
ABSTRACT 

TILLY, JOSEPH. Thermal and Photo-initiated Crosslinking of Network Polymers and Their 

Ultimate Film Properties (Under the direction of Dr. Saad A. Khan and Dr. Richard J. Spontak). 

 

Network polymers are an interesting and diverse class of materials that have found 

applications in a number of different areas, from coatings to optical materials to bulky structural 

parts. These materials are typically formed through a process known as crosslinking, whereby at 

least one species within the material is able to interact with the other species (or itself) to form a 

three-dimensional network structure. This crosslinking process is typically initiated by exposure 

to heat or another type of radiation, such as ultraviolet radiation. Crosslinks can be reversible, 

although they are often irreversible. These systems can be filled or unfilled, and the ultimate 

properties of the network depend on the physical and chemical properties of the starting 

materials. The vast library of available chemical species from which network polymers can be 

formed allows for numerous potential applications of this class of materials, and understanding 

the aspects of network formation and ultimate network properties of a network is important when 

designing and considering a material for a specific application. Herein, we examine two different 

classes of materials; a thermosetting system with varied polymer backbone chemistry and its role 

on crosslinking and ultimate film thermomechanical properties, and a UV-crosslinkable system 

with and without fillers, in which we probe the effect of filler type and loading on the evolution 

of a network microstructure and some of the resulting film properties of the nanocomposite 

network. 

Dynamic rheology and variable temperature Fourier-transform infrared spectroscopy are 

employed in order to elucidate the role of secondary hydroxyl content on the crosslinking 

behavior of a series of polyester polyol resins reacting with a polymerized aliphatic isocyanate in 

the presence of a tin catalyst and solvent at four different temperatures. We find that increasing 



the level of secondary hydroxyl content not only increases the time required to achieve a 

crossover in the dynamic moduli, or the sol-gel transition, but it also increases the degree of 

chemical conversion required to achieve this transition. The apparent activation energies of 

gelation and average kinetic activation energies up to the crossover are in good agreement, 

confirming that the crosslinking reaction is indeed playing a critical role in microstructure 

evolution. The critical extents of conversion are compared with classical theories and are found 

to deviate substantially at high contents of secondary hydroxyls. A qualitative model is proposed 

which agrees with findings previously reported in the literature.  

The same systems are then cured at two temperatures relevant to the automotive coatings 

industry and a suite of characterization techniques are utilized to determine the effect of 

polyester backbone composition on the films’ ultimate thermomechanical and free volume 

properties. We find that the glass transition temperatures can be tailored by changing the diol 

content of the polyesters, along with the bulk and surface mechanical properties. 

Nanoindentation experiments show a strong dependence on backbone chemistry and cure 

condition on surface mechanical properties, and a phenomenon known as “pile-up” is observed. 

The sub-nanometer free volume of these films is also explored and is found to increase by ~9% 

as the chemical makeup of the polyester backbone is altered.  

Finally, the UV-crosslinking behavior and ultimate film properties of a low molecular 

weight poly(dimethyl siloxane) with and without reactive and passive zirconia nanoparticle 

fillers is examined as a function of filler type and loading, as well as UV irradiation strength. We 

find that increasing filler content up to 85 wt% of solids increases the time required to achieve 

the sol-gel transition, and the type and loading of filler alters the ultimate film optical properties. 
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CHAPTER 1: INTRODUCTION 

1.1. Fundamentals of Polymers 

The term “polymer” refers to a large molecule consisting of many repeat units, or monomers, 

in a chain. These repeat units can all be the same, creating homopolymers, or can be a mixture of 

different constituents, creating copolymers. Copolymers can have the various substituents 

randomly distributed along the backbone, they can blocky (i.e. different statistical compositions 

at different points along the backbone), or they can have more complex architectures, such as 

grafted, dendritic or star polymers.  Post-polymerization, these materials have vastly different 

properties from their monomeric constituents, opening up a host of new potential applications. 

These polymers can be crystalline, semi-crystalline or amorphous, and each type of polymer has 

unique properties that make it suited for different applications. 

