrete particle composites that have attracted most attention are carbon nanotube 
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composites211,258-261, clay nanocomposites262-266, and spherical inorganic particle composites254,267-269, of which amorphous SiO2 particle composites are the most common.  Various models have been developed to predict the mechanical properties of carbon nanotube composites270, clay composites271, or spherical particle composites272,273. Amongst many others, models for the CTE274-276, tensile creep behavior277, filler/matrix interface formation278, and dielectric properties279 have been established. The shape of the particles257,280, and in particular the aspect ratio, is an important factor that determines the percolation threshold and resulting rheological behavior (Figure 2-9).281-284 Already small quantities of nanofillers can have a considerable effect on reinforcement. For example, addition of 0.1% of carbon nanotubes into an epoxy had a measurable effect on reinforcement285 and 10% of carbon nanotubes in polystyrene increased the storage modulus by 49%.286 Another advantage of nanocomposites is their transparency to visible and UV light, the latter being especially important if photo-polymerization is used.   

 
Figure 2-10 Relative viscosity of dispersions of spherical particles. Einstein model for the dilute regime (filler fraction < 0.02, solid line). Models for the semi-dilute regime (filler fraction > 0.02) considering the interparticle interaction in good solvents (dashed line) and poor solvents (dotted line). Figure adapted from257.  However, the claimed benefits of nanocomposites rely on a good dispersion of the particles, which is usually associated with processing problems. In fact, small amounts of nanoparticles drastically alter the viscoelastic properties of the material, transforming the liquid-like polymer into a solid-like composite paste.30,31,33,269,287,288 The liquid-to-solid transition is a major challenge for nanocomposite processing and is often overcome with the use of solvents.  
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For microfillers, the critical volume fraction, beyond which the viscosity diverges towards infinity, is   ≈ 0.64 for random close-packed spherical particles at low shear rate and   ≈ 0.7 at high shear rate.289 For nanoparticles the liquid-to-solid transition was found to occur at a particle fraction as low as 10%.284,290 Several studies concluded that this low   was observed for strong interfacial interactions, which resulted in an immobilized layer of polymer adsorbed on the surface of the particles, and in confinement effects between particles.31,243,291 The degree of immobilization as well as the thickness of the immobilized layer was correlated to the affinity between matrix and particles. Due to the high specific surface area of nanoparticles, the fraction of immobilized matrix can be quite large, hence the strong increase in viscosity, exceeding by far the one predicted by classic models (Figure 2-10). As an example, a 200-fold increase in viscosity was found when 3.4 wt% fumed silica was added to a cyanate ester.267 Similar findings were reported for entangled292 and non-entangled293 polymer melts. The presence of an immobilized polymer layer near the particle surface was also suggested from changes in the glass transition temperature of less than 100 nm thick supported polymer films,294-296 of which the equivalence with nanocomposites was established by Bansal et al.297 For both, supported thin films and polymer nanocomposites a gradient in gT  in the interfacial region and the suppression of physical aging was proposed.298-300 A solution to overcome processing problems of nanocomposites due to the high viscosity is the use of an organometallic liquid precursor, to form the inorganic phase in 

situ in the polymer matrix, as will be elaborated in the following section.   
2.4.2 Hybrid Sol-Gel Composites 

Sol-gel processing describes the synthesis of an inorganic phase from a liquid organometallic precursor. Metal alkoxides in the form of M(OR)4, where M is usually Si or Ti, are popular precursors because they react readily with water. The most common silica precursor is tetraethyl orthosilicate (TEOS, Figure 3-8a), where R = CH2CH3, but also other ligands are possible.301 The first reaction step is hydrolysis, where hydroxyl ions attach to the metal atoms, as in the following reaction: Si(OR)4  +  H2O    HO-Si(OR)3  +  ROH Two partially hydrolysed molecules can link together in a condensation reaction, such as: 
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or  (OR)3Si-OR  +  HO-Si(OR)3    (OR)3Si-O-Si-(OR)3  +  R2O (OR)3Si-OH  +  HO-Si(OR)3    (OR)3Si-O-Si-(OR)3  +  H2O Silicon alkoxides are not very reactive, but their reaction rates can be adjusted by using acid, base or nucleophilic catalysts.302 The reaction of the titanium alkoxides, on the other hand, is difficult to control.  Sol-gel processing was initially only used for the formation of inorganic monolithic structures or hard films.303-305 However, this process suffered from drawbacks such as crack formation in coatings, brittleness of sols or high sintering temperatures necessary for complete densification. These limitations were overcome by adding organic modifiers306 to the inorganic network to promote the elasticity of the gel. It was shown that only 5% of star alkoxysilane molecules (Figure 2-11) into the inorganic network during sol-gel synthesis substantially improved the toughness, with a Young’s modulus within a factor of 2 of that of the inorganic glass. The modified glass showed much higher energy to break and compression strength.307  

 
Figure 2-11 Two examples of a star alkoxysilane molecule, varying in number of the reactive alkoxysilane groups. Figure taken from307.  For sol-gel processing of organic/inorganic hybrids the monomer and a liquid organometallic precursor are mixed in the liquid state, allowing for a very homogeneous distribution of the reactants on a molecular level. Good dispersions have been obtained using in situ sol-gel302,308-311 formation of inorganic particles inside the polymerized matrix, in particular in the case of SiO2312,313 or TiO2314,315. The pH plays an important role in determining the morphology of the forming silica phase. At pH ≤ 2 hydrolysis is faster than condensation, leading to fine silica particles, whereas at higher pH the particles aggregated.316 If a low pH is combined with the use of a coupling agent, a very fine silica structure (2-5 nm), intertwined with the polymer network is expected.35-37,317,318 In Figure 2-12 the two different morphologies are sketched.  
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A coupling agent is a molecule that contains different functional groups that allow on one hand the copolymerization with the organic matrix, and on the other hand the condensation with the silica network. An example of a coupling agent used for the radical polymerization of acrylates is shown in Figure 3-8b. The addition of the coupling agent induces covalent bonds between the organic and inorganic phase, which is crucial to obtain a high performance material. The coupling agent also reduces the size of the inorganic domains by pinning the inorganic phase to the matrix, therefore preventing macroscopic phase separation.34,319  

 
Figure 2-12 Schematisation of composites prepared by (a) mixing of the polymer with a nanopowder and (b) sol-gel process using a coupling agent. Figure taken from37.   Manufacturing output of sol-gel-based materials is compromised by the processing conditions such as condensation time (up to 24 h 320) and temperature (around 80°C). Long cure times are required when applying such coatings to thermoplastic substrates with low heat tolerance. Another issue is shrinkage during drying or from evaporation of byproducts. Drying shrinkage can be minimised by working without solvents and by minimising the amount of water engaged in the hydrolysis reaction.309   

 
Figure 2-13 Sol-gel precursors for low-shrinkage composites. Figure taken from311.  Another approach is the use of tetraalkyl orthosilicate derivatives that contain polymerizable alkoxide groups in place of the standard ethoxide groups.311 During hydrolysis and condensation these four equivalents of polymerizable alcohols are liberated and then incorporated into the polymer network. Hence, no byproducts are 
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evaporated and large scale shrinkage is avoided. A few examples of such low-shrinkage sol-gel precursors are shown in Figure 2-13. Sol-gel processing has been used also in combination with hyperbranched polymers121,191,315,321 and UV polymerization191,194,322.  
2.5 NANOSTRUCTURES 

The production of nanostructures can be achieved by two different strategies. With the “bottom up” approach the nanostructure self-assemble into the required shape from smaller elements. The nanostructuring of solid-state materials is more often done by “top down” lithography, starting from a monolithic piece of material. Typically, this employs a polymer resist layer that is sensitive to light of a certain wavelength and etch resistant in the transfer step. A pattern is transferred from a mask to the resist by imprinting or energetic particle (electron, photon, ion) exposure, and from the resist to the underlying layer by etching. The etching step, which can be done dry (by sputtering) or wet (chemically), is the time-limiting step in the total lithography process.   
2.5.1 Nanostructures in Biosensors  

For many current applications in the point-of-demand (outside laboratory) and point-of-care (near patient) fields biochemical substances in a gas or liquids have to be measured with high resolution. A salient example is the monitoring of antibiotics in liquid food (e.g., milk), due to the misuse of antibiotics in animal industry, with the risk of bacteria resistance also in humans.323-325  Integrated optics is one well-known technique for the detection of (bio-)molecules and has been used for many years. Optical sensors include uniform grating couplers326-328, chirped grating couplers329, surface plasmon resonators330-332, resonant mirrors333, and Young interferometers334. The sensitivity of such devices strongly depends on the precision of the coupling and resonator functions. Both are realized using nano-scale grating patters (Figure 2-14), for which dimensionally stable materials such as glass are often selected, in spite of high fabrication cost. Polymers are thus increasingly used as a low-cost alternative.5,6  
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Figure 2-14 Examples of nanostructures in biosensors. (a) Polycarbonate grating for surface plasmon resonance, produced by laser interference5, (b) epoxy resin Bragg grating filter, period: 515 nm, depth: 200 nm, produced by soft lithography6, and (c) PMMA grating for coupled waveguide surface plasmon resonance, produced by reactive ion etching330.  
2.5.2 Nanostructuring of Polymers 

Polymer nanostructures are produced with the same “top down” process used for the resist patterns as described above, without the need of the time-consuming etching of an underlying substrate. Hence, the process is faster and cheaper than the structuring of solid-state material. Table 2-2 lists the various lithography methods available to date. The resolution of the pattern depends on the type of exposure335, and is basically limited by the wavelength of the radiation. Exposure types include UV light, X-ray, electron or ion beam.  
Table 2-2 Characteristics of the different lithography methods. (+) = favorable, (–) = less favorable. Method Minimum resolution Cost Throughput Ultraviolet light lithography 500 nm + + X-ray lithography 50 nm – + Electron beam lithography 5-10 nm – – Ion beam lithography 10 - 50 nm – – Laser interference lithography 20 nm + + Atomic force microscope lithography 10-20 nm – – Nanoimprint lithography 5 nm + –  UV-nanoimprint lithography 5 nm + +  Other nano-patterning methods include atomic force microscope lithography336, focused ion beam lithography337 or “bottom up” approaches such as block copolymer micelle nanolithography338, direct imprinting techniques339-342, and others28,343-346. 
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Nanoimprint lithography (NIL) was first reported by Chou347,348 and is nowadays a well established contact lithography technique. The principle is based on the mechanical modification of a thin polymer film with a stamp containing a nano-pattern. NIL allows for low-cost and high-throughput production of nano-patterns and devices with sub-10 nm resolution.8 If combined with fast UV polymerization it is the most rapid and cost-effective replication process.18,19 However, the stresses that arise from the polymerization process may cause instabilities in the produced pattern.349,350  
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3 MATERIALS AND METHODS 

3.1 MATERIALS 

3.1.1 Hyperbranched Polymer 

The hyperbranched polymer (HBP) studied was a 3rd generation acrylated polyether with an average acrylate functionality of 29. Its structure is shown in Figure 3-1. The molecule is derived from a 3rd generation hyperbranched polyether polyol (Boltorn® EO3000, Perstorp AB, Sweden) with a theoretical functionality of 32. It was synthesized by ring-opening polymerization of 3-ethyl-3-(hydroxymethyl)oxetane351 and terminated with ethylene oxide to increase flexibility. The acrylation was carried out according to conventional preparation of acrylic esters by condensation of the polyol with acrylic acid and the acrylate group concentration was determined by bromine titration352. Synthesis, acrylation and bromine titration were done by Perstorp AB, Sweden. 
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Figure 3-1 Structure of the hyperbranched acrylate monomer studied. The three ring segments represent the three generations. C denotes the tetrafunctional core atom from which four branches grow out. Only one sample branch is shown.  Although synthesis led to imperfect branching and significant polydispersity, the HBP preserved the essential features of dendrimers, that is, high end-group functionality, globular architecture and low viscosity. Dipentaerythritol hexaacrylate (DPHA, Sigma-Aldrich, Figure 3-2) is a standard acrylate resin and was used for comparison. Some structural properties are listed in Table 3-1.   
Table 3-1 Structural properties of HBP and DPHA. The number of acrylate functions per monomer, the molecular weight and the acrylate group concentration are taken from the specifications of the supplier.  Property Unit HBP DPHA Theoretical functionality  32 6 Actual functionality  29 5.5 Mass molecular weight Mw  g/mol 7976 524 Number molecular weight Mn g/mol 3577  Acrylate group concentration mmol/g 4 10.5 Degree of branching (Fréchet, Eq. 2.2)   0.41  n.a.  
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Figure 3-2 Structure of dipentaerythritol hexaacrylate (DPHA). In reality, one of the acrylate groups can be replaced by an OH function.  
3.1.2 Photoinitiator 

1-hydroxy-cyclohexyl-phenyl-ketone (Irgacure® 184, Ciba Specialty Chemicals, Figure 3-3) was used as a photoinitiator at a concentration equal to 1 wt%. The absorbance spectrum in acetonitril for different concentrations is shown in Figure 3-4. 

 
Figure 3-3 Photoinitiator 1-hydroxy-cyclohexyl-phenyl-ketone. Cleavage occurs at the α position.  

 
Figure 3-4 Extinction spectrum of Irgacure 184 in acetonitril for different concentrations. Figure adapted from the technical datasheet from Ciba Specialty Chemicals.  Irgacure® 184 is well soluble in acrylates and has a relatively low efficiency in the spectrum of the employed UV lamp. According to the Beer-Lambert equation, the intensity 

)z(I  absorbed at a depth z  is:  
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   zPIeIzI ][3.20 t1   3.1where 0I  is the incident intensity, ][PI  is the photoinitiator concentration and t  the molar extinction coefficient found to be equal to 74 L·mol-1cm-1 at 313 nm for Irgacure® 184.148 Figure 3-5 shows the absorption calculated according to Equation 3.1 as a function of photoinitiator concentration and coating thickness. For a photoinitiator concentration of 1 wt% (0.0563 mol·L-1) and a film thickness of 100 μm (this thickness is representative of the sample geometry in photo-DSC, photo-rheology, interferometry and beam bending analysis) only 9% of the UV light was absorbed at 313 nm wavelength. This should assure a relatively homogeneous cure, i.e., at a similar rate, throughout the sample thickness.   

 
Figure 3-5 Absorption of UV light as a function of photoinitiator (Irgacure® 184) concentration for different coating thicknesses (μm as indicated).   
3.1.3 Silica Nanopowder 

Two kinds of nanoparticles were used. Highlink® Nano G502-31 (Clariant) is a suspension of 30 wt% monodispersed amorphous SiO2 nanoparticles in isopropanol. These organosols were found slightly more hydrophobic than aqueous silica sols.353 The mean particle diameter is 13 nm (BET measurements gave a size of 12 nm353). With the density   = 2.11 g/cm3 this corresponds to a specific surface area of about 220 m2/g. Aerosil® R7200 (Degussa) is an amorphous fumed SiO2 nanopowder with a specific surface area of about 150 m2/g. The average primary particle size is 12 nm, though particles are fused into aggregates as shown Figure 3-6. The particle surface is treated 



 49

with methacrylsilane, which chemically bonds the particles to the HBP network during photo-polymerization.240,246 The methacrylate group concentration was 0.637 mmol/g and was calculated from the carbon content of the powder that was taken from the specifications of the supplier. The surface chemistry of the Highlink (HL) and Aerosil (AS) particles is sketched in Figure 3-7.  

 
Figure 3-6 SEM image of gold-coated Aerosil® D150 silica particle aggregates. The primary particle size is 14 nm. Figure taken from354.  

 
Figure 3-7 (a) Silanol HL surface and (b) silylated AS surface (three methacrylsilane molecules are shown).  
3.1.4 Precursor and Coupling Agent for Sol-Gel Process 

Tetraethyl orthosilicate (TEOS, Sigma-Aldrich) was used as a precursor for the formation of SiO2 by the sol-gel process302. Methacryloxy(propyl)trimethoxysilane (MEMO, Sigma-Aldrich) was used as a coupling agent. The chemical structure of both reactants is shown in Figure 3-8. The coupling agent has the ability to chemically bond to the matrix 
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during photo-polymerization and to condensate into the SiO2 network, thereby chemically linking the two phases together.34   

 
Figure 3-8 Chemical structure of (a) tetraethyl orthosilicate (TEOS) and (b) methacryloxy-(propyl)trimethoxysilane (MEMO). 
 

3.1.5 Sample Preparation 

The photoinitiator was dissolved in the HBP while stirring at 70°C in an oil bath for 30 min. Following references to HBP will always refer to the mixture of HBP with 1 wt% photoinitiator. 
Highlink Composites The HL suspension was mixed with the HBP and stirred for 30 min at room temperature. The solvent was removed at 40°C under vacuum until no more weight change was recorded. Composite samples with SiO2 volume fraction from 5 to 25% were produced.  
Aerosil Composites The AS powder was dispersed in isopropanol (ratio 1:3 by weight) and processed 10 · 30 s with ultrasound (400 W, Digital Sonifier, Branson) to disagglomerate the agglomerates. The AS suspension was then mixed with the HBP for 30 min at room temperature. The solvent was removed at 40°C under vacuum until no more weight change was recorded. Composite samples with SiO2 volume fraction from 5 to 25% were produced. 
Sol-Gel Composites HBP, MEMO, TEOS and 1 M HCl in water were mixed together in this order. Acidic conditions favor the formation of a fine silica microstructure.316 After each step the mixture was stirred at room temperature until homogenization was visually observed. After addition of the last compound the mixture was stirred for 30 min. The amount of 
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TEOS was calculated assuming 100% conversion of the precursor into SiO2. The amount of coupling agent was calculated to give a concentration of 10% methacrylic groups within acrylic groups. The conversion of the silanol groups into SiO2 was also assumed to be 100%. The amount of H2O was calculated to give a molar ratio of H2O to ethyl groups equal to 1:2. Condensation of the inorganic phase was done at 80°C for 4 h. Photo-polymerization of the HBP network was done either before, after or during condensation, as will be explained in detail in Chapter 7.  
3.2 EXPERIMENTAL METHODS 

3.2.1 UV Lamp 

The same UV lamp with a 200 W high pressure mercury bulb (OmniCure 2000, Exfo, Canada) in combination with a liquid light guide was used to polymerize the HBP materials in all experiments. The light intensity on the sample was measured using a spectrometer (Sola-Check, Solatell, UK) over the range of 270 to 470 nm. The spectrum of the UV lamp is shown in Figure 3-9.   

 
Figure 3-9 Spectrum of the OmniCure 2000 UV lamp.  
3.2.2 UV-VIS Absorption 

Absorption measurements were done on a UV/VIS/NIR spectrometer (Lambda 19, Perkin Elmer) at 1 nm/s in the range of 200 to 600 nm. HBP nanocomposite films with thickness of 100 ± 5 μm were observed in transmission.  
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3.2.3 Thermo-Gravimetric Analysis (TGA) 

The SiO2 weight content in HL and AS composites and sol-gel hybrid materials and their thermal stability were measured in a TGA (SDTA851e, Mettler Toledo). The weight loss was recorded while the samples were heated from ambient temperature to 800°C at 10 K/min.   
3.2.4 Rheology 

Oscillatory shear measurements of the uncured material were carried out on a strain-controlled rotational rheometer (ARES, Rheometrics Scientific), equipped with a temperature-controlled oven. For the HBP and the composites containing HL and AS a cone-plate geometry with a diameter of 25 mm, a cone angle of 0.1 rad and a gap of 0.051 mm was used. Under certain conditions the measured torque was below the sensitivity of the rheometer (0.2 g·cm). In this case, a cone-plate geometry with a diameter of 50 mm, a cone angle of 0.04 rad and a gap of 0.051 mm was used. Due to the low viscosity of the mixtures containing the sol-gel precursor, measurements were done with a couette geometry using a cylinder diameter of 25 mm, cylinder length of 32 cm and wall space of 1 mm. The strain was ensured to be in the linear viscoelastic range at any frequency and temperature, i.e., between 0.1 and 30% depending on the composition. The linear viscoelastic range was determined from strain sweep data conducted at a frequency of 100 rad/s at different temperatures.  
3.2.5 Photo-Rheology 

To monitor the stiffness build-up during photo-polymerization and to determine the onset of gelation, photo-rheological experiments were conducted on a stress-controlled rotational rheometer (AR2000, TA Instruments). A schematic drawing is shown in Figure 3-10. The samples were tested between two parallel plates of diameter 20 mm. The lower plate was made of quartz, through which the light reached the sample. A gap size of 100 μm and a frequency of 10 Hz were used. For the sol-gel samples a chamber was placed around the plates to prevent evaporation. All experiments were conducted at ambient temperature in air. The onset of illumination was synchronized with the rheological data acquisition by sending an electrical signal to the acquisition system while switching on the 
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lamp. The sampling rate was twice the oscillation frequency, hence 20 points/s. The limitations of the instruments were reached when the shear modulus was around 6 MPa.   