Polymers are ubiquitous in our everyday lives, from rubber to paint to grocery bags, and are also 

present in nature, such as cellulose in biomass. These types of materials also find uses within 

more advanced stimuli-responsive applications, such as sensing
1
 and electroactive materials

2
. 

Synthetic polymers are a subset of polymers that are deliberately created, and have wide-

ranging properties that are dependent upon the chemistry of the monomers and the size and 

architecture of the chains. Synthetic polymers can be further subdivided into two categories; 

thermoplastics and thermosets, or more generally network polymers. Thermoplastics are 

polymers that can be re-shaped by heating above their melting point or glass transition 

temperature, whereas thermosets are irreversibly cross-linked to form an infusible polymer 

network. As a more general rule, network polymers can be formed with reversible crosslinks,
3
 

however these are beyond the scope of this dissertation. Both thermoplastic and network 

polymers have a plethora of uses; for instance, thermoplastics are often used in bulky parts and 



   

2 

 

membranes, and network polymers often find uses in applications such as coatings, where a 

dense network structure is required for mechanical integrity and barrier properties. Some 

network polymers, such as poly(dimethylsiloxane) also find applications in materials known as 

elastomers, which are able to achieve very high strains and regain their original microstructure 

upon return to an unstrained state. 

The properties of polymers may be altered or enhanced by introducing additional species 

into the network. Previous works have looked at the effect of high-modulus fillers in polymer 

systems.
4
 These fillers can be carbonaceous nanomaterials,

5
 organic nanomaterials such as 

nanocellulose,
6
 or inorganic molecules or nano/microstructures.

7
 There is also significant 

previous work investigating larger-scale fillers, such as glass fibers, in polymeric matrices for 

enhanced mechanical performance.
8
 By including fillers in a polymeric system, it is possible to 

enhance the material’s thermal, barrier or mechanical properties or even introduce new 

functionality into the system. The compatibility of the filler with the polymer matrix, as well as 

its dispersion throughout the matrix, both play an important role in how the composite material 

functions.
9
 The architecture of the polymer (length of chain, thermoplastic vs. network) can also 

play a role in how well the material is incorporated within the system. The discussions contained 

within this dissertation will focus primarily on network polymers, with and without fillers. 

1.2. Network Polymers – Synthesis and Applications 

Under the proper reaction conditions, monomers and polymers can both undergo network 

formation via crosslinking reaction. Most crosslinking reactions require at least one multi-

functional species (n > 2), sometimes referred to as a crosslinking agent, in order to achieve a 

percolated three-dimensional network structure. These cross-linking reactions have been heavily 

studied in the past, both experimentally and computationally, for reactive systems containing a 
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number of different functionalities and average degrees of functionality.
10–14

 Crosslinking 

reactions can be achieved in a few different ways: they can be thermally-induced (via addition of 

heat, i.e. epoxides or alcohol-isocyanate reactions)
15

, or they can be induced by some sort of 

radiation, such as ultraviolet radiation (i.e. thiol-ene “click” chemistry or acrylates).
16,17

 Many of 

these reactions require a catalyst of sorts, or in the case of UV-crosslinking a photoinitiator to 

accelerate the reaction process.  These catalysts can take many different forms, although two 

common catalysts are dibutyltin dilaurate for the thermally crosslinked isocyanate-alcohol 

reaction
18

, and 2,2-dimethoxy-2-phenylacetophenone. (DMPA), for UV radiation-induced 

crosslinking
19

. Of course there are other “catalyst” choices for different chemistries, however 

these are the two that are utilized extensively throughout this body of work. 

Network polymers find applications in a number of different areas, from coatings
20,21

 and 

elastomeric parts
22

 to adhesives
23

 and optical devices
24

. Recently, network polymers have 

garnered significant research interests in 3D printing
25

, self-healing materials
26

 and biomedical 

applications.
27

 What makes this class of materials attractive for these applications is their 

infusible network, ability to be swollen in solvent and their highly tailorable physical and 

chemical properties based on materials selection. For instance, epoxy-based networks tend to 

form materials with good protective properties and find uses in coatings applications, but tend to 

have far too high moduli to be used in soft robotics.
28

 Poly(dimethyl siloxane)-based networks, 

on the other hand, tend to be softer and have excellent oxygen permeability which makes them 

good candidates for materials such as soft contact lenses, but not necessarily for protective 

coatings, where a high modulus is desired.
29

 

The diversity in polymer network building blocks brings us to an important point: it is 

imperative that materials be designed specifically for the application in which they are intended 
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for use. It does not make sense using a soft, rubbery material as a protective coating for the body 

of a car that must endure physical abrasion, and it does not make sense to design a soft robot 

based upon a material that is too rigid for deformation under minor stressors that are favorable to 

soft robotics applications. When designing a material for an end-use application, it is important 

to not only consider the final properties of the material, but also how the material achieves its 

final form. In the following section, a few different techniques for monitoring cross-linking will 

be described in the next section, as well as some popular techniques used to interrogate the final 

properties of a polymer network. 

1.3. Characterizing Polymeric Systems 

1.3.1. Crosslinking Behavior – Theory and Experiment 

A number of theories exist which seek to describe polymer network formation, or 

gelation, in systems involving at least one species with an average functionality of n > 2. The 

first of these theories to gain popularity originated with Carothers’ description of 

stoichiometrically balanced condensation polymers.
30

 This work defined the extent of conversion 

p as 1/(1-x), where x is the degree of polymerization. In order to pinpoint the extent of 

conversion required to achieve a polymer of infinite molecular weight (gelation), the expression 

for p becomes 2/f, where f is the average functionality of the system. For systems containing only 

bifunctional reactants, the extent of conversion where the molecular weight would become 

infinite is 1, which is not physically possible to achieve; therefore, gelation will not occur within 

a system containing only bifunctional reactants. As the average functionality of the system 

increases, the critical extent for conversion decreases. Pinner expanded the definition of average 

functionality to systems that contain nonstoichiometric amounts of reactants, allowing the theory 

to be extended to these systems.
31

 Flory and Stockmayer further expanded upon this theory with 
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a statistical treatment that included those systems with stoichiometric and nonstoichiometric 

amounts of reactants.
32,33

 Both of these classical theories are still in use today, and a number of 

new theories have emerged as well to describe crosslinking behavior in systems that do not 

necessarily adhere to either of the theories of Carothers or Flory and Stockmayer, such as the one 

posited by Miller and Macosko.
34

 While the theoretical treatment of network formation within 

polymeric systems can provide an expectation of how crosslinking will occur, it is still necessary 

to measure the phenomenon experimentally in order to validate the theories. 

There exist different techniques that can be used to monitor the cross-linking of a 

polymeric system. One such technique is differential scanning calorimetry, through which the 

heat generated (exothermic reaction) or consumed (endothermic reaction) throughout a reaction 

is monitored. This technique can be used for both thermally and UV-induced cross-linking 

reactions, and the heats of reactions are generally used to fit data to empirical models.
35,36

 This 

technique is widely used, however it does not provide any explicit information regarding the 

chemical kinetics or the microstructural build-up as the reaction proceeds. Another technique 

that widely used is Fourier-transform infrared spectroscopy (FTIR). By using FTIR, it is possible 

to follow a reaction’s progress by monitoring the consumption or generation of chemical species 

by observing the chemical bonds within the system.
18,37

 This technique is used for coating 

systems that rely on isocyanate crosslinking agents, wherein the consumption of the isocyanate 

group is traced as a function of time.
38

 From this technique, chemical kinetics for the reaction 

can be easily obtained, however it does not provide any direct information regarding the 

changing microstructure as the reaction proceeds. 

A third common technique for following cross-linking reactions within polymeric 

systems is dynamic shear rheology. Dynamic shear rheology is the study of the deformation of a 
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material under oscillatory shear stress or strain. If a small enough oscillatory deformation is 

performed then it is possible to probe a material’s mechanical response without disrupting or 

destroying its microstructure, a method known as small amplitude oscillatory shear rheometry. 