 
Figure 3-10 Schematic drawing of the AR2000 photo-rheology set-up.  
3.2.6 Differential Scanning Calorimetry (DSC) 

The glass transition temperature gT  of the composites in the polymerized state was determined by means of DSC (Q100, TA Instruments). The DSC was calibrated using sapphire and indium standards. Heating-cooling-heating cycles were conducted with a heating and cooling rate of 10 K/min between -20 and +70°C for the polymerized samples. The sol-gel samples were heated up to 100°C. 10-15 mg sample was put into a crimped aluminum pan and the gT  was determined from the second heating stage at the midpoint of the transition step.   
3.2.7 Modulated Differential Scanning Calorimetry (MDSC) 

The influence of the silica nanoparticles on the glass transition of the material in the unpolymerized state was investigated by means of MDSC, where a sinusoidal temperature modulation was superposed to classic DSC temperature ramp. Temperature modulated DSC scans were performed with the Q100 DSC apparatus. An ad hoc calibration for heat capacity measurements was performed according to the manufacturer’s instructions. 10-15 mg sample was put into crimped aluminum pans and the reversing and non-
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reversing components of the heat capacity were recorded in the range between -90 and -35°C. Cooling from the ambient temperature to -90°C and subsequent heating to -35°C were done at the same rate of 1 K/min. A thorough investigation of the optimum parameters that was done prior to the experiments is described in Appendix B.   
3.2.8 Photo Differential Scanning Calorimetry (PHOTO-DSC) 

The kinetics of the polymerization reaction was analyzed with the Q100 DSC apparatus. The photo-calorimetric accessory allowed illumination of the sample and the reference independently. The cell was sealed with a quartz window that let the UV light pass onto the open aluminum sample pans. Neutral filters were used for experiments at low UV intensity. Measurements were carried out at room temperature. The residual temperature increase of the sample, due to the irradiation from the lamp, was less than 1°C. The heat of polymerization was recorded as a function of time and the double bond conversion   was calculated according to Hoyle and Pappas149 from the total heat of reaction totalH  calculated by integrating the exothermic peak.  
AGHBPtotal100%HBP ][ HAG
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where HBPH  is the heat of reaction per gram of HBP, totalH  is the heat of reaction per gram of sample as measured from the DSC, 100%H  is the theoretical heat for 100% double bond conversion of the HBP, HBPm is the weight fraction of HBP, ][AG  is the concentration of acrylate groups in the HBP and AGH  is the energy of the acrylate double bond equal to 86.31 kJ/mol355. Equation 3.2 is valid for the   of HBP and the HL composites. For the AS and the sol-gel composites the heat of reaction of the methacrylate groups has to be taken into account. The energy of the methacrylate double bond is 54.89 kJ/mol355 and it was assumed that all methacrylate groups of the coupling agent and on the AS surface reacted during the photo-polymerization reaction.   
3.2.9 Shrinkage: Photo-Interferometry 

Polymerization shrinkage during photo-polymerization was monitored real-time using a Michelson interferometer. This method, which was proposed by de Boer63 to measure shrinkage during fast polymerization with an adequate time resolution, was developed and adapted to photo-polymerizing coatings at LTC. A detailed description of 
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this measurement method can be found in the PhD thesis of Schmidt46. A schematic drawing of the experimental set-up is shown in Figure 3-11.  A 100 μm thick layer of sample was spread on a laboratory glass slide using a doctor blade. The reaction chamber was flushed with nitrogen. The onset of illumination was synchronized with the data acquisition by sending an electrical signal to the acquisition system while switching on the UV lamp. A typical sampling frequency was 200 Hz. The linear shrinkage LS  was calculated according to the following Equations:  
cMMfic, cMML hNh
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  3.3
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 where MMN  is the number of maxima and minima of the interferometer curve as shown in Figure 3-12. ch  is the thickness change between a maximum and a minimum, 
fic,h  is the final thickness of the coating,  is the wavelength of the laser, cn  is the refractive index of the coating, and t is the time. cn  was a function of conversion but changed by less than 2%46 and was therefore considered to be constant. The refractive index was measured with a standard refractometer and the final thickness of the sample was measured with a profilometer (alpha-step 200, Tencor Instruments). The volumetric shrinkage VS  is related to the linear shrinkage LS  as: 

L3L2LLV 333 SSSSS   3.5This simplification holds, since the linear shrinkage is usually smaller than 10%. The accuracy of the shrinkage measurement was approximately 10%.   
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Figure 3-11 Experimental set-up for measuring polymerization shrinkage.  

 
Figure 3-12 Typical laser intensity measured at the photodetector during UV exposure.        
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3.2.10 Internal Stress: Beam Bending 

The in-plane stress of coatings was determined form the curvature of coated aluminum beams and calculated according to the models of Stoney356 and Inoue357. The model of Stoney assumes that the coating thickness is negligible and does not include the coating modulus. The model was used for the time resolved calculation of internal stress 
i , because the Young’s modulus of the coating was not known at any given time: 

c
2ssi 6rh
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  3.6

where sE  is the Young’s modulus of the substrate, ch  and sh  are the thickness of the coating and substrate, respectively, and r  is the radius of curvature of the beam. The model of Inoue is more refined and includes correction for in-plane strain. It also takes into account the Young’s modulus of the coating. The model of Inoue was used to calculate the stress of the cured material. 
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where cE  is the Young’s modulus of the coating. A layer of sample with a thickness of about 100 μm was applied to a 280 μm thick aluminum strip. The strip had the dimensions 200 mm · 5 mm and was completely covered by the sample. It was placed on the bearings inside the reaction chamber that was flushed with nitrogen. A schematic drawing of the experimental set-up is shown in Figure 3-13.  The maximum tolerable deflection for the aluminum beam to remain in the linear elastic range (0.2%) was 20 mm. The radius of curvature was calculated as: 
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where L is the distance between the bearings (150 mm) and g is the deflection that was measured with a capacitive displacement sensor. To promote the coating adhesion the surface of the aluminum beam was treated with methacrylsilane. For this purpose, H2O was mixed with isopropanol in the ratio 1:1 and the pH was adjusted to 3.5 using nitric acid. 3 wt% of a methacrylsilane compound (A174 silane, GE Silicones) was added and the 
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solution was stirred for 1 h. The aluminum beams were immersed in the solution for 30 s, then rinsed with water and dried with compressed air.   

 
Figure 3-13 Experimental beam bending set-up to measure internal stress.  
3.2.11 Dynamic Mechanical Analysis (DMA) 

The viscoelastic properties of the polymerized material were measured in a DMA (Q800, TA Instruments) under axial oscillatory deformation at a frequency of 1 Hz during heating from room temperature up to 150°C at a rate of 10 K/min. Samples with a thickness of 400 μm were cut in strips of 20 mm in length and 3 - 5 mm in width.  
3.2.12 Thermo-Mechanical Analysis (TMA) 

The coefficient of thermal expansion (CTE) of the polymerized composites was measured by means of TMA (402, Netzsch). Samples with a thickness of 400 μm were cut in strips of approximately 4 mm in width and 10 mm in length. The strips were grooved on one end and mounted to a stable cross-section in the shape of a cross (see example in Figure 3-14). This allowed testing the CTE under compression. A constant force of 20 g was applied, and it was checked that this load did not induce creep in the material. The resulting stress could not be calculated, because the sampler had the shape of a half-sphere and the exact area of contact could not be determined. Dilatation of the sample was recorded as a function of temperature during cooling from ambient temperature to -70°C and during heating from -70 to 150°C. Cooling and heating were done at a rate of 5 K/min. 
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Figure 3-14 Cross shaped sample to measure the coefficient of thermal expansion under compression.  
3.2.13 Transmission Electron Microscopy (TEM) 

The microstructure of the nanocomposites was investigated by TEM (Philips/FEI, CM20 at 200 kV and CM12 at 120 kV). The samples were embedded in an epoxy resin (Epoxy resin medium kit, Fluka) and cut with a diamond knife on a microtome (Ultracut E, Reichert-Jung) to 40 nm thick slices, then put on a carbon coated grid.  
3.2.14 Surface Roughness: Profilometer 

The surface roughness aR  of the material was measured using a profilometer (alpha-step 200, Tencor Instruments) over a length of 80 μm at a scan speed of 5 μm/s and an average was calculated over at least five aR  measurements.   
3.2.15 Atomic Force Microscopy (AFM) 

The topography of the nanogratings was analyzed by AFM (Multimode II, Veeco) in contact mode using a silicon nitride tip with a spring constant of 0.06 N/m. 512 scans were recorded over a length of 2 μm.    
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3.2.16 Nuclear Magnetic Resonance (NMR) 

The condensation of the inorganic phase was measured by solid-state 29Si-NMR (Avance 400, Bruker). The spectra were obtained at 59.62 MHz and the solid samples were ground prior to analysis. NMR spectra were deconvoluted using Gaussian fits in terms of iQ  where i  = 2, 3, 4 correspond to the number of siloxane bridges bonded to the silicon atom of interest. The condensation state was calculated according to37: 
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4 RHEOLOGICAL BEHAVIOR AND IMMOBILIZED 

POLYMER FRACTION OF CONCENTRATED 

HBP/SILICA SUSPENSIONS 

It is often observed that the addition of very small particles has a high impact on the rheology of a polymer, with the emergence of a liquid-to-solid transition above a concentration threshold and associated processing problems. The HBP with Newtonian viscosity was expected to postpone the concentration threshold, thus enabling high particle loading. In this chapter the influence of particle surface chemistry and particle morphology on the microstructure, liquid-to-solid transition and glass transition behavior of HBP/SiO2 suspensions was investigated.     
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4.1 MICROSTRUCTURE 

Figure 4-1 shows the microstructure of the two types of cured nanocomposites. Polymerized HL composites remained completely transparent, while AS composites showed a slightly milky appearance at high filler level. The composites containing HL particles were true nanocomposites, where the inorganic phase was monodispersed in the HBP matrix. In contrast, the AS powder could not be completely disagglomerated during the ultrasound treatment. Image analysis revealed that the average agglomerate size for the AS suspension was 120 nm, with a very large size distribution. The volume fraction of SiO2 in the agglomerates ( agg ) was found to be equal to 55% at 5% SiO2. For higher silica fractions image analysis was difficult, due to overlapping agglomerates, but agg  did not seem to change significantly.  

Figure 4-1 Transmission electron micrographs of HL and AS composites at 1, 5 and 20% filler fraction.   
4.2 INFLUENCE OF NANOFILLER ON RHEOLOGICAL BEHAVIOR 

Figure 4-2 depicts the viscosity as a function of angular frequency  and SiO2 volume fraction   for the HL and AS suspensions in the HBP. The pure HBP showed Newtonian behavior with viscosity independent of frequency over the investigated range. 
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The viscosity increased with increasing filler fraction with shear thinning becoming apparent at   = 5% for HL and at   = 10% for AS. Shear thinning was the result of an increase in relaxation time with respect to the pure polymer. The increase in viscosity as well as the shear thinning behavior with increasing filler fraction was much more pronounced for HL than for AS. At a volume fraction of 10%, well-dispersed HL increased the HBP viscosity at 0.1 rad/s by more than 5 orders of magnitude. At 25% the increase reached 8 orders of magnitude, whereas it was 1000 times less for agglomerated AS. Such huge increases in viscosity by far exceeded previously reported data for concentrated suspensions of hard spheres in Newtonian fluids293,358,359, which implies that the HBP presented a very strong affinity with the HL silica sol, and to a lesser extent with silylated AS particles. These results demonstrate the considerable influence of the interfacial interactions and dispersion state of nanoparticles on the viscosity of concentrated HBP suspensions.  

Figure 4-2 Viscosity of HBP/silica suspensions as a function of angular frequency ω and particle volume fraction from 0 to 25% (as indicated).  Shear thickening was not detected in the investigated frequency domain. This phenomenon results from a temporary hydrodynamic clustering of compact groups of particles formed as shear forces drive them into contact.360 Shear thickening was reported to occur above a critical shear rate, usually in the range of 1 to 10 s-1, where short-range lubrication forces dominate the observed viscosity increase.361 The critical shear rate crit  corresponds to a critical Péclet number TkrPe B
3critmcrit 6    ( m  is the viscosity of the continuous phase, i.e., the matrix, r  is the particle radius, Bk  is the Boltzmann constant, and 

T the absolute temperature) larger than several 10.362 A minimum strain amplitude is also required for suspensions to shear thicken.363 Shear thickening of AS suspensions in 
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polypropylene glycol was indeed found to occur at dynamic shear rates  0  (where 0  is the strain amplitude and   is the frequency) above 10 s-1.354 The investigated HBP/SiO2 suspensions were tested at shear rates below 3 s-1, i.e., below the critical conditions ( critPe  was smaller than 0.15 in the case of HL and smaller than 21 in the case of AS aggregates, which again is below the critical condition for shear thickening, Pe > 100, even at the highest investigated shear rate of 3 s-1).  

Figure 4-3 Storage and loss moduli of HBP/silica suspensions as a function of angular frequency ω and particle volume fraction from 0 to 25% (as indicated).  Figure 4-3 shows the complex shear moduli 'G  and ''G  as a function of frequency and SiO2 fraction for the two types of suspensions. For the pure polymer, 'G  and ''G  were both approximately proportional to  , indicating that HBP was not exactly a Newtonian fluid for which 'G  = 0 and ''G  ~  . However, since 22 ''' GGG     was dominated by ''G , the HBP can be considered as a viscoelastic liquid with Newtonian-like behavior. At increasing SiO2 fraction the scaling progressively evolved towards that for an elastic solid.  Assuming that the low strain rheological response was dominated by a single relaxation time 
 0G , where  0G  is the limiting modulus as 0  and  

  is the 
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limiting viscosity as  , the dimensionless quantities  0GG  and 


   were described by a single master curve, when plotted against the dimensionless frequency 
 0G :  
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where   and  are parameters. This scaling was used by Rodlert et al.32 based on Lin’s364 model for steady state shear thinning particle suspensions, to which belong the investigated nanocomposites. Since no plateau values for  0G  and  
  could be observed for the shear thinning mixtures in the investigated frequency range, the corresponding values at  = 0.1 rad/s and   = 100 rad/s, respectively, were chosen and the limiting data was called 1.0G  and 100 . The reduced data is shown in Figure 4-4 together with the fitted Equations 4.1 and 4.2 using   = 1.09 and  = 0.47. These values are very close to the values that Rodlert found for HBP/clay nanocomposites. Interestingly, Equations 4.1 and 4.2 account well for both suspension families. It is therefore inferred that the rheological data of any suspension may be expressed entirely in terms of the parameters 1.0G  and 100 .   

 
Figure 4-4 Superposition of reduced rheological data versus reduced frequency. Empty symbols: AS, full symbols: HL. The solid lines represent Equations 4.1 and 4.2 with κ = 1.09 and Г = 0.47.  Figure 4-5 shows the influence of the temperature T  on the viscosity of HBP and HBP/particle suspensions in so called Arrhenius coordinates. As temperature increased, 
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the viscosity of the suspensions was reduced, due to the temperature dependence of the HBP viscosity. For both types of particles this trend became less pronounced with increasing fraction, indicating that the suspensions became independent of the matrix viscosity and that a temperature-independent rigid network had formed.32 As was already noticed in Figure 4-2, the HL suspensions became considerably stiffer than the AS suspensions with increasing particle fraction.  

Figure 4-5 Viscosity of HBP/silica suspensions at ω = 6.28 rad/s as a function of inverse temperature and particle volume fraction from 0 to 25% (as indicated).  A further insight into the viscoelastic properties of the HBP/silica suspensions was obtained from stress relaxation experiments. Figure 4-6 shows the stress   resulting from the application of a 1% shear deformation. The residual stress corresponds to the yield stress of the material,365 i.e., the minimum stress necessary to deform a yield stress fluid. The scatter at low filler fraction was due to the sensitivity limit of the rheometer. The stress and relaxation time both increased with increasing filler fraction, which was consistent with the emergence of shear-thinning shown in Figure 4-2. A power-law relaxation behavior was moreover evident, especially for HL suspensions with an exponent equal to -0.13 for all concentrations beyond 10%. The present evidence for self-similar dynamics implies that the concentrated HBP/silica suspensions behave as a network-type fluid, similar to elastomers366 and entangled ring-type polymers367.  
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Figure 4-6 Stress relaxation under 1% shear deformation for HBP/silica suspensions as a function of time and particle volume fraction from 0 to 25% (as indicated).   
4.3 INFLUENCE OF NANOFILLER ON GLASS TRANSITION BEHAVIOR  

The glass transition behavior of HL and AS composites was analyzed using temperature modulated DSC scans. The MDSC protocol is detailed in Appendix B. The reversing heat capacity as measured included the contributions of the HBP and the silica. The contribution of the HBP phase HBPp,C  was obtained from a mass balance: 
HBP SiOSiOp,sp.sHBPp, 22
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  4.3

where sp,C  and 2SiOp,C  are the reversing heat capacities of the sample and the amorphous silica, respectively, sm  is the total mass of the sample, and 2SiOm  and HBPm  are the masses of the silica and the HBP, respectively. The heat capacity values for silica as a function of temperature were obtained from tabulated data368. Figure 4-7 shows the reversing heat capacity curves for the HBP phase in HL and AS suspensions. It is evident that the transition step height decreased with increasing filler fraction and the transition was shifted to higher temperatures. Both effects were more pronounced for the HL. The non-reversing heat capacity was not measured for the AS suspension, due to uncontrolled cooling conditions. For comparison, the reversing heat capacity of composites containing micro-sized silica particles was measured (Figure 4-8). No significant influence of the micro-silica on the transition step height was observed.  
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Figure 4-7 Reversing heat capacity measurements on HBP/silica suspensions containing (a) HL and (b) AS, and (c) non-reversing heat capacity for HL suspensions as a function of temperature T and particle volume fraction from 0 to 25% (as indicated). The non-reversing heat capacity was set to zero in the rubbery state. 
 

 
Figure 4-8 Reversing heat capacity measurements on HBP/silica suspensions containing micro-sized silica particles as a function of temperature T and particle volume fraction from 0 to 20% (as indicated).  
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The glass transition temperature gT  was determined at the inflection point of the curves and the values are reported in Table 4-1. The gT  of the HL suspensions progressively increased with filler volume fraction  , whereas for the AS suspensions the 
gT  was constant but higher than that of the HBP. It was verified that these changes were not due to differences in heat transfer properties of the material with different SiO2 fraction. In that case the gT  would have changed strongly as a function of heating rate. Instead, only marginal shifts were observed when the heating rate was increased from 1 to 5 °C/min.    

Table 4-1 Glass transition temperature Tg, reversing heat capacity step ΔCp at Tg, and enthalpy relaxation strength ΔHr (non-reversing peak height) for HL, AS and micro-SiO2 suspensions at different filler fractions.  HL suspensions AS suspensions micro-SiO2 suspensions SiO2 (vol%) Tg (°C) ΔCp (J/K·g) ΔHr  (J/K·g) Tg (°C) ΔCp (J/K·g) Tg (°C) ΔCp (J/K·g) 0 -55.8 0.542 0.41 -55.8 0.542 -55.8 0.542 5 -55.2 0.508 0.36     10 -54.6 0.484 0.33 -54.7 0.506 -57.2 0.529 15 -54.5 0.454  0.28     20 -53.5 0.411 0.19 -54.6 0.467 -57.8 0.563 25    -54.6 0.451     
4.4 LIQUID-TO-SOLID TRANSITION 

The results from rheological and calorimetric experiments are synthesized in the composite Figure 4-9, which represents different facets of the liquid-to-solid transition of the HBP/silica suspensions. Figure 4-9a shows the tangent of the phase angle tan( ) = ''' GG , obtained from Figure 4-3, that is a measure for the elasticity of the fluid. Tan( ) = 1 was used to define the transition from a viscoelastic liquid to a viscoelastic solid, which is comparable to physical gelation, where the particles show strong enough interactions with each other to form a 3-dimensional network. For the HL suspensions, the liquid-to-solid transition occurred at 5% <   < 10%, after which the dependence of tan( ) 
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on the solid phase fraction was weak. Hence, at   = 5% the solid nanoparticles formed a network, which conferred to the material a rather elastic behavior. The decrease in tan( ) for the AS suspensions was more gradual, and the liquid-to-solid transition occurred only at   > 20%. The same critical volume fractions also appeared when looking at the activation energy AE  for viscous flow, reproduced in Figure 4-9b. These values were calculated from a linear fit of ln(  ) versus T1  shown in Figure 4-5, where an Arrhenius behavior was evident. For the pure HBP, AE  was equal to 61 kJ/mol. For HL suspensions, the activation energy dropped at 5% <   < 10%, then became almost independent of  . Hence, at   = 5% the viscosity of the composite became independent of the matrix viscosity and therefore independent of the temperature. For AS suspensions, the activation energy decreased gradually with the particle fraction and reached the value of the HL plateau at   = 25%. A similar decrease in activation energy with filler fraction was found by Rodlert et al.21 A further indication of the liquid-to-solid transition was derived from the stress data (Figure 4-6) after a relaxation time of 300 s, and is shown in Figure 4-9c. According to Jing et al.369 a liquid is considered to be a yield stress fluid, if the residual stress is higher than 1 Pa. For the HL suspensions, this was the case for   > 5%, whereas AS suspensions reached the yield limit only at   > 20%.  Figure 4-9d shows the change in heat capacity HBPp,C  at gT , which was determined as the distance between the two tangents before and after the transition in Figure 4-7a,b. In the glassy state the tangent was taken between -80 and -70°C and in the rubbery state between -48 and -38°C. The error on the HBPp,C  was estimated to be 4-5%. For both suspensions HBPp,C  decreased with increasing amount of silica. This reflects a decrease in the polymer mobility, that was due to the interaction with the particles, as will be discussed in the following section. This effect is more pronounced for the HL suspensions than for the AS suspensions. The liquid-to-solid transition is not visible in the HBPp,C  behavior. That is, because a thermal effect, instead of a mechanical effect, was measured in the latter case.  
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Figure 4-9 (a) Tangent of the phase angle of HBP/silica suspensions vs. particle volume fraction at ω = 6.28 rad/s, the dotted line represents the liquid-to-solid transition, (b) activation energy for viscous flow, (c) stress after 300 s of relaxation, the dashed line separates the yield-stress fluids from the non-yield-stress fluids, and (d) change in heat capacity at Tg. 



 74

4.5 IMMOBILIZED POLYMER IN HBP/SILICA SUSPENSIONS 

4.5.1 Viscosity Increase and Effective Particle Fraction 

The huge increase in viscosity of the present HBP suspensions (Figure 4-2), especially for well-dispersed silica sols, and related early gelation was somehow surprising, as the low viscosity non-entangled HBP was expected to maintain also a low suspension viscosity. The viscosity of particle suspensions has been analyzed and modeled since early studies made by Einstein370, as summarized in the review of Bicerano et al.257 Three different concentration regimes are usually identified for particle suspensions.  In the dilute regime with non-interacting particles the viscosity of the suspension is often described in terms of virial expansions (i.e., power series) of the particle volume fraction  .370 Hence, the viscosity becomes proportional to   in the limit 0 . Classic models for dilute suspensions were established for particles of sizes larger than several micrometers.268,371,372 However, these models often underestimate the viscosity of nanocomposites, including the present materials, by several orders of magnitude, because they do not take into account the very large specific surface area of the particles and possible polymer-particle interactions.  The semi-dilute regime is defined to include the broad range of volume fractions between which the interparticle interactions first become appreciable, and at which they begin to predominate. The “crossover volume fraction” defines the transition between the dilute and the semi-dilute regimes and occurs at   = 1 - 2% for spherical particles.257 The model of “sticky spheres”373 takes into account the short range attractive interactions between particles in the semi-dilute regime.  A suspension is defined as concentrated for volume fractions greater than the geometric percolation threshold c .257 Motions in dispersions with   > c  are necessarily collective, but the suspension continues to be fluid-like until interparticle interactions cause contacting particles to become stuck into a rigid array. At a certain particle fraction 
  > c  the necessity for collective motions becomes strong enough to cause a transition from a highly viscous fluid to a true solid, for which the viscosity is infinite. The fraction   can be considered equal to the maximum packing fraction 7405.018cp   for close-packed and rcp  ≈ 0.64 for random close-packed monodisperse spheres289, and decreases rapidly with increasing particle anisotropy. For the semi-dilute and concentrated regime up to   an asymptotic relationship between the relative viscosity r  and   was proposed 
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by Krieger and Dougherty (so called “hard sphere” model371) and is frequently used293,358,359,362,374,375: 
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where   and HBP  are the viscosities of the HBP/silica suspension and HBP, respectively, K  is related to the virial expansion of   and varies between 0.88 and 1,372 and the exponent   = ][  , where ][  = 2.5 is the intrinsic viscosity for suspensions of spheres376, or   = 2. The latter value, based on analogies between hydrodynamics and electrostatics,372 was used in the present work. Equation 4.4 is compared with the experimental data in Figure 4-10 using   = rcp  = 0.64 and K  = 1, and found to underestimate by far the measured increase in viscosity for the two types of HBP/silica suspensions.   

 
Figure 4-10 Reduced viscosity of HBP/silica suspensions (full symbols) and DPHA/silica suspension (empty symbols) at ω = 6.28 rad/s as a function of particle fraction. The dotted line represents Equation 4.4 with K = 1, ψ = 2 and * = 0.64, the dashed line represents Equation 4.7 with a = 3.3 nm, r = 9.1 nm and * = 0.64, and the solid line represents Equation 4.10 with A = 29 for the HBP/HL suspensions and A = 19 for the DPHA/HL suspension.  
4.5.2 Modeling of AS Suspensions 

To account for the actual increase in viscosity, an adsorbed and confined HBP layer on the surface of the particles was postulated. Immobilized layers were reported to increase the hydrodynamic radius of the particles in proportion with the radius of gyration of the molecules.293 The impact of an immobilized polymer layer on the rheological properties of polymer/particle suspensions was described in earlier 
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studies.243,291,377 If one assumes that, under shear deformation, this layer moves with the particle, it has to be regarded as a contribution to the disperse phase, thus it increases the solid volume fraction to an effective fraction eff . For a given immobilized layer thickness, the immobilized volume scales with the specific particle surface area and was expected to be larger for the HL case compared to the AS case. Equation 4.4 was inverted to calculate eff  for both types of suspensions from the experimental viscosity data (using K = 1,   = 2 and   = 0.64). The results are shown in Figure 4-11 for the investigated range of frequencies.   

Figure 4-11 Effective particle fraction eff as a function of real particle fraction  calculated from suspension viscosity data using Equation 4.4 with K = 1, ψ = 2 and * = 0.64, for frequencies ω in the range of 0.1 to 100 rad/s. The solid line in Figure 4-11a shows eff calculated from the actual volume fraction of particles in AS agglomerates (55%). The dashed line in Figure 4-11a is a fit of Equation 4.5 at ω = 6.28 rad/s with adjustable factor f, the dash-dotted line in Figure 4-11b is a fit of Equation 4.9 at ω = 6.28 rad/s with adjustable factor A. The insets show the logarithmic dependence of the factors f and A on the frequency.  For AS suspensions, eff  increased approximately linearly with  , reaching the packing limit   = rcp  = 0.64 at the highest investigated fraction   = 0.25. The present eff  values are comparable with those obtained for various nanoparticle suspensions in PEG, depending on the molecular weight of the polymer.378,379 The large increase in effective volume was partially due to the fact that the agglomerates were not dense accumulations of particles, but diffuse aggregated structures of chemically bonded primary particles, where the space was infiltrated with HBP. Therefore the agglomerate “particles” were considered as composites themselves with a 55% solid volume fraction. In other words, a suspension containing 5% silica contained 9% agglomerate particles. However, eff  was still higher than the calculated volume fraction of agglomerates (solid line in Figure 
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4-11a), and this was argued to result from an immobilized layer at the particle surface. The effective volume fraction was thus described as: 
  feff  4.5where f  is a proportionality factor. Assuming that the immobilized layer formed a continuous shell of constant thickness a on the surface of the particles, geometric considerations led to the following expression for the effective volume fraction eff : 

3eff 1 
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where r is the radius of the particles. In the case of AS, two values of particle radius were considered: 6 nm (radius of the primary particles in the aggregates) and 9.1 nm. The latter radius was calculated from the known specific surface S (150 m2/g) and density   (2.2 g/cm3) of the AS powder as 3/( S ).  Substituting  by eff  in Equation 4.4 (using K  = 1 and   = 2) provides an expression for the relative viscosity of concentrated suspensions of particles surrounded by an immobilized layer: 
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This approach disregards the fact that the AS particles were agglomerated, which is discussed in a later paragraph. As also shown in Figure 4-11a, the proportionality factor f  was found to decrease linearly with log( ). Since f  is a function of agglomerate dimensions (Equations 4.5 and 4.6), this finding confirms the importance of the particles on the emergence of shear-thinning behavior of the suspensions (Figure 4-2). Equation 4.7 was fitted to the measured viscosity data at   = 6.28 rad/s with adjustable confined layer thickness a. The result shown in Figure 4-10 was obtained with a = 2.2 nm (r = 6 nm) or 
a = 3.3 nm (r = 9.1 nm). The fitted values of a for all frequencies are shown in Figure 4-12a and found to lie in the range of 2 to 5 nm, which is similar to the value of 5 nm found for PEO on silica particles.291 At eff  =  , the layer thickness a should be comparable to half of the mean free space d  between nearest neighbor particles, calculated according to Tewari et al.256: 
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where 1H  is the distance between the cores of first nearest neighbor particles, 
1K  = 0.554, 1B  = 1.062 and 18cp    is the highest volume fraction for close-packed spheres. Equation 4.8 should be considered as an approximation for the case where the particles are aggregated and not isolated spheres. The half distance 2d  is plotted as a function of   in Figure 4-12 and compared to the immobilized layer thickness values. For AS suspensions the half distance between particles rapidly decreased with increasing particle fraction, whereas the layer thickness was roughly independent of the volume fraction. In any case both values were of comparable magnitude, the differences resulting from the idealization of the actual heterogeneous microstructure shown in Figure 4-1.  

Figure 4-12 Confined layer thickness a (symbols) and half of the mean free space between particles d/2 (solid lines) as a function of (a) AS particles (using r = 9.1 nm) and (b) HL particle fraction , for frequencies ω in the range of 0.1 to 100 rad/s. The dashed line is the value of the immobilized layer thickness at ω = 6.28 rad/s (a = 3.3 nm). The dotted line represents Equation 4.11 at ω = 6.28 rad/s (with r = 6.5 nm, * = 0.64 and A = 29).  
4.5.3 Modeling of HL Suspensions 

In the case of the well-dispersed HL suspensions, eff  increased very rapidly with increasing   (Figure 4-11b), reaching the packing limit   = rcp  = 0.64 at a fraction as low as 10%. Similar results were reported for polyvinylidene fluoride nanocomposites.284,290 The dependence of the ratio eff  on   invalidated the “hard sphere” approach, and the effective particle fraction was fitted with an exponential form: 
  Ae  1eff  4.9where the factor A was found to be proportional to log() (inset in Figure 4-11b). Substituting Equation 4.9 to the fraction   in Equation 4.4 (using K  = 1 and   = 2) leads to 
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an exponential dependence of the relative viscosity of HL suspensions on the particle volume fraction: 
 Ae2r   4.10Equation 4.10 was fitted to the measured viscosity data at   = 6.28 rad/s with adjustable factor A as shown in Figure 4-10. As in the AS agglomerate case, the effective volume fraction eff  of the HL suspensions was related to the actual fraction   through an immobilized layer of thickness a, assumed to fully cover each single silica particle of radius r  (Equation 4.6). The value of a was then calculated as a function of   from the viscosity data at all investigated frequencies, using Equations 4.6 and 4.9:  
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As shown in Figure 4-12b for   = 6.28 rad/s, the layer thickness a for the HL case decreased with filler fraction similarly to the distance between particles, and was independent of frequency except at 5% particle fraction. This result implies that it was the entire HBP volume, rather than a layer of finite thickness, which was immobilized. This is also why the calculated layer thickness was higher than the half distance between nearest neighbor particles. The idea of a gelled suspension at particle volume fraction larger than 5% is supported by the transition in tan( ), activation energy and stress relaxation behavior shown in Figure 4-9. The equilibrium thickness of the confined layer on the HL particles at a volume fraction of 5% was around 7.5 nm.   

4.5.4 Discussion on the Exponential Scaling of the Viscosity 

An exponential dependence of the viscosity on the volume fraction of solid matter in solution was first proposed by Arrhenius.380 It was suggested again later by Thomas, based on the work of Eyring.381,382 In the concentrated regime, a considerable rearrangement of particles must occur, when the suspension is sheared. Eyring proposed an exponential form for the probability of a particle transfer from one shear plane to another. The exponential scaling was observed in various particle suspensions,383,384 which was argued to result from the deformable nature of the particles including the adsorbed layer, so that the “hard sphere” approach was no longer applicable. Interestingly, similar findings were reported for the low shear behavior of dendrimer solutions385,386, gelling systems (exponential scaling with crosslink density387) and microgel suspensions388,389. In this 
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broad diversity of systems the exponential scaling was attributed to the deformable nature of the spherical molecules, with either a hard shell around a soft core (dendrimers) or a star-like microgel structure. 

 
Figure 4-13 Immobilized shell of crosslinked molecules on a silica particle (a) at equilibrium and (b) under shear, leading to the observed exponential dependence of the concentrated suspension viscosity with particle volume fraction.  The exponential model thus appears to be specific of concentrated suspensions of particles with a shell of crosslinked molecules bound to the particle surface, so that i) they stay attached, and ii) show elastomer type deformation when the suspension is sheared as sketched in Figure 4-13. These two conditions were met in the case of the HL suspensions. The prevalent interaction between the silanol groups on the surface of the particles and the acrylated chain ends of the HBP was H-bonding390, which was stronger than the intermolecular interactions between adjacent HBP molecules. H-bonds were observed for nanocomposites containing untreated silica particles and polymer matrices with carbonyl groups using various methods (FTIR, NMR and DSC391,392). The deformation of the H-bonded HBP was also restricted, if more than one branch was attached to the particle surface, leading to an elastomeric rather than a viscous response and to self-similar dynamics (Figure 4-6).366 The average thickness of the shell was found to be equal to 7.5 nm, which is comparable to the equilibrium radius of the single 3rd generation HBP molecule (4-5 nm115,393). Since entanglement between such molecules can be disregarded, this result provides evidence of strong repulsive interactions between particles, resulting from the pinning of the molecules on the silica particles.23 One may also expect that, due to strong affinity of the HBP and the silanol surface of the silica particles, the globular HBP were squeezed together and align perpendicularly on the particle surface to form a dense, star-like arrangement around the particles. The two conditions required for the 
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exponential scaling were tested with suspensions of HL in DPHA. The affinity of this small, star-like molecule with the silanol surface of the HL particles was similar to that of the acrylated HBP. The relative viscosity increase of HL suspensions in DPHA is depicted in Figure 4-10. In spite of limited amount of data, it is evident that the viscosity increased far beyond the “hard sphere” prediction. The application of the exponential model leads to a thinner immobilized shell (3.5 nm) than for the HBP, which again compares with the size of the smaller DPHA molecule. If one of the above two conditions for the exponential scaling is not met, then the “hard sphere” behavior is observed. This was the case for a number of suspensions with strong interfacial interactions, but which did not fulfill the second condition of crosslinking.291 This was also the case of the AS suspensions in HBP, which did not fulfill the first condition of strong interactions since only intermolecular interactions were present between the methacrylate group of the silane (covalently attached to the silica surface394) and the acrylated chain ends of the HBP. The average thickness of the shell was found to be equal to 3.3 nm. The relative viscosity of suspensions of AS in DPHA is also shown in Figure 4-10 and found to be almost identical to that of the HBP/AS case, with resulting shell thickness also close to 3.3 nm. The concurrence of the relative viscosity of AS suspensions in two different acrylate liquids, leading to the same shell thickness, suggests that the methacrylsilane, rather than the dispersion state, was the main factor that controlled the viscosity of the AS suspensions.  The present work confirms the major influence of particle surface chemistry and resulting interfacial interactions on the rheological behavior of concentrated suspensions of nanoparticles.   
4.5.5 Calorimetric Aspects of Polymer Immobilization 

A gradient in the glass transition temperature in the immediate vicinity of solid surfaces was reported to be the result of immobilization of the polymer. In the case of nanoparticles with very high specific surface, the immobilized polymer fraction can be important .298-300 Such effects have been studied also by calorimetry.395  The decrease in HBPp,C  at gT  (Figure 4-9d) with increasing silica fraction reflects a decrease of the polymer mobility due to its interaction with the particles. Similarly, the enthalpy recovery peak rH , evident in the non-reversing data (Figure 4-7c), decreased 
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with increasing silica fraction, which implies a progressive suppression of physical aging also resulting from the immobilization of the glass-forming phase.  It was assumed that a fraction of the HBP was totally immobilized in the vicinity of the particle. What happens at the transition is beyond the purpose of this work. The actual physical state in the vicinity of the particle was simplified in the form of a solid shell of constant thickness as sketched in Figure 4-14.   

 
Figure 4-14 Sketch of the immobilized polymer shell of thickness a on the particle surface and corresponding mobility (thick solid line).   The immobilized volume fraction imm  was calculated assuming equal densities of the mobile and immobilized HBP395: 
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where HBPp,C  is the reversing heat capacity step at gT  of the HBP fraction in the suspensions and 0 HBPp,C  is the reversing heat capacity step at gT  of the pure HBP. This approach is analogous to the calculation of a rigid amorphous fraction in semi-crystalline polymers proposed by Sargsyan et al.395 As shown in Figure 4-15, the immobilized HBP fraction was found to be proportional to   for both suspensions, but higher in the case of HL. The thickness a of the immobilized shell around individual particles was calculated assuming that all particles have the same radius r : 
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With r  = 6 nm for the HL and r  = 9.1 nm for the AS, the average thickness of the immobilized shell was independent on   and equal to 1.9 ± 0.1 nm for the HL and 1.7 ± 0.3 nm for the AS particles, as shown in Figure 4-16.  

 
Figure 4-15 Immobilized HBP volume fraction imm as a function of filler fraction  for HL and AS suspensions.  

 
Figure 4-16 Immobilized shell thickness a as a function of filler fraction  for HL and AS suspensions.  
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4.5.6 Discussion 

A vast amount of literature was devoted to the interactions between polymer molecules and inorganic surfaces. In the case of nanocomposites with a very large specific surface of the filler, such interactions are expected to substantially influence the properties of the polymer phase. However, contradictory results were frequently reported for the influence of particles on the gT .396 For example, the same epoxy resin that formed an immobilized layer on Al2O3 particles did not do so on SiO2 particles.397,398 In poly(vinyl acetate)/SiO2 nanocomposites there was no evidence that the local segment dynamics of chains adjacent to the filler differed from the bulk matrix.399 However, for PMMA/SiO2 nanocomposites, a broadening of the glass transition was observed, attributed to hydrogen bonding between the matrix and the filler.391,392  These contradictory results can in fact be reconciled, when the nature of the polymer/particle interaction is clarified. For PMA-based nanocomposites it was shown that silica surface treatment, where the OH groups were substituted by trimethylsilyl groups, led to intermediate immobilization effects between that of untreated silica and the bulk polymer.392 The degree of grafting and the size of the surface functionalizing molecules strongly influenced the thermal behavior, relaxation dynamics and viscosity in unentangled polymers.400 Small molecules used for surface treatment behaved as “dry brushes” with respect to the host polymer, the gT  of which decreased and the viscosity only weakly depended on  . On the contrary, large molecules wetted the surrounding polymer and led to increased gT , relaxation times and viscosity. These effects could be very large at filler fractions as low as 3 wt%. It was moreover observed that if the polymer had comparable or lower degree of polymerization (DP) with respect to the grafted molecules, the gT  of the nanocomposite was increased, and when the DP was higher, the opposite effect was observed.235  The markedly different degree of immobilization for the HL and AS suspensions confirmed the importance of the particle surface chemistry and resulting interfacial interactions. A tentative sketch of the interfacial structure for the investigated systems is depicted in Figure 4-17. In the case of HL particles with silanol groups on the surface, the prevalent interaction with the acrylated chain ends of the HBP is H-bonding390, which is stronger than the intermolecular interactions between adjacent HBP molecules. The immobilized shell should be constituted within one monolayer of HBP. The average thickness of the shell on the HL particles was found to be equal to 1.9 nm, which was indeed half to the size of the HBP molecule.  
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Figure 4-17 Tentative interactions in immobilized shells around a silica particle. (a) H-bonding between the acrylated HBP (the ends of three branches of the molecule are depicted) and the silanol surface of a HL particle, (b) covalent bonding of the methacrylsilane to the AS particle and H-bonding with one HBP branch.  In the case of the methacrylsilane treated AS particles, the silane molecule was covalently attached to the silica surface by hydrolysis and condensation reactions.394 The Si–O covalent bond was, again, stronger than the intermolecular interactions between the methacrylate group of the silane and the acrylated chain ends of the HBP. Additional H-bonds might also have been present between the methacrylate groups and residual OH groups of the HBP. The average thickness of the shell was found to be equal to 1.7 nm, which was slightly higher than the length of the methacrylsilane (≈1 nm). This value corresponds to the extended configuration of the silane, favored by the small difference in solubility parameters between the acrylate and methacrylate functions.401 Besides surface chemistry effects, the curvature of the surface may also influence the extent of immobilization. Harton et al.402 showed that for the same system the thickness of the bound layer was equal to 1 nm in case of 15 nm diameter nanoparticles, and became equal to 5 nm in the case of thin films on flat surfaces. As the particle size increased from 13 nm in HL to 18.2 nm in AS, this is expected to play a role in the case of good silica dispersion in the HBP.  A further indication of the existence of an immobilized layer is the fact that for systems with quite different morphologies rheological and calorimetric approaches both led to an immobilized layer thickness that was independent on the filler fraction. With purely hydrodynamic interactions between the particles, the interacting volume per 
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particle would be close to zero at low filler fraction and become very important as particles come into close contact. This would in fact not be consistent with our finding of a constant interacting volume per particle. The calorimetric results are quite different from the rheological results for the immobilized layer thickness. This was expected, since the molecular scale relevant for shear viscosity and heat capacity are also different. In any case, the results are in qualitative agreement, with a higher immobilized layer thickness for the HL suspensions than for the AS suspensions. The liquid-to-solid transition below 10% of silica for the HL suspension is consistent with the higher immobilized HBP fraction with respect to AS suspensions, where this transition occurred above 20% of silica. These results underline the important role played by interfacial interactions in nanocomposite materials.  
4.6 SUMMARY 

The analysis of the rheological and glass transition behavior of agglomerated and well-dispersed concentrated nanocomposite suspensions of silica in an acrylated HBP, using both untreated and silylated particles, led to the following conclusions:  
 A liquid-to-solid transition systematically occurred for concentrations lower than the maximum packing fraction (5% <   < 10% for HL, 20% <   < 25% for AS). This was attributed to the presence of an immobilized polymer layer on the surface of the particles, resulting in an effective particle fraction higher than the real fraction. The average thickness of this layer was equal to 3.3 nm for AS and 7.5 nm for HL particles. 
 In the case of agglomerated silane-treated silica with weak intermolecular interactions with the HBP, the classic “hard sphere” model for concentrated suspensions was validated using a constant immobilized layer thickness. In the case of well-dispersed suspensions of untreated silica H-bonded with the HBP, an exponential increase of the viscosity with the particle fraction was derived.  
 The existence of an immobilized HBP layer around the particles was confirmed by calorimetry.  
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5 PHOTO-CALORIMETRY, PHOTO-RHEOLOGY AND 

TIME-INTENSITY-TRANSFORMATION DIAGRAMS 

The addition of nanoparticles was found to dramatically increase the viscosity of the HBP suspensions, which may greatly compromise the processability of the HBP nanocomposites. The objective of this chapter is to explore the dynamics of the structure-property relation during photo-polymerization. Attention is paid to the kinetics of network formation and to the viscoelastic property build-up of the composites. This information should be useful to generate time-intensity-transformation diagrams similar to the ones compiled by Schmidt et al.44   
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5.1 PHOTO-CALORIMETRIC ANALYSIS 

5.1.1 Conversion and Conversion Rate 

Figure 5-1 shows the double bond conversion as a function of time and UV intensity for HBP and composites containing HL and AS. After the reaction took off, the conversion increased rapidly and then slowed down again, until a plateau value was reached. The induction time depended on the UV intensity and was attributed to the formation of initiator-derived radicals and the inhibiting effect of dissolved oxygen. The final conversion of the HBP was 73%, which was reduced to 65% and 72% for the composites with 20% HL and AS, respectively. In all cases, two main polymerization stages were identified. These were already observed for other acrylate systems, including HBP,16 and for silica nanocomposites.197 At the beginning of the reaction, a sharp increase in the rate of polymerization was evident, which corresponded to autoacceleration. Due to the increasing viscosity, the mobility of the long-chain radical species was reduced; hence, two radical species were less likely to approach each other and recombine. Consequently, the rate constant for termination dropped, and the rate of polymerization increased. Initiation and propagation were barely affected by the increased viscosity of the reactive mixture, because the mobility of the small monomers was still high. During the second stage, which started after going through a maximum rate of conversion, the reaction rate dropped quicker than would be expected due to the consumption of monomers only (autodecceleration). The overall reaction then became purely diffusion controlled. Because the cure temperature was above the ultimate gT  of the cured materials (Chapter 6.5), a third stage, controlled by vitrification, could not be identified in any of the mixtures.16  
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Figure 5-1 Conversion vs. time (left column), time-intensity superposition (middle column) and conversion rate vs. conversion (right column) for HBP and composites containing HL and AS at 5 and 20% filler fraction, polymerized at different intensities (mW/cm2 as indicated). The autocatalytic model is compared with the conversion rate data for an intensity of 50 mW/cm2 (dashed line).  
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5.1.2 Time-Intensity Superposition 

It is evident that the intensity did not influence the maximum conversion of the HBP and the composites. This result is contradictory to the results reported by Schmidt et al.16 and Lecamp et al.159, who found that conversion increased at higher intensities. The reason is in fact due to the different choices of limits for the integration of the heat flow with time. In the present case, the DSC peak was integrated from the time the lamp was switched on until the time when there was no longer any measurable change in the heat flow by DSC, whereas Schmidt defined the conversion reaction to be completed, when the heat flow reached 1/100th of its maximum value.12 By choosing the same integration criteria as Schmidt, the influence of the intensity on the maximum conversion also became apparent.  The time-intensity superposition principle may be written as:  
    I010011 ,,
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where   is the conversion, t  is the time, I  is the irradiation intensity and Ia  is the time-intensity shift factor. The validity of this approach was demonstrated by Corcione et al.403 for the photo-polymerization of non-vitrifying epoxy-based resin.  For the HBP and HL and AS composites a single master curve was obtained by a horizontal shift of the conversion versus time curves at different intensities according to Equation 5.1. The shift factors were determined using the data at 0.5 mW/cm2 as reference, therefore the shift factor at 0.5 mW/cm2 is unity. The shifted curves are shown in Figure 5-1b,e,h,k,n. For the HBP and the composites, the time-intensity superposition holds well between 0.1 and 0.6 conversion. The discrepancy in the initial part of the curves may be explained with a delay in the measurement of the evolved heat by the DSC, which is emphasized at the high intensities when the heat flux was higher. The filler content did not affect the shift factors, which showed power-law dependence on the intensity (Figure 5-2): 

b
I Iaa  0  5.2where 0a  is the proportionality factor and b is the exponent equal to 0.7 ± 0.02.  
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Figure 5-2 Time-intensity-shift factor for HBP and composites containing 5 and 20% HL and AS. The power-law fit is represented by the continuous line.   
5.1.3 Influence of Silica Particles on Conversion 

Figure 5-3 depicts the ultimate conversion for all materials investigated. It is evident that the maximum conversion in HL composites decreased with the filler volume fraction 
  (11% reduction at   = 20%) compared to HBP, whereas the final conversion of the AS composites was nearly independent of   (1.5% reduction at   = 20%).  