Dynamic shear rheology enables the study of a system’s mechanical response as a microstructure 

forms and can provide insights into the nature of that response, i.e., is the input energy stored 

elastically or is it dissipated through viscous losses? At early times in a cross-linking reaction, 

materials often exhibit much more of a viscous response than an elastic response. As the reaction 

proceeds and a microstructure forms, the material response begins to become more elastic in 

character, and often times a material will exhibit an increase of multiple orders of magnitude 

after crosslinking. While rheology does not provide any explicit information about the chemical 

kinetics or heat evolution associated with the crosslinking reaction, it does provide valuable 

insight into the evolution of mechanical properties as the reaction proceeds. 

All three of the techniques described above are useful in monitoring crosslinking 

reactions, however each is somewhat limited in the information it can provide. When used in 

parallel, however, these techniques become much more powerful and are able to elucidate 

significantly more information about the crosslinking reaction. For instance, data obtained from 

FTIR can give information about how much of the reaction must occur before a sample-spanning 

crosslinked network is able to develop, and dynamic rheology can provide information as to 

what the mechanical behavior of a system is going to be at any point along the reaction 

coordinate. These two techniques have been used in concert in previous works
39,40

, and have 

been shown to provide a comprehensive understanding of the chemical and mechanical changes 

that occur during crosslinking of polymeric systems. This type of multi-pronged approach to the 

analysis of network formation in polymers is a practical and powerful way to gain additional 
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insight into crosslinking that a single technique cannot provide. Once a polymer network is 

formed, it is imperative to evaluate its ultimate properties in order to determine its utility for a 

given application. 

1.3.2. Experimental Analysis of Final Film Properties 

While developing a comprehensive understanding of crosslinking behavior is one 

important step in fully understanding a polymeric material, it is not the only important 

consideration. Once a polymer system is crosslinked, there are a host of properties which need to 

be studied that are critical to understanding the potential end-uses of the material. From thermal 

stability to thermomechanical characteristics, there are a number of material properties which 

can be measured via experimental techniques that play a major role in which applications a 

material is suited for. 

Thermal stability is critical when considering a material’s use in high-temperature 

applications. Thermogravimetric analysis (TGA) is a technique by which the thermal stability 

can be studied; this technique involves subjecting a sample to varying temperatures and 

measuring mass loss. The mass lost within these types of experiments can be traced to chemical 

reactions that are degrading the material, as well as the volatilization of additives. In either case 

the observed change in mass can relate back to changes in the overall composition, which can 

have a profound impact on the material’s performance. The maximum operating temperature of a 

material can be determined in this manner, depending upon the prescribed requirements of the 

application. Once the thermal stability has been understood, the thermomechanical properties 

need to be studied in order to determine ultimate film performance. 

One important thermomechanical property of network polymers is the glass transition 

temperature. The glass transition is a second-order phase transition that does not constitute a 
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traditional phase change, which are typically first-order and require a specific enthalpy, such as 

melting or crystallization. However, the transitions from a glassy to a rubbery state and vice 

versa are accompanied by a significant change in the material properties of a polymeric system. 

There exist extensive previous works on the molecular nature of the glass transition and its effect 

on macroscopic properties
41–43

. Below the glass transition temperature, or Tg materials behave in 

a solid-like fashion, with the constituents of their microstructure locked in place by nearest 

neighbors. Polymers in the glassy state tend to be more brittle but also exhibit higher moduli than 

their rubbery counterparts, making them favorable materials in applications such as protective 

coatings. Cross-linked polymers in the rubbery state tend to exhibit higher compliance under 

applied stress and often find applications in materials such as rubber for car tires. In either case, 

the identification of the glass transition temperature is a key element in determining what 

potential end-uses exist for a polymeric material. One technique for identifying the glass 

transition temperature is differential scanning calorimetry, which is a thermal technique by 

which the transition is identified by a second-order transition in the heat flow curve. The glass 

transition can also be determined by a few different measures using mechanical testing; two 

possible techniques for doing so are dynamic rheology and dynamic mechanical thermal analysis 

(DMTA). The glass transition temperature can be identified as either the storage modulus onset 

(the point at which it begins a precipitous decrease), the primary loss modulus peak or the peak 

in the loss tangent curve, tanδ. 