 
Figure 5-3 Maximum conversion for HBP and composites containing 5 and 20% HL and AS at different intensities (mW/cm2 as indicated).  The observed reduction of the maximum conversion on addition of a filler was also found by Harsch et al.193 for composites based on epoxy resin and SiO2 particles. On the contrary, Cho et al.197 showed that the formulations containing silica nanoparticles gave 
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higher exothermic peaks and ultimate conversion, as well as a shorter induction time. They suggested that silica particles behaved as an effective flow or diffusion-aid agent for the photo-polymerization process. However, this phenomenon was unlikely, because the viscosity of the composite increased with filler loading, thus reducing the mobility of the reacting species. UV absorption measurements showed slightly improved transparency for the HL composites than for HBP in the range of 250 to 500 nm (Figure 5-4). Therefore, light scattering due to nanoparticles could be excluded as a source of decreased conversion. The increased transparency of the HL composites was due to their reduced refractive index compared with that of the HBP, hence increased Fresnel transmittance coefficient rT  according to404: 
  2m2m mr 14 
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where mn  and m  are the refractive and extinction indices of the material, respectively. The refractive index of the composite is a function of the refractive indices of the HBP ( mn  = 1.49 – 1.5 measured with a standard refractometer) and SiO2 ( mn  = 1.46 at 500 nm213) and often behaves according to the rule of mixture.213,217 The refractive index of the composite containing 20% of HL was found to be equal to 1.481. The extinction index is negligible for the considered materials in the visible range. The transmittance of the nanocomposite at 500 nm was equal to 96.24% according to Equation 5.3, which was higher than that of the HBP, found to be in the range of 96.0 to 96.1%.  

 
Figure 5-4 UV absorption of cured HBP and a composite containing 20% HL.  
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5.2 CONVERSION MODELING 

One phenomenological model successfully applied to UV curing of acrylates and acrylate composites is the autocatalytic model155,189,405:   nmk
t rr 1dd    5.4

with 
maxr 
   5.5

where   is the conversion at any time, max  is the maximum conversion, k  is the rate constant, m is the autocatalytic exponent, and n  is the reaction order. The autocatalytic exponent takes into account the autoacceleration, i.e. the immobilization of the polymer chains in the forming network due to an increase in viscosity, which prevents recombination of the polymer radicals, resulting in a drop of the termination rate. This model was derived from the autocatalytic Kamal model406, which was developed for the thermal cure of polyesters. Although photoinitiated polymerization is autoaccelerated and not autocatalyzed, the shape of the curves were the same and the model was applied to describe these reactions in a purely phenomenological way. The curves obtained with the autocatalytic model for an intensity of 50 mW/cm2 are shown in Figure 5-1c,f,i,l,o. The rate constant k  was modeled assuming power-law dependence of the UV intensity: 
   Ikk  0  5.6where 0k  is a factor that depends on the filler fraction  , and I is the UV intensity. The exponent   is related to the termination mechanism. For   < 0.5, primary radical termination is predominant, i.e., the reaction of an initiator radical with a radical site on the evolving polymer. For   = 0.5, second order termination is predominant, i.e., the reaction of two radical polymer sites. For 0.5 <   < 1, first-order termination, i.e., trapping of the radical end in the forming network or recombination with oxygen, and second-order termination happen in parallel. For   = 1, first-order termination is predominant.407   

5.2.1 Influence of Intensity 

The rate constant of the HBP and the composites strongly depended on the intensity (Figure 5-5a). The intensity exponent   (Figure 5-6) was found to be in the range of 0.6 to 0.8, which indicates that first-order and second-order termination mechanisms occurred 
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simultaneously. In contrast, the work of Schmidt et al.16 and Timpe et al.163 gave values for 
  smaller than 0.5, indicating that primary radical termination was predominant. The degree of branching BD  of the acrylated HBP used by the former authors was equal to 0.35, which is lower than that in the present work (0.41). A lower BD  implies that additional reactive sites are less accessible and in fact are available for radicals trapping, leading to   smaller than 0.5. First-order termination includes the reaction of radicals with oxygen. Therefore, higher amounts of dissolved oxygen could also have been the reason for the higher   values in the present case. The addition of a filler increased  , but did not change the termination mechanism.  The reaction order n  and the autocatalytic exponent m were independent of the intensity (Figure 5-5b). The reaction order was around 0.7 and the autocatalytic exponent around 2, so that the overall reaction order (m + n) was ≈2.7. This is close to the reaction order 3, which was found in a previous study on dimethacrylate oligomers.156  The conversion at maximum conversion rate max'  increased towards lower intensities, as seen in Figure 5-5c. An increase in conversion at max'  is comparable with a shift of gelation to a higher conversion. Microgelation167,172 is the formation of macromolecules that are no longer soluble in the unreacted monomer liquid. At this stage, conversion proceeds in a macroscopic liquid state, in which shrinkage stress does not build up. Low intensities seemed to favor the formation of microgels and therefore increased the conversion at max' . The same result was found by Neves et al.79 for the photo-polymerization of acrylate composites. In this case and in the present case, lower viscosities were maintained during longer times, when lower intensities were used, which favored increased conversion before macroscopic gelation. Anseth et al.355 found the opposite trend and explained this with delayed volume shrinkage at higher intensities, which subsequently led to higher final conversion. This was not observed in the present work, where the final conversion was independent of UV intensity (Figure 5-3). A shift of gelation towards higher conversion allows the material to relax more shrinkage stress, which is favorable for the production of low-stress materials.   
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Figure 5-5 (a) Rate constant k, (b) autocatalytic exponent m and reaction order n, and (c) conversion α at maximum conversion rate α’max as a function of intensity for HBP and composites containing 20% HL and AS.  It is evident from Figure 5-6 that the values obtained for the intensity exponent   of the rate constants match the previously mentioned intensity exponent b of the time-intensity-shift factor. In fact, assuming that the kinetic law chosen to model the photo-polymerization (Equation 5.4) is correct, one can write, at constant temperature: 
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Integration of this equation leads to:  
 

    


tIktIk
nm

d1d d
rr 

  5.8
If    1100 ,, ItIt   , then, as the left side of Equation 5.8 only depends on  , it follows that: 

    1100 tIktIk   5.9Substituting the power-law dependence of k in Equation 5.6 into Equation 5.9 one finds that: 
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Comparing this equation to Equation 5.2, one can easily see that b must be equal to 

 , as it has been found for the photo-polymerization of HBP and HBP nanocomposites, as well as for composites based on fluorinated acrylates408. This result also points out that the radiation dose equivalence principle that was postulated by several authors79,147 and can be expressed as:  
 It  FProperty  5.11is not applicable in this case. In fact, to have the same conversion it is the product 

( It  ) that must be constant. It therefore descends that those systems, for which bimolecular or primary radical termination (  < 1) are predominant, may not abide by the radiation dose equivalence law. As monomolecular termination (  = 1) is favored by the restriction of the movement of the macroradicals, due to high viscosity and dense network formation, small monomers with low functionality and low viscosity are likely to highly deviate from the radiation dose equivalence principle. A further confirmation is given by the curing behavior before vitrification of DPHA (dipentaerythritol hexaacrylate), a monomer with low viscosity and fairly low functionality, for which Schmidt et al.16 found predominant primary radical and bimolecular termination with   = 0.35, and for which we found that the shift factor b was ≈0.32. These results are in agreement with the finding of Feng and Suh409, who found that the power dose equivalence principle was respected in the case of monomolecular termination (  = 1), while for bimolecular termination (  = 0.5) it was not.  



 99

 
Figure 5-6 Intensity exponent β for HL and AS composites at different filler fraction . The dashed line represents the intensity exponent b of the time-intensity-shift factor.  
5.2.2 Influence of Composition and Nanostructure 

The rate constant marginally decreased with filler fraction (Figure 5-7a), in contrast with the large influence of UV intensity shown in Figure 5-5a. The mobility of the reacting species was, therefore, only weakly influenced by the considerable increase in viscosity of the nanocomposite suspension reported in Chapter 4. The reaction order n  and the autocatalytic exponent m were independent of the filler fraction for all composites (Figure 5-7b). Because n  and m were also independent of the intensity within experimental scatter, the conversion state of all materials investigated is fully described by the change of one single intensity and filler fraction dependent rate constant k . HL and AS composites showed reduced conversion at max'  compared with HBP (Figure 5-7c), particularly at low intensities. As pointed out earlier, the conversion at max'  is related to gelation of the material. The increased viscosity of the composites due to the nanofiller reduced the mobility of the reacting species, leading to early gelation of the surrounding polymer and eventually reducing the final conversion. This effect was more pronounced for HL composites owing to their considerably higher viscosity, resulting from the improved dispersion state of the nanoparticles compared with AS composites. Interestingly, the dispersion state of the nanocomposites did not significantly influence the rate constant or the overall reaction order. However, better dispersion led to earlier gelation, especially at low intensities, and lower ultimate conversion, with probable consequences in terms of stress build-up.44 
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Figure 5-7 (a) Rate constant k, (b) autocatalytic exponent m and reaction order n, and (c) conversion α at maximum conversion rate α’max as a function of filler fraction  for HBP and composites containing HL (full symbols) and AS (empty symbols) at different UV intensities (mW/cm2 as indicated).  
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5.3 PHOTO-RHEOLOGICAL ANALYSIS 

5.3.1 Modulus and Phase Data 

The influence of intensity and composition on the complex modulus G  and the phase angle   between loss and storage moduli are shown in Figure 5-8. At time t  = 0 the UV lamp was turned on. After a few seconds G  increased rapidly over several orders of magnitude until it finally reached a plateau, due to the limits of the rheometer (approx. 6 MPa). At higher intensities, the stiffness onset, after which the stiffness increased rapidly, was shorter and the stiffness built up faster. The time at the stiffness onset for the HBP and composite containing 20% HL and AS is compared in Figure 5-9. The stiffness onset was defined as the crossover of the tangents as shown in Figure 5-8c. The stiffness build-up occurred generally later for the composites than for the HBP. Figure 5-8b depicts the phase angle   as a function of UV illumination time for HBP. At t  = 0 and during the induction period the HBP remained viscous (  = 2 ), and then   dropped rapidly due to gelation and increasingly elastic behavior of the material. Gelation corresponds to the transition from a viscous liquid to a viscoelastic solid. Two criteria are generally used to demine the occurrence of gelation: i) at the crossover of storage and loss moduli, expressed in tan( ) = 1, or ii) at the point, at which the phase angle is independent of the frequency.180 In the following discussion, the time at tan( ) = 1 will be used as the gelpoint criterion. The drop in   was delayed, when lower intensities were used. The plateau value of   after the transition was not reliable, due to the limits of the rheometer.  At t  = 0, the AS composite (Figure 5-8d) did not show viscous, but liquid viscoelastic behavior (  ≈ 1), due to the interaction with the silica particles. For the HL composite at 20% silica (Figure 5-8d), the elastic contribution to the shear strength was higher than the viscous contribution. This means that the material behaved like a viscoelastic solid also in the non-polymerized state, i.e. the material was in a physically gelled state, due to the presence of the particles. A liquid-to-solid transition was confirmed in the range of 5 to 10% filler fraction for the HL composites and in the 20 to 25% range for the AS composites from rheological analysis in the unpolymerized state, as was discussed in Chapter 4. Vitrification, occurring when the gT  of the curing material becomes equal to the reaction temperature and defined as a peak in the tan() versus time curve,181 was not observed in HBP nor in any of the composites. This correlates with the finding that gT  was equal to 9°C for the HBP and the HL and AS composites, independent of the filler fraction, 
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which means that all investigated materials were in the rubbery state at room temperature.  

Figure 5-8 Evolution of the complex shear modulus G* (left column) and the phase angle δ for HBP and composites containing 20% HL and AS, polymerized at different UV intensities (mW/cm2 as indicated).  
5.3.2 Influence of Intensity 

The stiffness onset occurred later than the conversion onset (induction time, during which the initiator radicals are consumed by oxygen dissolved in the monomer), as shown in Figure 5-9. This is also demonstrated in Figure 5-10, where G  is plotted against the conversion data obtained under the same UV conditions, and G  was delayed with respect to conversion. This was due to the formation of microgels, the existence of which was 
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prolonged at low intensities and during which conversion proceeded in a macroscopic liquid state.  

 
Figure 5-9 Stiffness onset for HBP and composites containing 20% HL and AS for three different intensities. The horizontal lines represent the time at gelation and the drop lines represent the induction time for conversion.  

 
Figure 5-10 Shear modulus G* as a function of conversion for HBP and composites containing 20% HL and AS at two different intensities.  Figure 5-9 shows that for the HBP polymerized at 50 mW/cm2 the gelpoint was reached at 2.4 s, and considerably later for lower intensities, e. g. at 9.7 s at an intensity of 2.5 mW/cm2. This result suggests that high intensities were very effective in reducing the initial liquid-like stage and the overall polymerization time. The time-intensity superposition (Equation 5.1) was also applied to the gelation time. A shift factor with power-law dependence on the intensity and an exponent b equal to 0.55 ± 0.09 was found, 
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which is close to the exponent determined from the conversion data. A strong correlation is evident between gelation and the onset of the stiffness build-up. This is because the formation of a 3-dimensional network is necessary for the material to bear mechanical load.   
5.4 TIME-INTENSITY-TRANSFORMATION DIAGRAMS 

The conversion data and modeled iso-conversion curves for HBP and composites containing 20% HL and AS were combined with structural information (i.e., gelation) in the form of time-intensity-transformation diagrams, depicted in Figure 5-11. It is clear that the intensity had a considerable influence on the conversion. The iso-conversion curves, derived from the autocatalytic model, reproduced the measured conversion data up to 50% conversion. For conversion higher than 50%, the model predicted shorter polymerization times than those measured. Schmidt et al.16 attributed the deviation from the autocatalytic model to vitrification. However, in the current case no vitrification occurred. The deviation of the model from the measured data was the result of the simplification of the intensity and composition dependence on one single parameter 
k(I , ), i.e. with m and n  independent of I  and  . This simplification only holds true up to 50% conversion. For very high intensities the iso-conversion lines should become vertical, since there is a maximum intensity, beyond which the reaction does not accelerate further.410 This is because the reaction kinetics are no longer controlled by the initiation rate, but only by the diffusion rate of the reactive species. For systems with high initiation efficiency, the saturation intensity can be as low as 30 mW/cm2.410 Figure 5-11 shows that the intensity dependence of conversion and gelation are different, especially for the HBP, as represented by the different slopes of the iso-conversion and the gelation lines. For the HBP and to a little extent for the AS composite, gelation was shifted to higher conversions, when lower intensities were used, this effect being more pronounced for the HBP than for the AS composite. This trend was already noticed from the delayed stiffness onset with respect to conversion (Figure 5-10) and the increased   at max'  (Figure 5-5c), which is also shown in the TIT diagrams. The delayed gelation at lower intensities was presumably due to favored formation of microgels167,172. This delayed formation of rigid network is an important factor to reduce internal stress.   
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Figure 5-11 Time-intensity-transformation diagram of (a) HBP and composites containing (b) 20% HL, and (c) 20% AS. The empty symbols represent the conversion data as measured, the dotted lines represent the iso-conversion curves, derived from the autocatalytic model. The full symbols represent the occurrence of gelation, determined from photo-rheology (squares) and from photo-calorimetry (circles). The solid lines are the power-law fits of the intensity with the gelation time.  Gelation determined from calorimetric analysis occurred considerably later, i.e. at higher conversion, than if determined from photo-rheology. As an example, for the HBP, gelation was determined between 16 and 35% conversion (depending on the intensity) from calorimetry, while it occurred already before 10% conversion for all intensities 
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according to photo-rheological analysis. The latter result was confirmed in a similar photo-rheological study on hyperbranched acrylates.44  For the HL composites, only calorimetric gelation could be identified, since the material was in a physically gelled state for   > 5%. Calorimetric gelation occurred between 10 and 20% conversion, independent of the UV intensity, which is generally later than in the HBP and the AS composites, especially at low intensities. This early gelation implies, that internal stresses should be high in the HL composites. Interestingly, the stiffness build-up as a function of conversion (Figure 5-10) indicates delayed gelation for the HL composite with respect to the HBP and the AS composite. This behavior, on the other hand, should be favorable for the reduction of internal stress.  
5.5 SUMMARY 

The influence of UV intensity and of nano-sized SiO2 particles on the photo-polymerization behavior of an acrylated HBP was investigated. The analysis of the experimental data is summarized as follows: 
 A time-intensity superposition was postulated. The shift factors were independent on the filler content, but showed power-law dependence on the intensity with an exponent equal to 0.7. 
 An autocatalytic model was used to analyze the experimental conversion data. The reaction rate showed power-law dependence on the intensity, with exponents in the same range as those of the shift factor. This demonstrates that the radiation dose equivalence principle is not applicable for the photo-polymerization of these compounds. 
 The ultimate conversion was found to be lower by 11% for the composites compared to the pure HBP. This effect was emphasized in the case of good dispersion of the silica particles, attributed to the increased viscosity of the suspension and therefore reduced mobility of the reacting species.  
 The photo-curing behavior was also investigated in terms of stiffness build-up and gelation. Time-intensity-transformation diagrams were established combining conversion data with the occurrence of gelation. They showed that low intensities were able to delay the gelation with respect to conversion. 
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6 SHRINKAGE AND STRESS DYNAMICS AND 

THERMO-MECHANICAL ANALYSIS 

Internal stress in materials is a consequence of dimensional changes, including chemical shrinkage and thermal contraction, combined with the build-up of elastic properties. Addition of a filler is effective to reduce shrinkage20 and stress24, but not always, due to increased stiffness26. In the case of photo-polymerization, the role of the UV intensity in the shrinkage and stress build-up is not well established. The present chapter aims at clarifying these points, paying attention to the influence of UV intensity and inorganic phase. The thermo-mechanical properties of the HBP nanocomposites will also be presented.   
6.1 SHRINKAGE DYNAMICS 

Figure 6-1 shows the linear polymerization shrinkage as a function of polymerization time for HBP and HL and AS composites at different UV intensities. The 
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final shrinkage was roughly 4.5%, except in the case where 20% HL was added to the HBP. In that case, the shrinkage was reduced down to approximately 3%. At higher intensity the change in volume took off earlier, corresponding to a shorter induction time for conversion, and the shrinkage proceeded faster according to the faster polymerization reaction (Chapter 5).   

Figure 6-1 Linear shrinkage as a function of polymerization time for (a) HBP and composites containing (b) 5% HL, (c) 20% HL, and (d) 20% AS at different UV intensities (mW/cm2 as indicated).  In order to determine the relation between shrinkage and conversion, the linear shrinkage is plotted as a function of conversion for three different UV intensities in Figure 6-2a. Conversion was measured as a function of time using photo-DSC (Chapter 5) and at the same UV intensities used for the shrinkage measurements. A markedly non-linear behavior with three stages is evident, which is quite different from the expected linear behavior of non-vitrifying systems63 (Figure 2-1). In the first stage, the shrinkage reaction occurred ahead of conversion reaction up to   = 5 -10%. In the second stage, shrinkage occurred linearly with advancing conversion until stage three, where the material continued to shrink, while the conversion almost came to a halt. 
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Figure 6-2 Linear shrinkage as a function of conversion for (a) HBP at three different intensities (mW/cm2 as indicated) and (b) at 50 mW/cm2 under the assumption that conversion measurements were delayed by 0.5 to 2 s. The dashed line represents the linear relationship according to de Boer 63.  The first stage, where shrinkage is ahead of conversion, was believed to be an artifact. It presumably resulted from a detection delay of the DSC compared with the interferometer. While interferometry is an extremely fast acquisition method, the measurements in the DSC depend on the heat transfer through the sample and through the sample holder assembly. To visualize the influence of this delay, the shrinkage measurements were shifted in time by 0.5 to 2 s, as shown in Figure 6-2b. If the delay was chosen larger than 1 s, the tendency of the curve was inversed and the shrinkage finally lagged behind conversion. FT-IR in situ interferometry could overcome this problem and give a better insight into the shrinkage versus conversion behavior. Figure 6-3 shows that the final shrinkage was independent of intensity within experimental scatter. It was found in earlier studies that the ultimate shrinkage increased with conversion, due to increased degree of crosslinking and extent of cyclization.173,174 However, this explanation was not applicable to the current case, with conversion independent of intensity (Chapter 5). Stansbury et al.175 observed a reduction of shrinkage at high intensities, resulting from exothermic effects that allowed the network formation to take place in a more expanded state. In the present case, no significant shrinkage reduction was observed at higher intensities, in spite of temperature rise of 7°C at 12 mW/cm2 and 14°C at 50 mW/cm2 during the photo-polymerization reaction.  
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Figure 6-3 Linear shrinkage as a function of UV intensity for HBP and a composite containing 5% HL.  Figure 6-4 plots the overall shrinkage of the composites as a function of filler volume fraction  . The shrinkage of the composite containing 20% HL was reduced by 26 ± 14% compared to the pure HBP, therefore the rule of mixture was obeyed within experimental scatter:  

  1HBPcomp SS  6.1where compS  and HBPS  are the linear shrinkage of the composite and the HBP, respectively. Figure 6-5 demonstrates that shrinkage was in fact related to conversion.55,59,60,67 This explains why AS composites (with higher final conversion) on average shrank more than HL composites (with lower final conversion) at 50 mW/cm2. Assuming that conversion and shrinkage are linearly related, which was observed for non-vitrifying systems63, one writes: 
 




 1HBPcompHBPcomp SS  6.2
where comp  and HBP  are the conversion of the composite and the HBP, respectively. The experimental scatter was too high to test the accuracy of Equation 6.2. With 20% filler loading, combined with intensity increase from 12 to 50 mW/cm2 an overall shrinkage reduction of 33% from 4.9% down to 3.3% shrinkage was achieved. This is a promising result for the production of dimensionally stable devices.  
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Figure 6-4 Linear shrinkage of HL (full symbols) and AS (empty symbol) composites as a function of filler fraction  for two different intensities. The lines represent the calculated shrinkage from two different models.  

 
Figure 6-5 Final conversion and linear shrinkage at 50 mW/cm2 for HBP and composites containing 20% HL and AS.  
6.2 SHEAR MODULUS DYNAMICS 

Figure 6-6 shows the shear modulus G  as a function of conversion. The shear modulus of the cured material could not be measured with the photo-rheometer and was instead calculated from DMA data using the following equation: 
  12 *E

G  6.3
where E  is the Young’s modulus and is   the Poisson ratio. If it was assumed that 

  = 0.3, G  was calculated to be approximately 500 MPa for the HBP, 800 MPa for 
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composites containing 20% AS, and 1200 MPa for composites containing 20% HL. At room temperature the materials were above their gT , so that G  should be proportional to the crosslink density, hence to the conversion: 
Tk

V
TNk

G BB   6.4
where N  is the number of crosslinks per volume V and Bk  = 1,38·10−23 J/K is the Boltzmann constant. This relationship is, however, only true for a homogeneously crosslinking material. As mentioned before, the formation of microgels occurred before gelation in the HBP and the composites, leading to a heterogeneous microstructure, with microgel particles in a liquid matrix. Therefore, no linear behavior between G  and   was observed before gelation. However, a linear relationship was expected after gelation, when a 3-dimensional network started to form, but this was neither the case. Presumably, a still inhomogeneous distribution of crosslink density immediately after gelation led to the non-linear behavior. In fact, an approximately power-law dependence of G  on the conversion was observed between gelation and 20 to 30% conversion.   

 
Figure 6-6 Shear modulus G* as a function of conversion at 2.5 mW/cm2. The thin lines represent the theoretically linear dependence (in a log-log plot) of G* on the conversion after gelation (squares). The circles are the moduli calculated using Equation 6.3.  Figure 6-7 shows the shear modulus G  as a function of linear shrinkage. As the rheometer was not capable to follow G  beyond a few MPa, the values of G  were interpolated with the final G  calculated from Equation 6.3. As G  showed power-law dependence on the conversion after gelation, a power-law relationship was also chosen for 
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the interpolation. The same power-law fitted well with the experimental data after the stiffness onset, which is also related to gelation.  The internal stress was determined by integrating G  with the shrinkage, i.e. as the area under the curve in Figure 6-7, and found to be around 2 MPa for the HBP, 2.7 MPa for the AS and 5.5 MPa for the HL composites at 20% filler fraction.     

 
Figure 6-7 Shear modulus G* as a function of shrinkage for HBP and HBP composites containing 20% HL and AS at 50 mW/cm2. The experimental data are plotted up to 8 MPa, from where they are extrapolated with a power-law to the values calculated from Equation 6.3.   
6.3 INTERNAL STRESS DYNAMICS  

Figure 6-8 shows the evolution of internal stress i  as a function of time. The modulus-independent model of Stoney (Equation 3.6) was used to calculate the stress, because the Young’s modulus was not known throughout the polymerization reaction. The stress onset was delayed, if lower intensities were used, and the stress built up slower, correlating to the longer induction time and slower reaction rate (Chapter 4). It was found that higher intensities led to higher stress. Schmidt et al.44 found the same trend and attributed it to higher ultimate conversion at higher intensities, which was not the case in the present study. The intensity dependence was considered as an artifact and related to the limitations of Stoney’s model, which does not include the modulus of the coating. In reality, the modulus depended on the composition as well as on the intensity, as will be shown in Section 6.5. The HL composites showed higher internal stresses than the pure HBP. 
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Figure 6-8 also shows the stress calculated from the integration of the modulus  tG  with the shrinkage  tS L , which predicted a slower stress build-up, than was measured by beam-bending experiments. It is believed that the modulus independent model of Stoney generally overestimated the internal stress level.  

 
Figure 6-8 Internal stress as a function of time. The lines are the stresses calculated from the model of Stoney at two different intensities (mW/cm2 as indicated). The symbols are the stresses calculated from the integration of G*(t) with SL(t) at 50 mW/cm2 for HBP (squares) and a composite containing 20% HL (circles).  Figure 6-9 shows the evolution of internal stress i  as a function of conversion and shrinkage. The onset of stress was delayed in terms of conversion, if lower intensities were used (Figure 6-9a), which confirms the delay in gelation at lower intensities. At high intensities, stress built up instantly with conversion, and then increased moderately and linearly until almost the end of the reaction. At a conversion close to the ultimate conversion, the stress increased strongly and the stress level was nearly doubled. Such strong stress increase would normally be expected at vitrification. Wen et al.177 defined vitrification as the point, when the stress exceeded the linear extrapolation of the early reaction by 0.1 MPa. Following this approach, the conversion at vitrification was found to be around 70% for HBP and 50% for the composite containing 20% HL at 2.5 mW/cm2. However, since vitrification was not apparent in photo-DSC and photo-rheological experiment, the sharp increase in stress at the end of the reaction was presumably due to volume relaxation process lagging behind network formation. This was already observed for the shrinkage as a function of conversion (Figure 6-2), and Figure 6-9b demonstrates that shrinkage and stress were indeed nearly linearly related. 
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Figure 6-9 Internal stress, calculated from the model of Stoney, as a function of (a) conversion and (b) linear shrinkage for HBP and a composite containing 20% HL, polymerized at two different intensities (mW/cm2 as indicated).  The model of Inoue (Equation 3.7) takes into account the modulus of the coating and should therefore give more accurate stress values. Figure 6-10 shows the ultimate internal stress of HBP and HL composites, calculated from the model of Inoue, as a function of intensity and filler fraction. In contrast to the model of Stoney, the stress by Inoue was independent of the intensity. The stress level depended strongly on the filler fraction. A linear relationship between stress and filler fraction was observed, in spite of reduced shrinkage. The same trend was also found elsewhere.26 It appears that the greater stiffness of the more heavily filled materials played a major role in determining the amount of polymerization stress. AS composites had the same internal stress as HL composites, despite their increased polymerization shrinkage. This was due to the reduced Young’s modulus, as will be shown in Section 6.5.  
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The results were in good agreement with the stress values calculated from the integration of the curve in Figure 6-7, except for AS composites, where the discrepancy was due to the large experimental error of the AS shrinkage data (10%).   

 
Figure 6-10 Internal stress determined from beam bending experiments, using the model of Inoue, for HBP composites as a function of filler fraction  at different intensities (mW/cm2 as indicated). Empty symbols: HL; full symbols: AS.   
6.4 STRESS RELAXATION BY SURFACE WRINKLING 

Surface instabilities during polymerization of coatings, such as surface wrinkles86,87, are the result of compressive stress relaxation. In view of the application of polymers in micro- and nanostructures, wrinkling is to be avoided, since the wavelength and amplitude of such wrinkles are usually in the same size-range as the structures to be produced.97 It has been found that, for wrinkles to form, an in-depth conversion gradient needs to be present. This means that the surface layer solidifies first, while a still-liquid underlayer remains.84-88 Subsequent polymerization shrinkage of the underlayer puts the surface layer under compressive stress.  Three model experiments were conducted to determine the influence of absorption and conversion gradient on the surface roughness on 100 μm thick HBP nanocomposite coatings, as sketched in Figure 6-11:  
 “Top”: illumination from above the coating using a UV transparent substrate 
 “Bottom”: illumination from below the coating through a UV transparent substrate 
 “Mirror” : illumination from above the coating using a UV reflecting substrate  
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Figure 6-11 Three model experiments with asymmetric conversion gradient. The dashed curves represent the different conversion profiles, which control the stress dynamics and surface formation mechanisms.  No micro-sized surface wrinkles were observed by optical microscopy for any of the three conditions and visual inspection showed glossy surfaces in all three cases. Figure 6-12 shows the average surface roughness aR  for HBP polymerized at 2 and 50 mW/cm2. The error bars correspond to the standard deviation of a minimum of five profilometer scans on different positions of the same sample. Top, bottom and mirror stand for the three types of illumination as described above.   

 
Figure 6-12 Surface roughness Ra of HBP polymerized from different directions at two different intensities (mW/cm2 as indicated).  The measured roughness was in the nanometer range, with no significant difference between the three illumination conditions. Hence, no stress relaxation by out-of-plane deformation took place. In all cases, the approximate period of the surface roughness was in the micrometer range, leading to a nanoscopically flat surface, as is sketched in Figure 6-13. Hence the quality of the nano-pattern to be produced should not be compromised. 
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Figure 6-13 Surface roughness in the nanometer range does not compromise the nano-pattern, because of the large approximate period of the roughness.   A more pronounced wrinkling effect was expected at lower intensities, due to slower reaction and increased gradient of cure in the sample.46 This was, however, not the case. Two possible explanations were identified for the absence of surface wrinkles. Firstly, the low levels of internal stress did not cause enough driving force for surface wrinkles to occur. Secondly, the very rapid and homogenous conversion throughout the thickness of the sample led to an insufficient conversion gradient.  

Figure 6-14 Surface roughness Ra of DPHA containing (a) 1% and (b) 6% photoinitiator and polymerized from different directions at two different intensities (mW/cm2 as indicated).  Surprisingly, under the same conditions the standard acrylate DPHA, which exhibits two times higher internal stress44 than HPB, did not show any stress relaxation in the form of microscopic surface wrinkles either (Figure 6-14a). In order to increase the conversion gradient, the photoinitiator concentration was increased from 1 to 6%, with no significant effect on the surface roughness (Figure 6-14b).    
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Figure 6-15 Surface roughness Ra of HBP coatings with different thicknesses polymerized at 50 mW/cm2 in air after leveling at ambient pressure (filled columns) or reduced pressure (patterned columns). The leveling time is indicated.   

 
Figure 6-16 Surface roughness Ra of HBP as a function of UV intensity polymerized under nitrogen atmosphere and using 2-step polymerization.   In the UV-curable coatings investigated by Luciani et al.86, surface wrinkles were only observed for polymerization in air. The presence of oxygen was necessary to inhibit the initiation and slow down the polymerization reaction. Moreover, a certain pre-polymerization leveling time was necessary for some evaporation phenomena to occur, the role of which they did not fully understand. Figure 6-15 shows the surface roughness of HBP coatings polymerized in air as a function of coating thicknesses, leveling times and pressure during leveling. Neither of these parameters combinations provoked macroscopic surface wrinkling or even had an influence on the surface roughness.  
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Figure 6-17 Internal stress of HBP as a function of UV intensity polymerized using 2-step process and in air with subsequent removal of the liquid surface layer.  

 
Figure 6-18 Surface roughness Ra as a function of internal stress for HBP polymerized using 2-step process.  In fact, oxygen inhibition was so strong in the layer exposed to the air, so that a thin surface layer of the coating did not polymerize and remained liquid. Hence, the top layer had to be washed off with acetone, and the roughness of the underlayer was measured. Figure 6-16 shows the surface roughness of the HBP, where this liquid surface layer was not washed off, but polymerized in a second step under nitrogen. It was found that increased UV intensity reduced the surface roughness, if this 2-step polymerization was used. It was also found that the internal stress was also dependent on the UV intensity, when the 2-step polymerization was applied, and the same was true for HBP coatings polymerized under air with subsequent removal of the liquid surface layer (Figure 6-17). 
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Polymerization in inert atmosphere did not show a significant intensity dependence of the internal stress. Low intensities in combination with oxygen inhibition led to the conversion gradient necessary for the relaxation of in-plane stress in the form of increased roughness, as shown in Figure 6-18. Using the 2-step process, coatings with residual stress lower than 1 MPa were produced.  

 
Figure 6-19 Surface roughness Ra of HBP composites as a function of HL filler fraction. Polymerization was done under compressive load (1 and 6 bar) between two glass slides.  In view of the application of HBP nanocomposites to structured devices using nanoimprint lithography, which will be addressed in Chapter 8, the surface roughness of HL composites was measured after polymerization under compression between two glass slides (Figure 6-19). The roughness was strongly dependent on the amount of silica in the nanocomposite, resulting from the increased viscosity, which prevented the elimination of air-bubbles in the coating volume. The roughness was reduced, if high pressure was applied.        
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6.5 THERMO-MECHANICAL PROPERTIES 

6.5.1 Thermal Stability 

Figure 6-20 shows the thermal stability of the HBP and the composites containing HL and AS. The HBP network was stable up to approximately 400°C, above which thermal degradation occurred in one step (one derivative peak). The thermal stability of the composites was marginally improved with the addition of SiO2. The residue of the HBP was due to the formation of a non-volatile carbon char.191   

Figure 6-20 Relative weight and derivatives as a function of temperature for HBP and composites containing (a) HL and (b) AS at different filler fraction (vol% as indicated).  
6.5.2 Glass Transition Temperature 

The glass transition temperature gT  of the HBP monomer as measured with DSC was around -56°C. Upon polymerization the gT , being a function of crosslink density, increased. Figure 6-21 depicts the transition temperature of the fully cured HBP and the composites containing 20% HL and AS, which was between 8 and 9°C for all investigated materials. This means that at room temperature the material was in the rubbery state, which confirms the photo-calorimetric and photo-rheological analyses, where no vitrification phenomena were detected. The gT  was independent of the UV intensity, which correlated with the ultimate conversion being independent of UV intensity. It was also independent on the filler fraction, which was found in earlier studies196, and was attributed to little interfacial interaction between the filler and the resin. In the present case, rheological analysis of the nanocomposite suspensions showed rather important interfacial interactions, especially in the case of the well-dispersed HL composites. It is therefore 
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inferred, that the reduced conversion of the composites with respect to the HBP counteracted any increase in gT  resulting from strong interfacial interaction.    

 
Figure 6-21 Glass transition temperature Tg of HBP and composites containing 20% HL and AS, polymerized at 2.5 and 50 mW/cm2.  
6.5.3 Dynamic Mechanical Analysis 

Figure 6-22 shows the complex moduli and the phase angle   that were recorded as a function of temperature for the HBP and composites containing 5 and 20% HL. The transitions from rigid glassy to soft rubbery behavior, defined as the maximum in tan( ),411 was very broad and occurred over a temperature range of about 100°C.   

 
Figure 6-22 Complex moduli E’, E’’ and tangent of the phase angle δ for HBP and HL composites at 5 and 20% filler fraction, polymerized at 12 mW/cm2.  
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Figure 6-23 Glass transition temperature Tg determined by DMA for HBP/HL composites as function of filler fraction  polymerized at different intensities (mW/cm2 as indicated).  Figure 6-23 shows the temperature at the maximum in tan( ) for the HBP and composites containing HL and AS as a function of UV intensity and filler fraction. Contradicting to the glass transition temperature measured by calorimetry, this transition temperature increased with both, UV intensity and the filler fraction. The reason for this was that DMA measured a change in relaxation time,411 while the gT  in the DSC was determined from a change in the heat capacity.412 Therefore, the two transitions are not exactly comparable.   

 
Figure 6-24 Tensile modulus E* determined by DMA at 25°C as a function of filler fraction  for HBP composites polymerized at different UV intensities (mW/cm2 as indicated). Empty symbols: HL; full symbols: AS. The lines represent different models that were fitted to the data at 50 mW/cm2.  
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Figure 6-24 shows the complex moduli at 25°C for the HL and AS composites as a function of UV intensity and filler fraction. Similar to the trend of gT , an increase in E  was observed with increasing UV intensity and filler fraction. The well-dispersed HL composites showed higher modulus than the agglomerated AS composites.  Different models were tested for the filler fraction dependence of the modulus. The rule of mixture (Equation 6.5), assuming that the two phases have the same Poisson ratio270, highly overestimated E , whereas the orthogonal mixing rule (Equation 6.6) underestimated E . The model of Tseng272 was established especially for nanocomposites. It considers the effects of inter-particle interaction and performs a statistical averaging to the solution of the problem of two-nanoparticle interactions. This model though underestimated E  by a factor of 3.5 for the HL composites and a factor of 1.5 for the AS composites. The model of Einstein (Equation 6.7) fitted well the AS data, but underestimated the HL data. Derived from the empirical model of Ishai203 for the dependence of the yield stress on the filler fraction, a linear model (Equation 6.8) was proposed for the HL data. 
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 cEE m  6.8where E , fE  and mE  are the moduli of the composite, filler and matrix, respectively, and c  is a proportionality constant.  

6.5.4 Coefficient of Thermal Expansion 

Figure 6-25 depicts representative coefficient of thermal expansion (CTE) data of the investigated materials as a function of temperature and for three different load levels. The influence of the load applied during the dilatometry experiment on the CTE data was negligible, i.e. creep did not occur. In all cases, three quasi-linear stages were identified. The transition between the first and the second stage correlated roughly with the glass transition temperature measured by DSC. The transition between the second and the third stage was close to the transition temperature measured by DMA.  
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In classic elastomers the transition occurs in one step accompanied by a 3-fold increase in CTE. In the HBP the CTE increased roughly by a factor of 3 from 40 to 120 ppm/K, but the hyperbranched structure comprised multiple relaxation times, leading to the observed broad transition.    

 
Figure 6-25 CTE as a function of temperature for a composite containing 20% HL measured under different compressive loads (cN as indicated).   Figure 6-26 shows the CTE at room temperature for the HBP and the composites as a function of UV intensity and filler fraction. Increased UV intensity slightly reduced the CTE, presumably due to the increased stiffness and gT  of the material. The addition of a filler was much, however, more effective in terms of CTE reduction.  

 
Figure 6-26 CTE as a function of filler fraction for composites containing HL and AS polymerized at different intensities (mW/cm2 as indicated). Empty symbols: HL; full symbols: AS. The lines represent different models that were fitted to the data at 50 mW/cm2. 
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Several models for the prediction of CTE of composites have been established and are compiled in the work of Chen275 and Hsieh413. The linear rule of mixture (Equation 6.9), which considers the matrix as a liquid and assumes each phase to expand freely, and the more complex Kerner model (Equation 6.10) for spherical filler and perfect adhesion of the two phases, gave the same result. They both fitted quite well for low  , but slightly underestimated the effect of the nanofiller at higher  , in particular for the HL composites. However, based on the requirements of the Kerner model for perfect adhesion, it can be concluded that the adhesion between the two phases was quite good. The Turner model (Equation 6.11) and the Hashin212,276 model (Equation 6.12) highly underestimated the CTE of the composites. The Thomas model (Equation 6.13) is an empirical modification of the rule of mixture and was found to give the best fit to the experimental data of the HL composites at   = 0.7.  
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    mfc 1   6.13where c , m  and f  are the CTE of the composite, filler and matrix, respectively, mG  is the shear modulus of the matrix, cK , mK  and fK  are the bulk moduli of the composite, matrix and filler, respectively, and   is a parameter.  
6.6 SUMMARY 

The influence of UV intensity and SiO2 particles on the shrinkage, modulus and resulting stress dynamics, as well as on the thermo-mechanical properties of HBP nanocomposites was investigated. The main results are summarized in Table 6-1 and compared with standard UV-curable resins.  
 An overall linear shrinkage reduction of 33% down to 3% shrinkage could be achieved upon addition of 20% inorganic filler and using high intensities. Despite 
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the reduced shrinkage of the composites, which followed approximately the rule of mixture, the internal stress strongly increased with the filler fraction, due to the increased stiffness of the composites.  
 Stress relaxation by surface wrinkling phenomenon was only observed for 2-step polymerization and was on the nanometer scale. However, with this method residual stresses as low as 0.66 MPa could be achieved.  
 The addition of SiO2 nanoparticles led to a very pronounced change in thermo-mechanical properties. The stiffness was increased by 133% up to 1.7 MPa for the HL and by 52% up to 1.1 MPa for the AS composites at 20% filler fraction. For the same composites the CTE was decreased by 28% and 21% down to 84 and 92 ppm/K, respectively.  
 The glass transition temperature, as measured with calorimetry, was found to be independent of UV intensity and filler fraction and equal to 9°C. However, the transition in relaxation behavior, correlated with a transition from soft to glassy behavior, was shifted from 50 to 70°C upon addition of 20% HL and using high intensities.   
Table 6-1 Comparison of different resins with the investigated HBP and HBP nanocomposites in terms of internal stress, stiffness, linear shrinkage and coefficient of thermal expansion. Material 
 

Stress (MPa) Young’s modulus (GPa) Shrinkage (%) CTE (ppm/K) HBP 1.3 0.7 4.3 117 HBP (2-step) 0.66 0.5   HBP + 20% HL 4.9 1.7 3.3 84 DPHA44 (UV acrylate) 6.7 3 7  TMPTA78,85 (UV acrylate) 3-15 2.4 11-15  SU857,77,414 20-75 2.6 – 4.0 10 50  
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7 SOL-GEL HYBRID NANOCOMPOSITES 

Hybrid nanocomposites derived by sol-gel processes motivate a large amount of research work, as reviewed by several authors.308,310,415,416 The low viscosity of the liquid organometallic precursor should help to overcome the processing problems of the particulate nanocomposites, the viscosity of which increased, due to the high specific surface area of the nanofiller. In this chapter, the sol-gel composites will be compared to the particulate nanocomposites in terms of rheological behavior, conversion state, thermo-mechanical properties and internal stress.   
7.1 DUAL-CURE PROCESS 

The dual-cure process involves a photo-polymerization and a condensation step, which were carried out using different sequences, as depicted in Figure 7-1. In all cases, condensation lasted in total 4 h. When the photo-polymerization was done before condensation (“UV first”, Figure 7-1a), the low viscosity of the HBP/precursor mixture 
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facilitated processability. However, during condensation high shrinkage occurred, due to the evaporation of byproducts, and the stress was released through cracking of the composite.   