The mechanical properties of a crosslinked polymeric system must be understood in order 

to determine how it will perform in a given situation. There are a number of ways in which the 

mechanical response of a material can be probed, depending on the anticipated application. In 

order to understand how a bulk material responds to small deformations at a variety of 
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temperatures, dynamic rheology or DMTA can be used. Two common material properties that 

are used to describe the material response are the storage and loss modulus (G’ (storage), G’’ 

(loss) and E’ (storage) and E’’ (loss) for dynamic shear rheology and DMTA, respectively). The 

physical significance of these two measures is discussed in the dynamic rheology section. 

Different classes of materials can have vastly different bulk mechanical properties; for instance, 

rubbers such as poly(dimethyl siloxane) might have a storage modulus on the order of 1-100 

MPa at room temperature (depending on crosslink density), whereas stiffer glassy polymer 

networks might exhibit storage moduli upwards of 1 GPa at room temperature. 

Applications such as protective coatings and lenses, which have a relatively large 

exposed surface, might place emphasis on not only the bulk thermomechanical properties, but 

also the surface mechanical properties. It is prudent to specifically study the surface because a 

material’s surface can have very different mechanical properties from the bulk material. One 

popular method for examining surface mechanical properties is through a technique known as 

nanoindentation, whereby a tip with a known geometry contacts and subsequently indents a 

material to a certain load or displacement and then releases.
44

 From this type of experiment, 

quantities such as the elastic modulus of the surface and the indentation hardness can be 

determined. These material properties can provide insight into the mechanical response upon 

surface stresses. 

Free volume is often a sub-nanometer characteristic of a material that can have 

significant impact on macroscopic properties. “Free volume” is a volume element within a 

substance that does not have any molecule or atom occupant. In polymeric materials, this free 

volume is then available for polymer chains to move into via reptation and diffusion, or penetrant 

molecules to occupy via diffusion. There exist a number of theories that suggest correlations 
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between the free volume and directly observable macroscopic properties, such as the glass 

transition.
45

 

 

Figure 0.1. Cartoon representation of positrons (e+) and positronium (Ps) embedding in and 

subsequently annihilating within a polymeric matrix. 

One method to probe the free volume of a substance is via a technique called positron 

annihilation lifetime spectroscopy (PALS). A cartoon representation of positrons interacting with 

a polymeric matrix is given in Figure 1.1. This technique relies upon a radioactive source such 

as 
22

Na to decay and produce positrons, the antiparticles of electrons, and impregnate the sample 

of interest with them. The positrons will localize to areas of low electron density, where they will 

interact with the edges of the free volume pore in a process known as “pick-off annihilation.”
46

 

The nature of this annihilation event depends upon whether or not the positron pairs with an 

electron to form positronium (abbreviated Ps, similar size as hydrogen atom but about 1000 

times lighter), as well as the relative spins of the paired particles. In the case where the electron 

and positron have the parallel spins, para-positronium (p-Ps) is formed; in the case of anti-

parallel spins, ortho-positronium is formed (o-Ps). The ratio of o-Ps:p-Ps formation is 3:1, 
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indicating that 3 o-Ps are generated for every 1 p-Ps. Upon annihilation, free positrons and p-Ps 

generate 2 gamma rays; these two particles have very short lifetimes (on the order of a few 

nanoseconds in vacuum and significantly less in condensed matter), they are not particularly 

useful in probing free volume within polymeric materials. Instead, we look to the annihilation of 

o-Ps to probe free volume within polymeric materials. Upon annihilation, o-Ps produces 3 

gamma rays and has a lifetime on the order of a few nanoseconds in condensed matter (a few 

hundred ns in vacuum) , which makes it practical to study polymeric materials.
47

 This technique 

will be discussed in more detail in Chapter 3. 