  Figure 7-1 Three sequences of sol-gel composite dual-cure preparation. (a) Polymerization before condensation, (b) polymerization after completed condensation, and (c) polymerization after a few minutes of condensation.   
Table 7-1 Advantages and disadvantages of two cases of dual-cure sol-gel processing  Advantages Disadvantages 
   Case (a): “UV first”: Condensation after photo-polymerization  

Very fine silica network is ensured, due to the coupling agent that copolymerizes with the HBP network and prevents macroscopic phase separation.  Low viscosity for processing. 
Shrinkage from evaporation of byproducts in the rigid HBP network leads to internal stress and subsequent cracking.  Poor adhesion of the composite on the glass substrate. 

   Case (b): “condensation first”: Condensation before photo-polymerization  
Shrinkage from evaporation of byproducts occurs in liquid material, hence no internal stresses and no cracks.  Condensation of siloxane groups with glass substrate leads to very good adhesion. 

Rigid silica network builds up, high pressure is necessary for imprinting. 

 To avoid cracking the polymerization was done after completed condensation reaction (“condensation first”, Figure 7-1b). In this case, no shrinkage stress from evaporation built up, but the processability of the composite was greatly compromised, due to increased viscosity of the system. The advantages and limitations of these two cases are summarized in Table 7-1. 



 135

To benefit from the low viscosity for processing without cracking of the material, the photo-polymerization was done a few minutes after the condensation reaction had started (Figure 7-1c). A certain amount of byproduct could thus evaporate before a rigid network was formed and shrinkage stress could relax in the still liquid polymer.  The sol-gel composites remained completely transparent after photo-polymerization and subsequent condensation of the inorganic phase (Figure 7-2). Figure 7-3 shows TEM micrographs of sol-gel composites at 5 and 20% theoretical filler fraction th , where condensation was done after photo-polymerization. No phase contrast could be seen in those images, presumably due to a very fine silica network. A structure size of 3 - 5 nm was found elsewhere.35 Thanks to the coupling agent, which copolymerized with the organic matrix, the silica was linked to the HBP network and therefore prevented microscopic phase separation.   

 
Figure 7-2 Transparent 100 μm sol-gel hybrid film containing th = 20%. The composite film covers the right side of the image.  

 
Figure 7-3 Transmission electron micrographs of sol-gel composites at a theoretical silica volume fraction of (a) 5% and (b) 20%.  
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Thermo-gravimetric analysis (Table 7-2) confirmed the presence of a non-volatile phase close to the theoretical amount of silica, if the HBP residue was subtracted. Non-volatile residues were also found in epoxy resins, where carbon char contents up to 8% were recorded.191    
Table 7-2 Non-volatile residues from TGA for HBP/silica hybrid composites produced by sol-gel process.  Sample HBP th  = 5% th  = 20% Theoretical volume fraction  of inorganic phase (%) 0 5 20 Theoretical weight fraction  of inorganic phase (%) 0 8.7 31.1 
Measured weight residue (%) 1.5 10.2 33.8 Calculated volume fraction( *)  of inorganic phase (%) – 4.5 19.3 
(*) The weight residue of the HBP was subtracted from the residue of the composites.  

 
Figure 7-4 29Si-NMR data and deconvoluted peaks of (a) a sol-gel hybrid composite at 20% inorganic phase and (b) AS powder.  The presence of a silica phase was confirmed by solid state 29Si-NMR (Figure 7-4). The deconvoluted spectra gave signals at approximately -92, -102 and -113 ppm. The position of the peaks was close to those described in other studies and corresponded to 

2Q , 3Q  and 4Q  species, respectively.37,417 The peak at -106 ppm in Figure 7-4b was believed to be a shift in 3Q , due to impurities in the material. The condensation state  of the sol-gel silica was calculated (Equation 3.10) to be equal to 84%, with a majority of 4Q  species, 



 137

as opposed to 89% for the AS silica powder. The lower condensation state of the sol-gel silica was the result of the relatively low condensation temperature and of the acidic condensation condition.37   
Table 7-3 Corresponding amount of liquid reactants added to the HBP in order to produce the theoretical silica volume fraction th through hydrolysis and condensation. 

th  (vol%)  TEOS, MEMO, 1 M HCl in H2O  (vol%) 5  30 10  44 20  62  The rheological analysis was done on HBP solutions before polymerization and thermal condensation reaction. The solutions contained the necessary amount of TEOS, MEMO and 1M HCl in H2O to produce the theoretical volume fraction of silica th , assuming 100% condensation of the precursor and the coupling agent. Table 7-3 shows the corresponding total amount of reactants that was added to the HBP for each specific th .   

 
Figure 7-5 Viscosity η* as a function of frequency ω for HBP solutions containing the corresponding amount of precursor to produce different fractions of silica th (vol% as indicated).  Figure 7-5 shows the viscosity of the HBP and the HBP/precursor solutions. The pure HBP showed Newtonian behavior with viscosity independent of frequency in the investigated range. The viscosity decreased with increasing amount of precursor and the 
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Newtonian behavior was preserved. The reduction of the viscosity was due to the fact that the added precursors were low-viscosity liquids. HBP/precursor solutions to produce 
th  = 20% showed more than 9 orders of magnitude lower viscosity at 0.1 rad/s than the HL composites at   = 20%.  

Figure 7-6 Shear moduli (a) G’ and (b) G’’ as a function of frequency ω for HBP/precursor solutions containing the corresponding amount of precursor to produce different fractions of silica th (vol% as indicated).  

 
Figure 7-7 Tangent of the phase angle δ at ω = 6.28 rad/s for HBP/precursor solutions containing the corresponding amount of precursor to produce different fractions of silica th. The dashed line at tan(δ) = 1 represents the liquid-to-solid transition.  Figure 7-6 shows the complex shear moduli 'G  and ''G  as a function of frequency and the corresponding amount of precursor to produce th . For the pure polymer and the HBP/precursor solutions 'G  and ''G  were both approximately proportional to , confirming their Newtonian-like behavior.  
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Figure 7-7 shows the tangent of the phase angle tan() = ''' GG , obtained from Figure 7-6. It is obvious that the more precursor was added to the HBP, the more liquid the material became. Contrary to the particulate (HL and AS) composites, where the addition of a filler led to a more solid-like behavior, the addition of the precursor pushed the solution further away from the liquid-to-solid transition at tan() = 1.   
7.2 PHOTO-CALORIMETRIC ANALYSIS 

The HBP solutions containing the liquid precursor were photo-polymerized before condensation of the inorganic phase (“UV-first”). Figure 7-8 shows the conversion curves, including the time-intensity transformation and the conversion rate data. The data was recorded at different UV intensities and for th  = 5 and 20%.   

Figure 7-8 (left) Conversion as a function of time, (middle) time-intensity superposition, and (right) conversion rate as a function of conversion for HBP solutions containing the corresponding amount of precursor to produce th = 5 and 20%. The autocatalytic model is compared to the conversion rate data for an intensity of 50 mW/cm2 (dashed line; nearly perfect overlap with experimental data).  Figure 7-10 shows the ultimate conversion of the HBP/precursor solutions, which was found to increase by 17% at th  = 5%. At higher precursor levels, the conversion became strongly dependent on the UV intensity. The conversion rate at low precursor levels was slightly higher than that of the HBP, and hence than that of the particulate 



 140

composites (Figure 5-1). At high precursor level, the conversion rate dropped even below the rate of the particulate composites. Li et al.36 found that the conversion and conversion rate increased for sol-gel nanocomposites with respect to the particulate nanocomposites, though they did not compare them with the conversion of the pure resin. Other studies35,191 showed that the presence of TEOS as a sol-gel precursor did not influence the final conversion, but in some cases increased the rate of reaction.  At low precursor level the reduced viscosity and hence increased mobility of the radicals presumably provoked the increase in conversion rate and conversion. It was assumed that at higher precursor level the dilution of the reacting species became more important and led to the opposite trend in conversion rate. The marked intensity dependence of the conversion at high TEOS content was believed to be an artifact and attributed to evaporation of volatile precursor components.   

 
Figure 7-9 Correction of the heat flow, measured by photo-DSC, for the calculation of the conversion.   During photo-calorimetric experiments the endothermic heat flow from evaporation overlapped with the exothermic heat flow of the polymerization reaction, which greatly complicated the analysis of the DSC signal. A model was devised to account for the endothermic heat flow, using the following assumptions: (i) The heat flow decayed exponentially from the moment the lamp was switched on until the maximum heat flow (related to gelation) was reached. (ii) The absolute number of reacting groups in the solution remained unchanged, i.e., no evaporation of HBP and coupling agent occurred. 



 141

This was tested by gravimetric analysis of the pure constituents. The highest evaporation rate was found for H2O.  The modeled endothermic contribution to the heat flow was then subtracted from the total heat of reaction, as shown in the schematic drawing in Figure 7-9. If the assumed exponential evaporation decay were too rapid with respect to the actual decay, this would result in an underestimation of the ultimate conversion and vice-versa. If evaporation of the coupling agent occurred, the conversion would increase.   

 
Figure 7-10 Ultimate conversion of HBP and HBP solutions containing the corresponding amount of precursor to produce th = 5 and 20%, photo-polymerized at different intensities (mW/cm2 as indicated). Corrected and uncorrected data is shown for the composites.  

 
Figure 7-11 Time-intensity-shift factor with respect to the intensity of 0.5 mW/cm2 for HBP solutions containing the corresponding amount of precursor to produce th = 5 and 20%. The solid line represents the fit of the shift factors, the dotted line is the fit of the shift factor for the HL and AS composites.  
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The time-intensity superposition was obeyed until conversion   = 0.7 for low precursor levels and until   = 0.4 for high precursor level, beyond which conversion became dependent on the UV intensity. The shift factors were determined using the data at 0.5 mW/cm2 as reference, and were found to be in the same range as those of the HBP and the particulate composites, as shown in Figure 7-11, with an intensity exponent 
b = 0.64 ± 0.05.   
7.2.1 Autocatalytic Conversion Modeling 

The autocatalytic model, described in detail in Chapter 5, was used to analyze the conversion data of the sol-gel composites. The fits shown in Figure 7-8 nearly perfectly overlap with the experimental data and the model parameters are regrouped in Figure 7-13. The rate constant depended on the amount of precursor in the HBP. At low precursor level, the rate constant was marginally increased with respect to the pure polymer, whereas at high precursor level it was reduced. In all cases, the rate constant strongly depended on the intensity (Figure 7-13). The intensity exponent   was found to be close to 0.6 (Figure 7-12), which indicates that first-order and second-order termination mechanism occurred simultaneously.   

 
Figure 7-12 Intensity exponent β for HBP solutions containing the corresponding amount of precursor to produce th. The dashed line represent the intensity exponent b of the time-intensity-shift factor.     
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Figure 7-13 (a) Rate constant k, (b) autocatalytic exponent m and reaction order n, and (c) conversion α at maximum conversion rate α’max as a function of intensity for HBP and HBP solutions containing the corresponding amount of precursor to produce th = 5 and 20%. The dashed lines represent the fit with the rate constant data. The dotted lines represent the average values for the HBP and the composites containing HL and AS.  Compared to the particulate composites, the termination mechanism were the same, with more emphasis on second-order termination for the sol-gel composites, particularly at low precursor level. Second-order being the reaction of two radical polymer sites, this 
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mechanism was presumably facilitated due to the reduced viscosity of the HBP/precursor solutions and hence increased mobility of the polymer chains. It is evident, that also in the case of the sol-gel composites, the intensity exponent   for the rate constant was the same as the intensity exponent b for the shift factor. This confirms that for those systems, for which bimolecular or primary radical termination (  < 1) are predominant, the radiation dose equivalence law ( It  ) is not valid and should in fact be rewritten to ( It  ). The reaction order n  and the autocatalytic exponent m were independent on the intensity (Figure 7-13b), and the same as for the HBP and the particulate composites within experimental scatter. This means that the conversion state of the sol-gel composites, the particulate composites and the pure HBP is fully described by the change of one single intensity and filler/precursor loading dependent rate constant )I(k , . For low precursor levels, the conversion   at maximum conversion rate max'  was generally higher than for the HBP, and increased towards lower intensities (Figure 7-13c). The lowest intensity measured presented an exception to this trend, correlating with the drop in conversion at this intensity. As pointed out earlier, the conversion at max'  is related to gelation of the material. The reduced viscosity of the HBP/precursor solutions increased the mobility of the reacting species and was able to delay the gelation with respect to the pure polymer. Correspondingly, the HL and AS composites, both exhibiting considerably higher viscosity, gelled earlier than the HBP. It is therefore expected that stress will be lower in the sol-gel composites than in the HL and AS composites. At high precursor level the conversion at max'  decreased towards lower intensities, which correlates with the overall conversion being reduced at low intensities.  The composition and intensity both influenced the composite formation, which will have an impact on the stress formation. This is better visualized in the form of time-intensity-transformation (TIT) diagrams.  
7.3 PHOTO-RHEOLOGY AND TIME-INTENSITY-TRANSFORMATION 

DIAGRAMS 

Figure 7-14 depicts the evolution of the complex modulus G  and the tangent of the phase angle  during photo-polymerization for HBP solutions containing the corresponding amount of precursor to produce th  = 5 and 20%. A cap was used to cover the parallel plate geometry in order to control the evaporation. At time t = 0 the UV lamp 
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was turned on. After a few seconds G  increased rapidly over several orders of magnitude until it finally reached a maximum. At higher intensities the induction time, during which the material remained in a liquid-like state, was shorter and the stiffness built up faster. The induction time for the HBP solutions at low precursor level was comparable to that of the HBP (Chapter 4), but was significantly longer at higher precursor level. The same was true for the stiffness onset, which occurred earlier at low precursor level than at high precursor level. In the case of lower precursor level, a plateau value was reached at 
G  ≈ 10 MPa, which was due to the limitation of the photo-rheometer. However, for higher precursor levels, the plateau was at G  ≈ 1 MPa, which was the true shear modulus of the material. The reduced modulus of this HBP/precursor mixture with respect to the HBP and the particulate composites was due to the high amount of liquid precursor that was trapped in the polymerized HBP network, acting as a plasticizer. Nevertheless, the material became brittle and cracked.  

Figure 7-14 Evolution of the complex modulus G* and the phase angle δ for HBP solutions containing the corresponding amount of precursor to produce th = 5 and 20%, photo-polymerized at different intensities (mW/cm2 as indicated).  As expected, the phase angle of the low precursor mixture showed viscous behavior at t  = 0. A few seconds after the UV light was turned on   dropped rapidly, indicating increasingly elastic behavior of the material. The drop in   and related gelation at 
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tan( ) = 1 was delayed, when lower intensities were used, and occurred after the same time as in the HBP. For high precursor levels, the phase angle was smaller than for the pure HBP, which contradicts the data in Figure 7-7. The reason for this was the small tool geometry of the photo-rheometer in combination with the very low viscosity of the HBP/precursor solutions, which did not give a sufficient signal strength. To increase the signal, a high deformation outside the linear viscoelastic range was chosen, with the implication that the phase angle was underestimated. Corresponding to the delayed modulus build-up, the drop in   occurred generally later for this HBP/precursor mixture than for the HBP and the particulate composites. Vitrification was not observed in the sol-gel composites.  The time-intensity-transformation diagrams in Figure 7-15 combines the photo-calorimetric and the photo-rheological data. The iso-conversion curves, as derived from the fit with the autocatalytic model, correlated with the measured conversion data within experimental scatter up to 70%. It is clear that the intensity had a considerable influence on the conversion.  In view of the desired reduction of internal stress, the occurrence of gelation with respect to conversion is essential. In the case of low precursor level, gelation was independent of intensity and below 10% conversion, if the photo-rheological data was considered. Gelation as determined from photo-calorimetric analysis appeared, however, to be intensity dependent and was delayed at lower intensities, similarly to HBP and the AS composites (Chapter 4). With high precursor level, gelation determined from photo-rheology was around 10% conversion and also independent of intensity, whereas calorimetric analysis showed delayed gelation at higher intensity. Based on this result, lower polymerization stress should be expected at higher intensities for the highly filled sol-gel composites, in contrast to the HBP and the particulate composites, for which lower stresses are expected at lower intensities.   
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Figure 7-15 Time-intensity-transformation diagram of HBP solutions containing the corresponding amount of precursor to produce (a) th = 5% and (b) th = 20%. The empty symbols represent the conversion data, the dotted lines represent the iso-conversion curves, derived from the autocatalytic model. The full symbols represent the gelation time, determined from photo-rheology (squares) and from photo-calorimetry (circles). The solid lines are the power-law fits of the intensity with the gelation time.          
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7.4 THERMO-MECHANICAL PROPERTIES AND INTERNAL STRESS 

Figure 7-16 shows the thermo-gravimetric curve of the sol-gel composites. The weight loss at temperature T  < 400°C was presumably due to evaporation of trapped side products or finalization of incomplete condensation.35,317 The more distinct weight loss at 
T  ≈ 400°C, corresponding to the degradation of the polymer network, occurred at the same temperature as for the pure HBP. This is contradictory to the results of Amerio et al.34, who found the degradation of the network to occur at higher temperatures for sol-gel composites with increasing silica content. They claimed that the polymer was protected by a layer of char, through which the oxygen could only penetrate by diffusion.   

 
Figure 7-16 Relative weight and derivatives as a function of temperature for sol-gel composites photo-polymerized at 50 mW/cm2 with different silica fractions th (vol% as indicated).   Figure 7-17 shows that the dynamic moduli E  for the sol-gel composites, with photo-polymerization done after condensation, were even higher than those of the HL composites. The modulus was proportional to th , as was observed for the particulate composites. The high modulus of the sol-gel composites strengthens the assumption that the inorganic phase was in the form of a fine 3-dimensional silica network that was able to immobilize the surrounding polymer more effectively than the well-dispersed discrete particles. The processing sequence only had a minor influence, with a small increase in E  the later the photo-polymerization was done (Figure 7-18).  
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Figure 7-17 Dynamic modulus E* for sol-gel composites photo-polymerized at 50 mW/cm2 as a function of silica fraction th. The solid line represents Equation 6.8, and the dotted line represents the fit of the model for the HL composites.  

 
Figure 7-18 Dynamic modulus E* for sol-gel composites photo-polymerized at 50 mW/cm2 after different condensation periods.  Figure 7-19 shows the glass transition temperature gT  determined from dynamic mechanical analysis in comparison with the particulate composites. At th  = 20% the gT  of the sol-gel composites was equal to 130°C, which was considerably higher than that of the HL composites (70°C).   
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Figure 7-19 Glass transition temperature Tg determined by DMA for sol-gel composites as a function of silica fraction th photo-polymerized at 50 mW/cm2. The dotted line is the trend of the HL composites.  

 
Figure 7-20 Endothermic heat flow as a function of time during heating at 10 K/min in the DSC for HBP and sol-gel composites at different silica volume fractions th.  The glass transition temperature could not be determined from calorimetric experiments, since no step in the heat capacity was observed (Figure 7-20). This is generally related to complete immobilization of the polymer matrix by the inorganic phase. Again, this supports the earlier assumption of the silica being in the form of a fine network structure with very high specific surface area. Correlating with the increased gT  and E , the coefficient of thermal expansion (CTE) as shown in Figure 7-21 was reduced by 46% at th  = 20% with respect to the pure HBP. The reduction was by a factor of 1.6 more than for the particulate composites at the same filler fraction. The strongly improved thermo-mechanical properties makes the sol-gel 
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composites highly interesting materials for the production of dimensionally stable nanostructures.    