This section was meant to provide a brief and wide-ranging introduction for the work 

presented in this dissertation. Each chapter of this dissertation also contains its own in-depth 

literature review, which will provide further context for the results and discussions in each 

chapter. 

1.4. Research Agendas and Techniques Used 

1.4.1. Analysis of Crosslinking Behavior in Model Polyester Polyol-based Systems 

A thorough analysis of the cross-linking behavior in a set of model polyester polyol-

based systems is presented in Chapter 2. The crosslinking reaction studied herein is the alcohol-

isocyanate reaction, achieved by reacting the polyol’s hydroxyl end groups with a polyisocyanate 

and resulting in the formation of a urethane linkage. Urethanes have found uses in an extensive 

number of applications, from biomedical materials to protective coatings. Specifically, we are 

interested in the use of these model materials to understand crosslinking in terms of protective 

coating formation and the effect of processing conditions and material chemistry on the 

crosslinking process. In this work, the backbone chemistry of the polyester polyols is varied in a 

ladder series of 5 polyester polyol resins, which in turn varies the nature of the reactive hydroxyl 
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moieties. One of the backbone monomers, 2,2,4,4-tetramethyl-1,3-cyclobutanediol (TMCD), has 

a secondary hydroxyl and its inclusion within the polyester backbone (along with the theoretical 

secondary hydroxyl content available for urethane formation) is varied by replacing the control 

monomer neopentane glycol (NPG, has a primary hydroxyl) with TMCD to varying degrees 

across the five resins. The primary focus of this chapter is to understand the effect of theoretical 

secondary hydroxyl content on the crosslinking behavior of these systems. 

Dynamic shear rheology is utilized to track the microstructural evolution of the 

crosslinking system through in-situ monitoring of the dynamic moduli (storage modulus, G’, and 

loss modulus, G’’) as a function of time. As mentioned in a previous section of this chapter, this 

technique can allow for the identification of the onset of gelation, a process by which a 

material’s mechanical response begins to be dominated by the elastic component and it behaves 

more as a solid than a liquid. As a complementary technique to the dynamic rheology 

experiments, the reaction progress is followed in-situ as a function of time at multiple 

temperatures that are relevant to some protective coating processes. This is achieved via variable 

temperature Fourier-transform infrared spectroscopy (VT-FTIR), which allows for in-situ 

monitoring of the disappearance of the isocyanate group as it is consumed in the urethane-

forming crosslinking reaction. These two techniques used in parallel allow for simultaneous 

understanding of the role of network formation and chemical reaction progress on the time 

required to achieve a material that exhibits solid-like behavior. After developing this 

understanding, then it is prudent to try and understand how these same polyester polyol systems 

behave after being allowed to fully cure into model coating systems, which is the topic of 

Chapter 3. 
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1.4.2. Role of TMCD Content and Crosslinking Conditions in the Final Film 

Thermomechanical and Free Volume Properties of Model Coating Systems 

A discussion of the role of TMCD and the processing conditions under which a film is 

crosslinked on the final film thermomechanical and free volume properties comprises Chapter 3. 

Two cure temperatures are examined for all films and, upon completion of the crosslinking 

reactions, films were tested with a number of techniques in order to develop an understanding of 

processing conditions and TMCD content on a host of different properties critical to coating 

performance. The glass transition temperature was measured using DSC as well as DMTA for all 

TMCD contents at both cure temperatures. As was mentioned previously, this is an important 

material characteristic for protective coatings, as their performance can be drastically reduced if 

they are utilized above their glass transition temperature. 

The mechanical properties of the films containing all levels of TMCD are also a subject 

of discussion within this chapter. Two specific types of mechanical properties are discussed 

within this chapter; bulk mechanical properties and surface mechanical properties. The 

differences between the two are discussed briefly earlier, as are some common techniques for 

measuring the bulk and surface mechanical characteristics. In this chapter, the primary engine for 

generating bulk mechanical property information is DMTA, and for surface mechanical property 

data it is nanoindentation. The motivation behind studying the bulk mechanical properties is the 

desire to understand how TMCD affects the final performance of the entirety of the coating film. 

Because the surface of a polymeric film may tend to have different mechanical properties than 

the bulk (and mechanical integrity of the surface can play a significant role in coating 

performance), it is important to consider that portion of the film as well. Additionally, it is 

possible to draw some insights as to the plasticity of the surface and the ability of the material to 



   

14 

 

recover from small surface deformations, providing additional motivation for examining surface 

mechanical properties, specifically with nanoindentation. 

As discussed in a previous section, many of the bulk thermomechanical properties of a 

polymeric material can be attributed to their free volume, which can be measured using PALS. 

Due to the desire to understand the crosslinked polymer networks at a fundamental level with 

respect to the role of TMCD and processing conditions, it follows that one of the fundamental 

properties of a material, its free volume, be probed for the materials examined in Chapter 3. The 

free volumes associated with films containing different TMCD contents and prepared under 

different processing conditions, when combined with the thermal characterization provided by 

DSC/DMTA and the mechanical insights gained through DMTA and nanoindentation, allow for 

a fully developed understanding of the role of TMCD content and processing conditions on some 

of the various material properties important to network polymer coatings. 

1.4.3. Rheology of UV-crosslinkable Polymer Nanocomposites Based on 

Poly(dimethyl siloxane) (PDMS) and Zirconia Nanoparticles: Role of Reactive 

vs. Passive Fillers 

In Chapters 2 and 3, the focus has been on more rigid polymer networks crosslinked upon 

heating. In Chapter 4 of this dissertation, a different type of polymer is examined with a different 

mechanism of crosslinking. The polymer examined within this chapter is a low molecular weight 

PDMS which is end-capped with a functional group that is curable when exposed to UV 

irradiation in the presence of a radical photoinitiator (in this case 2,2-dimethoxy-2-

phenylacetophenone, or DMPA). Chapter 4 not only includes an analysis of a UV-crosslinkable 

polymer system, but also contains significant work and a lengthy discussion on the role of 

reactive and passive nanofillers and the role they play in network formation and the ultimate gel 
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strength and optical properties of systems filled with up to 85 wt% nanofiller on solids content 

(systems are 50 wt% solids). 

 

Figure 0.2. Schematic of 365nm UV LED accessory for DHR-3 rheometer used to monitor 

crosslinking reactions in Chapter 4 of this dissertation. Image courtesy of TA Instruments. 

To date, there has not been substantial previous work on the rheology of polymeric 

systems undergoing UV-induced crosslinking in the presence of reactive and nonreactive fillers. 

As the field of polymer nanocomposites grows and the potential applications broaden, the need 

to understand how these fillers affect network formation persists. As was mentioned in previous 

sections, dynamic shear rheology can allow for the study of these phenomena. A schematic 

illustration, provided by TA Instruments, is given in Figure 1.2. Chapter 4 seeks to add a 

fundamental understanding of how reactive and passive fillers can not only affect the gelation of 

UV-crosslinking polymeric systems, but also their final film properties. 

1.5. Scope of this Dissertation 

The previous sections in this work have sought to identify a motivation for the work 

undertaken in this dissertation and provide some background information as to not only the 

breadth of network-forming polymers that are of interest to the greater scientific community, but 
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also some practical applications in which they might be utilized. At this point, it is prudent to 

pose some fundamental questions that this work attempts to shed clarity on. In Chapter 2, the 

primary questions that are addressed are: 

 How does varying the statistical secondary hydroxyl content in thermally-induced 

polyester polyol systems affect the chemical and rheological crosslinking kinetics of the 

systems? 

 Why do systems with high statistical secondary hydroxyl content ( > 25% ) begin to show 

increasing deviations from classical gelation theories? 