 
Figure 7-21 Coefficient of thermal expansion for sol-gel composites photo-polymerized at 50 mW/cm2 as a function of silica fraction th. The solid line represents the fit with the Thomas model ( = 0.27), the dotted line is the fit of the model for the HL composites ( = 0.7).    Figure 7-22 shows the residual stress of the sol-gel composites where photo-polymerized was done after 45 and 240 min of condensation. Calculations were done with Inoue’s model, using the modulus values of the materials produced under the same conditions. If photo-polymerization was done before condensation, the internal stress could not be measured, due to cracking of the material.  It is evident that the stress doubled from th  = 0 to 5%, beyond which it remained constant. No difference was observed between photo-polymerization after 45 or 240 min. At th  > 5% considerably less stress developed for the sol-gel composites than for the particulate composites for a given amount of silica. As an example, at th  = 20% stress reduction was by a factor of 2.2 was measured with respect to the particulate composites.  The reason for this was presumable that after 45 min the condensation was presumably incomplete, i.e. the precursor was only partially transformed into SiO2. At that stage, the inorganic phase yet only showed reduced reinforcing effect, and the HBP was still swollen (i.e. plasticized) with liquid precursor. Therefore, polymerization shrinkage occurred in a less stiff material than was the case for the particulate composites, and shrinkage stress was able to relax. After photo-polymerization the condensation was completed, and only then the ultimate stiffness of the composite was built up. 
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Figure 7-22 Internal stress determined from beam bending experiments, using the model of Inoue, for sol-gel composites as a function of silica fraction th at 50 mW/cm2. The dotted line represents the linear fit for the HL composites.  After 45 min of condensation, the precursor was completely transformed into solid SiO2 and the byproducts were evaporated before the beginning of the photo-polymerization reaction. Therefore, similar reinforcing effect and stiffness could be expected for the sol-gel composites as for the particulate composites. The reason for the considerably reduced internal stress could therefore result from reduced polymerization shrinkage, which was not measured for these materials due to evaporation. As the silica was in the form of a fine inorganic network, shrinkage of the intertwined polymer was presumably restricted by the rigid inorganic network structure.   
7.5 SUMMARY 

Hybrid HBP/silica nanocomposites were prepared using a dual-cure process based on an in situ sol-gel method and photo-polymerization. The dual-cure process sequence was optimized to avoid premature cracking of the material due to excess evaporation. Comparison was done with nanocomposites prepared from mixing with a powder and the results are compiled in Table 7-4.  
 All thermo-mechanically relevant properties were improved with respect to the pure HBP, e.g., at 20% silica fraction the stiffness was increased by a factor of 3.5, the glass transition temperature was increased by 63°C and the coefficient of thermal expansion was reduced by 46%. The internal stress for sol-gel composites 
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at 20% silica fraction was a factor of 2.2 smaller compared to the particulate counterpart.   
 In view of the production of nanocomposite devices and in spite of much longer cycle times (4 h instead of 1 min for UV-curing only), due to the condensation step, the present low viscosity sol-gel composites offer improved processability, improved thermo-mechanical properties and lower internal stress compared to particulate composites. These properties resulted from a fine silica network that was able to immobilize the surrounding polymer in a more efficient way than the discrete particles.   
Table 7-4 Comparison of sol-gel composites and particulate composites with 20% silica fraction. Values were taken at room temperature, where applicable.  HBP + 20% silica    (Pa·s) E  (GPa) CTE (ppm/K)  gT  (°C) i  (MPa) Sol-gel 1.3·10-2 2.6 63 127 2.2 HL 2·105 1.7 84 69 4.9      
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8 NANOSTRUCTURING AND APPLICATION TO 

OPTICAL SENSORS 

Hyperbranched polymers exhibit a high dimensional stability when applied to the fabrication of microstructures,414,418 due to their low polymerization shrinkage and low internal stresses. The addition of nanoparticles further reduced the polymerization shrinkage. However, it considerably increased the internal stress level. Moreover, solid particles with size comparable to nanostructures are likely to compromise the structure themselves. The objective of this chapter was to evaluate UV-curable HBP nanocomposites for rapid and cost-effective fabrication of stable nanostructured devices with very high precision, based on either SiO2 nanoparticles or sol-gel processing. Nanogratings were produced using low-pressure UV-molding and the application of such nanogratings as wavelength-interrogated optical sensors1 (WIOS) was evaluated.   
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8.1 UV-NANOIMPRINT LITHOGRAPHY PROCEDURE 

Figure 8-1 sketches the nanoimprint lithography tool that was designed and built at the LTC. It consists of a 8 cm diameter cylindrical steel mold, equipped with a UV-transparent 3 cm thick quartz window. Pressure was applied using a pressure-controlled pneumatic movable stamp, to which the replication master was attached. Alignment accuracy was better than 0.02°.  

 
Figure 8-1 Schematic drawing of the UV-nanoimprint lithography tool.   The replication master was a dry etched glass grating (Figure 8-2) with a period of 360 ± 1 nm and a depth of 12 ± 1 nm. This particular grating structure is used in wavelength-interrogated optical sensors developed for immunoassay purposes, as described in the work of Cottier et al.47 The material to imprint was dispersed on the master and covered with a glass slide, the surface of which was treated with a methacrylsilane compound for better adhesion of the polymer material (see procedure in Chapter 3.2.10). Pressure was applied while the material was photo-polymerized through the quartz window. Approximately 12% of the UV light was absorbed through the glass carrier. The UV intensities reported in the following were measured underneath the glass carrier, i.e. on the sample surface. After polymerization the pressure was released and the master was removed from the imprinted material attached to the glass carrier. Due to the 25° clearance angle of the glass grating, no special surface treatment was needed to help demolding.  In order to quantify the influence of the processing parameters on the fidelity of the imprinted gratings, the step height as well as the top and bottom dimensions as indicated in Figure 8-3 were compared. Each dimension was averaged over 5 repeating elements. The profile was calculated over approximately 500 AFM scan lines (Figure 8-2).  
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Figure 8-2 (a) AFM surface plot and (b) averaged profile over approximately 500 scans of the glass master grating. The troughs in the corners of the master grating resulted from the dry etching step during the production process. The step height was measured between the dashed lines.   

 
Figure 8-3 Dimensions of the master grating and nomenclature of the dimensions of the imprinted grating.  
8.2 PROCESS INFLUENCES ON SHAPE FIDELITY OF HBP COMPOSITE 

NANOGRATINGS 

8.2.1 Photo-Cured Grating Data 

Figure 8-4 shows the averaged profiles of the photo-cured gratings for different UV illumination times t , UV light intensities I , pressures p and filler fractions  . It is evident that good replication fidelity was achieved whatever the process conditions. After only 3 s of illumination at 25 mW/cm2, or using a low intensity of 5 mW/cm2, a stable grating structure was observed after lift-off of the master (Figure 8-4a,b). Even at the minimum pressure of 1 bar the grating was imprinted with good quality (Figure 8-4c). The grating structure was also properly imprinted in the HL and AS composites up to the highest filler content (Figure 8-4d). In all cases, the grating period was preserved (Figure 8-5), even when the gratings were removed from the glass carrier. The grating fidelity was better 



 158

than 98% as calculated from the standard deviation of the period of the imprinted grating from that of the replication master.  

 
Figure 8-4 Averaged AFM profiles of HBP and nanocomposite gratings. Individual profiles are offset for legibility. (a) HBP gratings as a function of illumination time. I = 25 mW/cm2, p = 5 bar. (b) HBP gratings as a function of UV intensity. t = 600 s, p = 5 bar. (c) HBP + 5% SiO2 (HL) gratings as a function of pressure. I = 60 mW/cm2, t = 90 s. (d) HBP composite gratings as a function of HL filler fraction. I = 60 mW/cm2, t = 90 s.   A further insight into process influences on the shape fidelity is provided with the analysis of the grating geometry. Figure 8-6 shows the top and bottom dimensions as well as the step height for the same conditions as described above. When looking at the measured grating dimensions, it is evident that up to 10 s the step height remained constant within experimental scatter, and then decreased gradually (Figure 8-6a). The intensity did not influence the dimensions of the imprinted grating (Figure 8-6b). However, while the top and bottom dimensions correlated with the corresponding master dimensions, the step height was reduced by 4.3 ± 1.3% with respect to the master step height. Pressure levels ranging from 1 to 6 bar were applied to HBP nanocomposites 
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containing 5% SiO2. For both types of composite (HL and AS), the dimension of the bottom part was reduced and that of the top part was expanded with respect to the corresponding dimensions on the master. This interesting result is examined in the following section. Moreover, the step height of the imprinted grating was 9.4% smaller than the master step height (Figure 8-6c).  The bottom and top dimensions, as well as the step height, strongly depended on the amount of filler (Figure 8-6d). The same effect was observed for the thermal imprinting of composite resins.228 Similarly to the effect of pressure, the top part was expanding while the bottom part and the step height were reduced. The clearance angle of the grating did not systematically change and only varied within 6% of the clearance angle of the master grating. The “ears” on the grating edges became less sharp, but the surface finish of the gratings was not compromised by the presence of the silica. No difference was observed between HL and AS composites.  

 
Figure 8-5 Grating period as a function of pressure, UV illumination time, UV intensity and filler fraction. The line with the error bar represents the period of the replication master.   
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Figure 8-6 (a,b) HBP and (c,d) composite grating dimensions. Full symbols: HBP or HBP/HL composites; empty symbols: HBP/AS composites; circular symbols: top dimension; triangular symbols: bottom dimension; square symbols: step height. The dashed lines represent the dimensions of the replication master as labeled in the plot. (a) HBP grating dimensions as a function of illumination time. I = 25 mW/cm2, p = 5 bar. (b) HBP grating dimensions as a function of UV intensity. t = 600 s, p = 5 bar. (c) HBP + 5% SiO2 grating dimensions as a function of pressure. 
I = 60 mW/cm2, t = 90 s. (d) HBP composite grating dimensions as a function of filler fraction. 
I = 60 mW/cm2, t = 90 s.  It is remarkable, that at a pressure as low as 1 bar the grating structure was imprinted in nanocomposites containing up to 25% silica, despite the high viscosity that these materials exhibit. The period of the HBP nanocomposite gratings being equal to that of the replication master, this is a promising result for the production of polymer-based WIOS by nanoimprint lithography, because for good performance of the optical sensing devices, the period of the grating is the key parameter to control.419 However, shrinkage of the step height occurred especially at high filler loading, and an unexpected lateral expansion of the grating walls was observed. These two phenomena resulted from the dynamics of structure build-up during cure of the polymer confined in the grating structure, including gelation and internal stress, as discussed in the next section.   
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8.2.2 Discussion on Process-Structure Relations  

Gelation, being the transition between liquid and solid material, is an important parameter that determines the stability of the gratings. The gelpoint, as determined with photo-rheology (Chapter 5) from the crossover of storage and loss moduli, was found to occur at around 3 s for HBP at an intensity of 25 mW/cm2. At that point, the double-bond conversion reached 15% and the shear modulus was approximately 1 MPa, hence the stability of the imprinted HBP grating after only 3 s of illumination (Figure 8-4a). The influence of gelation on the step height shrinkage is analyzed in Figure 8-7. The linear shrinkage, calculated from the reduction of the step height with respect to the step height at 3 s, was delayed in time by a factor of about 10, compared with the linear shrinkage determined by interferometry on flat HBP films. As polymerization set in, the equilibrium volume of the HBP reduced. In the absence of external pressure, voids would have immediately developed in the pits of the master grating. However, under constant external pressure the viscous material continued to fill the grating cavities. Only once the material had gelled, plastic flow was no longer possible and further polymerization shrinkage led to the observed reduction of the step height. While the gelpoint determined using photo-rheology was around 3 s, gelation determined by kinetic analysis (Chapter 5) occurred at 5 s for the current system. The latter result corresponded well with the moment after which the step height started to shrink.   

 
Figure 8-7 Linear polymerization shrinkage as a function of illumination time and intensity (mW/cm2 as indicated) measured on HBP films (solid line) compared to the shrinkage as determined from the reduction in grating step height (squares and dotted line).  
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The average shrinkage of the fully polymerized gratings determined from the reduction in step height with respect to the master step height (4.3 ± 1.3%) was equal within experimental scatter to the linear shrinkage measured on flat films (4.6 ± 0.5%). The reason why the intensity did not influence the dimensions of the imprinted gratings was because the maximum conversion was independent of the UV intensity (Chapter 5).  A surprising result was the inversion of the bottom and top dimensions, which was evident when the pressure or the filler fraction was increased (Figure 8-6c,d). The sidewalls of the master were tilted by an angle of approximately 25°, the lateral dimensions of the grating were therefore a function of the step height, which in fact depended on the amount of silica in the composite. As an example, the step height of the imprinted grating containing 25% SiO2 was reduced by 12% with respect to the master grating. This should have increased the top part by 6 nm, however, the real increase was 49 nm. The fact that the silica reduced the step height (Figure 8-6d) was surprising as well, since it had been shown that the presence of an inorganic filler reduced the overall polymerization shrinkage (Chapter 6.1).  The deviation of the top and bottom dimensions of the imprinted grating from the master dimensions was due to internal stress effects. Polymerization shrinkage and simultaneous stiffness build-up are the reason for internal stress build-up in polymer materials. Even though the presence of silica reduced the amount of polymerization shrinkage, the internal stress increased linearly with the filler fraction (Chapter 6.3), due to the increased stiffness of the composites (Chapter 6.5). The internal stress measurements as shown in Chapter 6.3 were done on flat films that were constrained in two dimensions by the substrate, i.e. under plane stress conditions. In the case of gratings, the constraints were in three dimensions, i.e. under hydrostatic conditions, hence higher stress levels are expected.81,82 After lift-off of the master, the stress relaxation led to the observed deformation of the grating. Nanoparticles increased the stress within the grating structures, however, they did not compromise the surface quality, the reason for which was found to be a resin rich layer at the surface of the device (Figure 8-8). Deformation of the composite material under pressure led to exudation of the HBP phase, as often observed in case of compression molding of reinforced polymers in narrow geometries.420   
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Figure 8-8 Transmission electron micrographs of grating surfaces of HBP nanocomposites containing 5% SiO2 from (a) HL and (b) AS. A HBP resin rich layer at the surface of the grating is evident in both cases.   
8.2.3 Summary of Grating Formation Process 

To summarize, Figure 8-9 synthesizes a NIL process in the form of a 4-step sequence. In step 1 the composite paste was loaded on the replication master and upon application of pressure the material filled out the master grating cavities. At this stage, exudation of the polymer formed an approximately 100 nm HBP layer at the grating surface, thus ensuring a good surface quality. In step 2 the polymerization was initiated, shrinkage occurred in the entire volume of the composite, and the viscous material continued to fill the grating cavities under the constant applied pressure. In step 3 gelation occurred and plastic flow was no longer possible, thus further polymerization shrinkage led to reduction of the step height and internal stress started to build up. In step 4 the polymerization was completed and after release of the pressure the replicated grating was demolded and internal stresses could relax, resulting in the observed deformation of the grating structure.  

Figure 8-9 Schematic drawing the grating formation process during UV-NIL. 
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Considering that small changes in internal stress have a considerable influence on the geometry of a nano-pattern, the present low-stress HBP nanocomposites show immense advantage over commercial UV-curable acrylates, where the stress level goes up to 16 MPa78,85. In the standard photo-resist SU-8, stresses are around 20 MPa57 before and up to 75 MPa77 after post-exposure bake. A further advantage for the production of stable nano-patterns is the reduced CTE (Chapter 6.5) for better thermal stability.   
8.3 HYBRID SOL-GEL NANOGRATINGS  

The sol-gel gratings were produced in a similar way as the particulate composite gratings. That is, the HBP solution was placed on a glass carrier and the master was pressed onto the sample, then the sample was illuminated with UV light while the pressure was kept constant. As already discussed in connection with the internal stress measurements on sol-gel hybrids in Chapter 7, a critical parameter to control in sol-gel composite processing was the timing of the photo-polymerization reaction with respect to the condensation reaction: “UV first” (case (a)) systematically led to excessive deformation and cracking of the sample during condensation. Case (a) nanogratings could therefore not be analyzed and were unsuitable for the application to optical devices. “Condensation first” (case (b)) led to stable gratings, however with poor replication fidelity, as shown in Figure 8-10d. Another possibility that was explored was to perform the photo-polymerization reaction after a certain condensation time, and then continue the condensation to completion (case (c)). Total condensation time in all cases was 240 min. Figure 8-10 shows the averaged profiles of sol-gel composites prepared according to case (b) and case (c). The period was nearly preserved with a fidelity better than 95% (Figure 8-11). However, the step height progressively degraded and almost completely disappeared, when the condensation time before photo-polymerization increased.  
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Figure 8-10 Averaged AFM profiles of sol-gel nanocomposite gratings at theoretical silica fraction 
th = 25% with photo-polymerization done after different condensation periods. In all cases the total condensation time was 240 min. I = 50 mW/cm2, p = 6 bar, t = 300 s.  

  
Figure 8-11 Grating period as a function of condensation time before photo-polymerization at 
th = 25%, and as a function of theoretical filler fraction with photo-polymerization done after 45 min. The line with the error bar represents the period of the replication master. 
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Figure 8-12a shows the average step height measured from the same grating profiles. Again, it is obvious that the longer the initial condensation period, the smaller was the step height. The shape fidelity of the step height in case (b) was only 20%, giving an overall shape fidelity of about 19%. The reason for this was the high amount of silica that formed in the shape of a rigid 3-dimensional network and that could not be deformed with the maximum pressure of the NIL tool (6 bar).   

 
Figure 8-12 Grating dimensions for sol-gel nanocomposites as a function of (a) the length of the initial condensation period at silica fractions th = 25% and (b) at different silica fraction th with photo-polymerization done after 45 min of condensation. Circular symbols: top dimension; triangular symbols: bottom dimension; square symbols: step height. The total condensation time was 240 min. I = 50 mW/cm2, p = 6 bar, t = 300 s.  After 45 min of condensation the composite had already relaxed an important amount of evaporation shrinkage stress, but the silica network was still sufficiently soft to be imprinted by the replication master at 6 bar. Hence, the step height was 12 nm, which 
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was equal to the master step height. Figure 8-12b shows the top and bottom dimensions as well as the step height for sol-gel composite gratings with different silica fractions th , with photo-polymerization reaction performed after 45 min. It is evident that for th  ≥ 5% the top and bottom dimensions were constant, but deformed with respect to the master. Since the internal stress level was also constant for th  ≥ 5%, these results confirm that the grating distortion was indeed a function of the internal stress level in the material. The scatter in the step height was because different masters were used with differences in step height up to ± 1 nm.  
8.4 APPLICATION TO OPTICAL SENSORS 

8.4.1 Detection Principle 

The principle of wavelength-interrogated optical sensors is described in detail in the work of Wiki et al.1 and summarized in Figure 8-13. The label free sensor contains an optical nanograting, through which a light wave is coupled into a high refractive index waveguide layer, to form a sensitive optical resonator. The resonance condition at which coupling occurs is interrogated with a vertical cavity surface emitting laser (VCSEL) at wavelength   = 763 nm and tunable in the range of   = 2 nm. The resonant coupling condition r  is very sensitive to minute changes in the refractive index, caused by the interaction of the analytical targets with receptors immobilized on the chip surface. The sensitivity of the device depends primarily on the period of the nanograting, the reason for which dimensional stability of the grating material is indispensable.  

Figure 8-13 Label-free detection principle of the wavelength-interrogated optical sensor chip.  
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Figure 8-14 Cut through a dual period wavelength-interrogated optical sensor chip. The arrows indicate the path of the laser beam.  For the actual measurement, the input grating pad was illuminated through the transparent substrate with the tunable laser at a fixed angle in  (Figure 8-14). The guided mode was excited with maximum intensity, when the resonance condition r  was fulfilled. The light was then coupled out by the output grating and detected by a photodiode. The sensing of molecules is possible due to a shift in r . The detection accuracy of the WIOS is measured in g/m2, the reason for which larger (and heavier) molecules can be detected more easily. The detection limit of current WIOS devices is in the pg/mm2 range. Using standards, it is possible to probe molecules in liquids with concentrations as low as a few ppb.3   
8.4.2 HBP Composite WIOS 

The HBP-based WIOS device contained adjacent grating pads with different periods (360 and 409 nm), as shown in Figure 8-14. This particular grating was reproduced using a nickel master giving imprinted gratings with less distinct edges. This was presumably due to a more roundish shape of the master, which was reproduced from a negative master by electroplating. An example of a HBP grating profile made from the nickel master is shown in Figure 8-15.  Titanium oxide films421-423 of amorphous nature were deposited on the grated substrates by reactive DC magnetron sputtering in an argon/oxygen gas mixture and from a metallic titanium target (purity 99.99%). The thickness of the TiO2 layer varied only by 1 nm within one batch. The average thickness over different batches was 141 ± 3 nm. The refractive index of the HBP and the TiO2 layer at 763 nm was 1.486 and 2.03, respectively.   
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Figure 8-15 Profile of a HBP grating produced using a nickel shim master at 6 bar and 50 mW/cm2.   To further facilitate the processing of the sensor device, thick HBP blocks with the same nanograting imprinted on the surface were produced without the need of a glass carrier, using a square shaped (1.7 · 1.7 mm2) and 1 or 2 mm deep mold. The device thickness did not caused problems for polymerization, as might have been expected from the absorption of UV light, i.e. the blocks were polymerized through the entire thickness. Visual inspection showed that after demolding the samples were mechanically stable in the sense that they did not macroscopically deform. However, these samples were unsuitable for the use as optical sensors, since residual porosity in the HBP volume diffused the laser light and the coupling signal was not distinguishable from the scattered light.  As light transmittance was shown to be higher for the nanocomposites than for the HBP (Chapter 5), the composite samples were expected to show reduced light scatter effect. However, the increased viscosity of the nanocomposites prevented the elimination of air bubbles, on which the light was then scattered. With increasing thickness the device appeared milky, due to residual porosity, this being the reason for the scatter of the laser light. The scattering effect was indeed stronger for the 2 mm sample than for 1 mm sample. Therefore, the use of cheap laser-transparent glass or plastic carriers was more favorable for the production of HBP and HBP nanocomposite WIOS.  
8.4.3 Laser Coupling Test 

Preliminary coupling tests were performed on the HBP composite gratings with a HeNe-laser at fixed wavelength   = 632.8 nm and the coupling angle in  was recorded for transverse-electric (TE) and transverse-magnetic (TM) polarization. Coupling, as shown in Figure 8-16, was observed for all tested gratings, thus the functionality of the polymer-based gratings as a light coupler was proven. It was found that samples from the same TiO2 deposition batch had the same coupling angle, independent of the substrate 
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composition, which correlates with the grating period being independent of the composition. In contrast, the coupling angle was very sensitive to TiO2 thickness (Figure 8-17).   

 
Figure 8-16 Optical performance test with (a) no coupling of the laser light, and (b) laser light coupling in and out at adjacent grating pads with light guidance in between.   

 
Figure 8-17 Dependence of the coupling angle on the TiO2 layer thickness.   The functionality of WIOS chips based on TiO2 coated HBP and HBP/SiO2 gratings was tested in an adjustable WIOS set-up1. Therefore the sensor chip and laser were manually aligned to give the optimum signal. Figure 8-18 compares the resonant coupling signal of the tunable laser of the HBP and two HBP composites with that of the reference glass-based waveguide gratings. In all cases, the detected signal was strong, a proof that the HBP-based waveguide gratings had good optical properties in terms of coupling efficiency, waveguide propagation loss and grating reproducibility. The signal strength of the HBP sensor was basically the same as the standard high precision glass sensor, with only a small difference in peak height to full width half maximum (FWHM) value. The 
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signal strength of the composite sensors was, however, lower. The influence of the grating distortion shown in Figure 8-6 on the coupling efficiency was calculated to be less than 3%. It was thus concluded that the reduced laser signal was due to light scattering resulting from small air inclusions, entrapped during low-pressure processing of the highly viscous nanocomposite. Nevertheless, these devices were suitable for detection, since it is the position of the peak that determines the concentration of the analytical target.   

 
Figure 8-18 WIOS laser signal for the standard glass sensor (dashed line) and sensors made of HBP and composites containing 5 and 10% SiO2 (HL). The numbers in parentheses are the signal height divided by the FWHM and normalized with respect to the glass grating.   
8.5 IMMUNOASSAY 

For the actual immunoassay the surface of the optical grating was functionalized with mouse immunoglobulin type G (IgG, JacksonImmunoResearch). The surface was washed first for 30 min with 10 mM phosphate buffered saline (PBS, Sigma-Aldrich), a buffer solution at pH 7.4 that is commonly used in biological research. Then the chamber was flushed with 0.5 μg/ml mouse IgG for 15 min, and washed again for 10 min with PBS. To cover the free surface between the attached antibodies, the system was then flushed with 1% bovine serum albumin (BSA, Sigma-Aldrich) for 10 min and subsequently washed with PBS until the signal peak position r  was stable.  After functionalization the chamber was infiltrated with different concentrations in the range of 1 to 100 μg/ml of the secondary antibody anti-mouse IgG (JacksonImmuno-Research), which would attach to the primary antibody mouse IgG immobilized on the 
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grating surface. The response signal of the HBP-based sensor and the reference glass-based sensor are compared in Figure 8-19. The curves are shifted for legibility. Interestingly, the novel HBP-based sensor gave the same response signal as the glass sensor. Based on this result, a detection sensitivity as high as ppb, which is relevant for the detection of liquid food contaminants, was demonstrated for the polymer-based sensor.  

 
Figure 8-19 Detection test of anti-mouse IgG at different concentrations (μg/ml as indicated) for a HBP-based sensor (solid line) and the reference glass-based sensor (dashed line). The sensors were previously functionalized with mouse IgG.  
8.6 SUMMARY 

Nano-sized gratings were produced from UV-curable acrylated HBP nanocomposites and sol-gel hybrids with up to 25% silica by nanoimprint lithography, and these gratings were used in optical sensors.  
 A pressure as low as 1 bar and short process time of 3 s were sufficient to imprint a stable grating into the high viscosity particulate composite material. The period of the composite gratings was within 98% for the particulate composites and within 95% for the sol-gel hybrids with respect to the master period.  
 Lateral distortion of the grating dimensions increased with the amount of silica, due to relaxation of stress, which built up after gelation and which was higher for the nanocomposites with high filler fraction.  
 The laser coupling quality of WIOS devices based on HBP gratings coated with a high refractive index TiO2 layer was found to be the same as the standard glass WIOS. An 
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immunoassay test with anti-mouse IgG proved an equivalent response signal of the HBP-based sensor and the glass-based sensor. Therefore the HBP-based WIOS represents a viable low-cost alternative to glass devices for label-free detection with very high sensitivity (a few ppb). 
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9 CONCLUSIONS 

9.1 SUMMARY OF THE RESULTS 

In the course of this thesis, UV-curable acrylated hyperbranched polymer nanocomposites were investigated in terms of suspension rheology, polymerization kinetics, shrinkage and internal stress, and their application for nanostructured optical devices. Two different processing routes (mixing with nanoparticles versus sol-gel processing with a liquid precursor), leading to different composite microstructures, were explored. Particular attention was paid to the influence of material variables, such as particle surface chemistry and concentration, and to process parameters, such as UV intensity and pressure. Solvent-assisted mixing of the hyperbranched polymer with a SiO2 nanopowder produced true nanocomposites, in which nanoparticles of 13 nm diameter (Highlink composites, HL) were monodispersed in the matrix. With the same method also composites containing agglomerates (Aerosil composites, AS), with a broad size distribution up to the micrometer range, were obtained. The in situ sol-gel route produced 
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a composite with a network-like silica phase, forming a very homogeneous structure at the nanometer scale. With the sol-gel route, the viscosity increase (which typically compromises nanocomposite processing) was overcome, since the low-viscosity precursor reduced the overall viscosity of the composite.  By contrast, the high specific surface area of the particulate composites (HL and AS) led to huge increases in the viscosity of the composite material, far beyond the prediction of classic models for concentrated suspensions of hard spheres. This phenomenon was attributed to a polymer layer immobilized on the particle surface. The existence of such a layer was confirmed by a liquid-to-solid transition that was visible in three different rheological aspects, i.e., in the tan( ), in the activation energy as well as in the yield stress behavior. The liquid-to-solid transition occurred in the range of 5-10 vol% for the HL and in the range of 20-25% for AS composites. The thickness of the immobilized layer was calculated to be around 7.5 nm on the HL particles and between 2 and 5 nm on the AS particles.  The existence of an immobilized HBP layer around the particles was also investigated via calorimetry in terms of heat capacity changes at the glass transition. By this method, the immobilized layer thickness was calculated to be just below 2 nm. In the case of the HL suspensions, untreated silica interacted via H-bonding with the HBP matrix, thereby partially immobilizing the first HBP molecular layer around the particles. For the AS suspensions, the immobilized layer corresponded roughly to the length of the methacrylsilane molecules used for the surface treatment.  A new model that included the confined polymer layer at the particle surface was developed. It predicted an exponential increase of the viscosity as a function of filler fraction. For the first time, the relevance of exponential scaling for HBP nanocomposite suspensions was demonstrated. The model is specifically for concentrated suspensions of particles with a shell of crosslinked molecules that are strongly bonded to the particle surface, so that they stay attached and show elastomer type deformation when the suspensions is sheared.  The photo-conversion behavior of all composites was analyzed using an autocatalytic model. With this model the influence of the composition and the UV intensity on the photo-polymerization behavior could be reduced to one single parameter, i.e., the rate constant. The reaction rate and ultimate conversion were found to be lower for the particulate composites with respect to the pure polymer, the reason for this being the 
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early gelation due to increased viscosity. The photo-polymerization of the sol-gel hybrids showed a higher conversion rate and ultimate conversion at low precursor level, due to the increased mobility of the reacting species in the low-viscosity mixture. At high precursor level, the conversion rate was considerably slowed down, and the ultimate conversion became intensity-dependent. This observation was attributed to an over-dilution of the HBP and possibly to evaporation effects. A time-intensity superposition model was elaborated and tested with the HBP and the nanocomposites. The shift factors showed power-law dependence on the UV intensity with exponents equal to 0.7, independent of the SiO2 content. It was demonstrated that this value corresponded to that of the power-law exponent of the intensity-dependence of the reaction rate (0.6-0.8). The present work also demonstrated that the radiation dose equivalence principle was not applicable for the photo-polymerization of compounds, in which bimolecular or primary radical termination was predominant.  Photo-rheological experiments allowed for the measurement of the shear modulus 
G  and the occurrence of gelation from tan( ). The results of photo-calorimetric and photo-rheological studies were analyzed in the form of time-intensity-transformation diagrams, which clearly revealed a markedly different influence of the UV intensity on conversion and gelation. Curing at low UV intensity shifted the point of gelation to higher conversions. Hence, low UV intensities delayed the formation of a rigid network and prolonged the existence of microgels, during which conversion proceeded in a macroscopically liquid material, so that no shrinkage stress was built up. This delay in macroscopic gelation was the main factor for the low-stress behavior of HBP.   In the case of particulate composites, a 33% shrinkage reduction to 3% linear shrinkage was achieved with 20 vol% filler loading combined with an intensity increase from 12 to 50 mW/cm2. By contrast, the internal stress linearly increased with the filler loading from 1.5 MPa for the pure HBP to 5 MPa for 20 vol% SiO2, which was attributed to the increased stiffness of the composite material. The intensity did not influence the internal stress level. Nevertheless, the stress was a factor of 2 to 3 lower than in standard non-filled acrylic resins. Microscopic surface wrinkling phenomena, as the result of stress relaxation, were not observed whatever the polymerization condition, such as gas atmosphere and coating thickness. The surface roughness was on a nanometer scale and only marginally dependent on the UV intensity, if polymerization was performed first in air and then in an 
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inert gas atmosphere. Using this two-step polymerization protocol in combination with low UV intensities, it was possible to reduce the level of internal stress to 0.7 MPa for the pure HBP. In the case of sol-gel composites, all thermo-mechanically relevant properties were improved with respect to the pure HBP. At 20 vol% silica fraction, for example, the stiffness was increased by a factor of 3.5, the glass transition temperature was increased by 63°C, and the coefficient of thermal expansion was reduced by 45%. In all cases, the improvement was larger than for the particulate composites. This result suggests that the 3-dimensional inorganic network was able to immobilize the surrounding polymer in a more efficient way than the discrete particles. Moreover, the internal stress of the sol-gel composites at 20 vol% silica fraction was measured to be half of the one of their particulate counterparts.    Nano-sized gratings with a period of 360 nm and a step height of 12 nm were produced from the UV-curable acrylated HBP nanocomposites and sol-gel hybrids with up to 25 vol% silica by nanoimprint lithography in a rapid, low-pressure process using a glass master. A pressure as low as 1 bar and short process time of 3 s were sufficient to imprint a stable grating into the high-viscosity particulate composite material. The obtained gratings displayed a shape fidelity in terms of grating period better than 98%. Despite polymerization shrinkage, the step height remained constant until gelation, due to the viscous flow of the material under the applied pressure. After gelation, the step height was reduced over time until full conversion was achieved. The lateral dimensions of the grating expanded as a result of relaxation of the stress that built up after gelation. The expansion effect increased with the amount of particulate filler in the HBP up to 33% expansion for 20 vol% SiO2, which was correlated with the increased level of internal stress in the nanocomposites. For the sol-gel composites, the expansion was 31% independent of the silica fraction, a result of a constant internal stress for these composites in the investigated silica fraction range. Pressure and UV light intensity did not influence the grating dimensions, provided that the maximum acrylate conversion was achieved. The surface quality of the grating was not compromised by the presence of the silica particles, due to the exudation of a surface layer rich in HBP resin. The functionality of the nanogratings for light coupling was tested by incorporating them a wavelength-interrogated optical sensor. The laser coupling quality of this WIOS device, based on HBP gratings coated with a high refractive index TiO2 layer, was found to 
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be the same as that of a standard glass-based WIOS. The presence of silica particles reduced the signal strength, due to propagation loss resulting from residual process porosity. Immunoassay tests with anti-mouse immunoglobulin type G (IgG) using a mouse IgG functionalized device proved an equivalent response signal of the HBP-based sensor and the glass-based sensor, with a detection limit in the ppb range.  
9.2 MAIN ACHIEVEMENTS 

The present work improved the understanding of the process-structure-property relations in UV-curable HBP nanocomposites. The results allowed to generate new materials with a unique combination of properties (improved thermo-mechanical properties, reduced shrinkage and internal stresses as low as 1 MPa).  Two new scaling relations were established to predict the behavior of nanocomposite suspensions during photo-polymerization and during shear deformation. Firstly, a time-intensity superposition principle was demonstrated with power-law dependence of the shift factor on the intensity, which invalidated the radiation dose equivalence principle for those materials. Secondly, exponential scaling of the viscosity with the filler fraction was found and attributed to an immobilized layer of crosslinked polymer on the surface of the particles. The goal of this thesis was also to apply low-stress UV-curable hyperbranched polymer nanocomposites to the production of dimensionally stable, high-precision nanostructures. A proof of concept was demonstrated by integrating the produced nanogratings into optical sensors for the label-free detection of biomolecules. The novel polymer-based sensors showed excellent performance, with a sensitivity in the ppb range, equivalent to that of the standard ultrasensitive glass-based sensor.  The cost reduction achieved by the HBP-based material with respect to glass-based device nanostructures should be considerable if time, material cost, and reduced master wear due to low pressure imprinting, are considered. In conclusion, the HBP-based optical sensor represents a viable low-cost alternative to glass-based devices.   
9.3 OUTLOOK 

The reason for the very high viscosity of the nanocomposites was identified to be the large volume fraction of polymer immobilized on the inorganic particles. The influence of 
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the surface chemistry on this volume fraction was already explored by utilizing powders of different surface chemistry and dispersion. However, the experimental model should be further validated by identifying the respective influences of interface interactions and dispersion.  The sol-gel hybrids proved to be a valuable alternative to the particulate nanocomposites for the production of nanostructures. However, the condensation step was not investigated in terms of kinetics and activation energy, and needs further optimization for evaporation control. Mass spectrometry could give valuable information about the evaporation kinetics and the evaporating products.  The production of polymer-based WIOS includes the deposition of a high refractive index layer. This production step is still expensive and time-consuming, and it leads to internal stresses in the materials. This processing step may be avoided by the use of composite formulation with a through-thickness gradient in particle density, leading to a gradient in optical and mechanical properties.  Even though the polymer-based WIOS device showed the same performance in the detection of antibodies at different concentrations as the glass-based sensor, the ultimate detection limit of the devices has not yet been quantitatively determined. According to tests performed with the standard glass-based sensors, values in the ppb range are expected. Furthermore, the nanostructure of the WIOS device was reproduced with the HBP composites with very high replication fidelity. The WIOS structure is, however, rather shallow. However, high aspect ratio structures are required for example for the production of stencils424 or photonic integrated circuits425. It would thus be interesting to see which aspect ratios can be achieved with the HBP composites and using nanoimprint lithography.    
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APPENDIX A – LIST OF SYMBOLS AND ACRONYMS 

SYMBOLS 

symbol unit description 

a m thickness of immobilized polymer layer 
0a  – parameter 
Ia  – time-intensity-shift factor 
MHa  – Mark Houwink exponent 

A – parameter ][AG  mol/g acrylate group concentration 
b – intensity exponent of the time-intensity-shift factor 

1B  – constant (1.062) 
c  – parameter 

HBPp,C  J/(K·g) reversing heat capacity of the HBP phase 
HBPp,C  J/(K·g) reversing heat capacity change at gT  of the HBP fraction 0 HBPp,C  J/(K·g) reversing heat capacity change at gT  of the pure HBP 

sp,C  J/(K·g) reversing heat capacity of the sample 
sp,C  J/(K·g) reversing heat capacity change at gT  of the sample 

2SiOp,C  J/(K·g) reversing heat capacity of the SiO2 phase 
d  m mean free space between nearest neighbor particles 

BD  – or % degree of branching 
e  – Euler’s constant (≈2.718) 
E  Pa tensile modulus of the composite 

E  Pa complex tensile modulus 'E  Pa tensile storage modulus ''E  Pa tensile loss modulus 
AE  J/mol activation energy 
cE  Pa tensile modulus of the coating 
fE  Pa tensile modulus of the filler 
mE  Pa tensile modulus of the matrix 
sE  Pa tensile modulus of the substrate 

f  – parameter 
g  m deflection 
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G  Pa complex shear modulus 'G  Pa elastic shear modulus ''G  Pa viscous shear modulus 
mG  Pa shear modulus of the matrix 
0G  Pa limiting shear modulus as 0  
1.0G  Pa shear modulus at   = 0.1 rad/s 
ch  m thickness of the coating 

ch  m difference in coating thickness between maxima and minima 
fic,h  m final coating thickness 

sh  m thickness of the substrate 
AGH  J/mol energy of acrylate double bond 

HBPH  J/g heat of polymerization of the HBP fraction 
rH  J/(K·g) enthalpy relaxation strength 

totalH  J/g total heat of polymerization  
1H  m distance between nearest neighbor particle cores 

100%H  J/g theoretical heat for 100% conversion 
i  – parameter 
I  W/m2 light intensity 

0I  W/m2 incident light intensity 
k  s-1 reaction rate 

Bk  J/K Boltzmann constant (1,380650424 · 10−23) 
0k  – parameter  

K  – parameter 
1K  – constant (0.554) 
cK  Pa bulk modulus of the composite 
fK  Pa bulk modulus of the filler 
mK  Pa bulk modulus of the matrix 

L m distance between bearings 
m – autocatalytic exponent 

HBPm  g mass of the HBP 
sm  g mass of the sample 

2SiOm  g mass of the silica 
M  g/mol molecular weight 

nM  g/mol number average molecular weight 
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wM  g/mol mass average molecular weight 
n  – reaction order 

cn  – refractive index of the coating 
mn  – refractive index of the material 

N  – number of crosslinks 
DN  – number of dendritic units 
LN  – number of linear units 
MMN  – number of maxima and minima of the interferometer curve 
TN  – number of terminal units 

p Pa pressure 
Pe  – Péclet number 

critPe  – critical Péclet number ][PI  mol/L photoinitiator concentration 
q  – ratio of coating and substrate thickness ( sc /hh ) 

iQ  – condensation level of the silica atom 
r  m radius of curvature or radius of the particle 

aR  m average surface roughness 
S  m2/g specific surface 

compS  – or % linear shrinkage of the composite 
HBPS  – or % linear shrinkage of the HBP 
LS  – or % linear shrinkage 
VS  – or % volumetric shrinkage 

t  s time 
T  °C or K temperature 

gT  °C or K glass transition temperature 
rT  – transmittance coefficient 

u  – ratio of coating and substrate moduli ( sc EE / ) 
V  m3 volume 

fV  – volume fraction of the filler 
mV  –  volume fraction of the matrix 

x – parameter 
z  m depth 
  – or % conversion 

comp  – or % conversion of the composite 
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HBP  – or % conversion of the HBP 
max  – or % maximum conversion 
max'  – maximum conversion rate 
r  – relative conversion ( maxr / ) 

  – intensity exponent of the rate constant 
crit  s-1 critical shear rate 
0  – or % strain amplitude 
 – parameter 
  rad phase angle between loss and storage moduli 

t  L/(mol·m) molar extinction coefficient 
  Pa·s suspension viscosity ][  – intrinsic viscosity 
  Pa·s complex viscosity 
HBP  Pa·s viscosity of the HBP 
m  Pa·s viscosity of the matrix 

r  Pa·s relative viscosity ( HBP ) 

   Pa·s limiting viscosity as   
100  Pa·s viscosity at   = 100 rad/s 
in  rad input angle 
out  rad output angle 
  – parameter 
m  – extinction index of the material 
 m wavelength 

r  m resonant wavelength 
  – Poisson ratio 
  – constant (≈3.14) 
  g/m3 density 

i  N/m internal stress 
  Pa stress 
  – parameter 
  vol% filler fraction 
  vol% maximum packing fraction 
agg  vol% silica fraction in the agglomerates 
c  vol% geometric percolation threshold 
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cp  vol% maximum packing fraction for close-packed spheres 
eff  vol% effective filler fraction 
imm  vol% immobilized polymer fraction 
rcp  vol% maximum packing fraction for random close-packed spheres 
th  vol% theoretical filler fraction in sol-gel composites 

c  K-1 coefficient of thermal expansion of the composite 
f  K-1  coefficient of thermal expansion of the filler 
m  K-1  coefficient of thermal expansion of the matrix 

  rad/s angular frequency 
  – parameter 
  – or % silica condensation state  
ACRONYMS 

AS  Aerosil AFM  atomic force microscopy BSA  bovine serum albumin CTE  coefficient of thermal expansion DPHA  dipenthaerythritol hexaacrylate DMA  dynamic mechanical analysis DSC  differential scanning calorimetry DP  degree of polymerization F  function HBP  hyperbranched polymer HL  Highlink IgG  immunoglobulin type G MDSC  modulated differential scanning calorimetry MEMO  methacryloxy(propyl)trimethoxysilane NIL  nanoimprint lithography NMR  nuclear magnetic resonance PBS  phosphate buffered saline PI  photoinitiator TEOS  tetraethyl orthosilicate TEM  transmission electron microscopy 
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TGA  thermo-gravimetric analysis TMA  thermo-mechanical analysis UV  ultra violet  
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APPENDIX B – MDSC PROTOCOL 

The optimum experimental conditions in terms of scan rate, modulation amplitude and period were established with the pure HBP and with a 25% HL suspension. The principle of the modulated DSC is to superpose an oscillating sinusoidal temperature variation to the conventional DSC heating ramp. Theoretical description of this technique can be found elsewhere.426,427 The advantages of the MDSC are a high sensitivity to small transitions and the measurement of the heat capacity, which can be separated into reversing and non-reversing phenomena in one single measurement. Numerical simulations demonstrated that the choice of modulation parameters, such as heating/cooling rate and the oscillation period, is critical to obtain exploitable results. The glass transition temperature gT  was found to depend on the modulation period and cooling rate.428-431 The step in the heat capacity at gT , which corresponds to the glass relaxation, strongly depends on the modulation period, but less on the scan rate.432 Therefore, long periods and slow scan rates are advised to obtain good estimates of the heat capacity step at gT  and the enthalpic relaxation.  The study in Chapter 5 focused on the reversing heat capacity curves sp,C . Slow scan rates (< 5 °C/min) were used for minimum baseline steepness and to obtain high oscillation amplitudes. According to TA instrument, a minimum of 4 to 5 complete oscillations must take place during the transition at gT . Figure B-1 shows the reversing heat capacity curves of HBP and the composite containing 25% HL, obtained with a period of 100 s, an amplitude of ±1°C and scan rates of 1, 2 and 5 °C/min. At higher scan rate, the curves were shifted towards higher temperatures and the reversing heat capacity steps 
sp,C  at gT  decreased. The same trend was observed in other studies.431,432 Figure B-2 shows the scans for the same materials obtained at a scan rate of 1 °C/min, amplitude of ±1°C and oscillation periods between 60 and 120 s. With increasing oscillation period, the reversing heat capacity curves were shifted towards lower temperature and the sp,C  at gT  strongly increased. This trend was also observed in other studies.428-432 The oscillation amplitude was varied between ±0.5 and ±1°C, and did not lead to significantly different results.  The curves for the HL composites in Figure B-1 and B-2 were not normalized with respect to the HBP mass, because only qualitative information was required.   
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Figure B-1 Effect of heating rate on the reversing heat capacity of pure HBP suspensions (empty symbols) and on HL composites with 25% filler fraction (full symbols).  

 
Figure B-2 Effect of modulation period on the reversing heat capacity of pure HBP suspensions (empty symbols) and on HL composites with 25% filler fraction (full symbols).   If parameters were chosen to allow coexistence of heating and cooling ramps (i.e., derivative of the modulated temperature as a function of time could be negative), no significantly different results were obtained than if only positive derivatives were chosen (“heat only” option on DSC adjusted the parameters automatically for this purpose). Based on this preliminary study, the following parameters were chosen:  

 Scan rate: 1 °C/min. This ensured 7 complete oscillations to take place during the glass transition 
 Oscillation period: 120 s  
 Oscillation amplitude of ±1°C  
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The suspensions were in an equilibrium state at room temperature and before the measurement they had to be cooled down to –90°C. According to McKenna et al. it is important that the cooling rate above the glass transition is smaller or equal to the heating rate to obtain good estimates of the enthalpic relaxation (from the integration of the non-reversing heat capacity peak)433,434. Therefore, the cooling rate was set equal to the heating rate (1 °C/min). Annealing the material for 3 h did not significantly increase the enthalpic relaxation peak intensity, hence, the subsequent measurements were performed without annealing. 
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