Chapter 3 provides an extension of the analysis of the same systems studied in Chapter 2, 

although instead of interrogating network formation, the final crosslinked networks are probed 

after being subjected to two different crosslinking conditions. The primary questions that are 

addressed in Chapter 3 are: 

 How does increasing TMCD content in a polyester polyol backbone affect the glass 

transition temperature of the polyester resin pre-crosslinking and the resulting crosslinked 

films? 

 What is the effect of an incremental increase in TMCD content on the ultimate bulk and 

surface mechanical properties of films cured under two different conditions? 

 How is the average free volume hole size within the crosslinked network affected by the 

amount of TMCD in the polyester backbone? 

Chapter 3 wraps up the discussion of thermally cured TMCD-based polymer networks in 

this dissertation. In Chapter 4, the topic deviates slightly to UV-crosslinkable PDMS-based 

networks with nanofillers, one of which is reactive under UV irradiation and one of which is not. 
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The characteristics of both types of fillers at loadings of up to 85 wt% solids content are 

elucidated, with an emphasis on answering the following questions: 

 What is the effect of fillers, regardless of functionality, on the rheological mechanism of 

crosslinking? 

 How does filler type and loading affect the time required to achieve modulus crossover, 

as well as the magnitude of the crossover? 

 What is the effect of both types of fillers on the ultimate network strength? 

 What role does nanofiller functionality play in the ultimate film optical properties? How 

well are both types of filler retained within the matrix after swelling? 

In addition to addressing the above questions, each chapter contains its own introduction 

and literature review, followed by a materials and methods section which describes the specific 

experimental setups utilized in detail. Afterwards, an in-depth analysis and discussion of results, 

as well as a conclusion of the findings presented within the chapter are followed by specific 

acknowledgements and references cited within the chapter. The final chapter summarizes all of 

the findings from the preceding 3 chapters and provides recommendations on future work that 

might build upon the research presented herein to increase the breadth and depth of knowledge in 

the field of network polymers. 
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CHAPTER 2: SPECTROSCOPIC AND RHEOLOGICAL CROSS-ANALYSIS OF 

POLYESTER POLYOL CURE BEHAVIOR: ROLE OF SECONDARY HYDROXYL 

CONTENT 

2.1. Introduction 

Polymeric systems are employed in a wide range of applications from precisely-shaped 

3D parts to protective film coatings on various substrates.
1–5

 For numerous coating technologies, 

thermosetting polymers are often particularly attractive due to their inherent ability to form 

densely cross-linked networks that impart a favorable combination of mechanical, barrier and 

chemical-resistance properties.
2,6–8

 Such coating systems can take the form of dry powders
9–11

 or 

variable-viscosity liquids (water-borne
12,13

 or solvent-borne
14

) and can be applied as aerosol 

sprays, brushed finishes or rolled laminates onto a solid substrate prior to curing. Nearly all 

polymeric coatings are broadly divided into two categories: one-component (1K) and two-

component (2K) systems.
8
 Most of these polymers are acrylic-, alkyd- or polyester-based, and 

they react in the presence of a cross-linking agent to form dense molecular networks. Polyester-

based urethane systems are popular 2K systems due to their versatility, desirable barrier/ 

mechanical properties and good weathering capability.
15

 Understanding their cure behavior is 

crucial for designing such multicomponent polymers for coatings applications. In these systems, 

a polyol/catalyst/solvent mixture is typically combined with an isocyanate cross-linking agent, 

and the resulting mixture is sprayed or painted onto a substrate. While properties for transparent 

coatings must adhere to quality standards that vary with application,
16 

coating viscosities must be 

compatible with the deposition method and associated crosslinking behavior must be acceptable 

for industrially relevant cure conditions, as well as for favorable film properties once cured. 
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The monomer 2,2,4,4-tetramethyl 1,3-cyclobutanediol (TMCD) has been previously 

investigated
15

 in thermoplastic polyester systems and has been successfully commercialized as 

part of the Tritan
® 

copolyester manufactured by Eastman Chemical Company. Prior efforts have 

demonstrated that TMCD improves the impact resistance of polyester-based systems while 

maintaining good thermal properties.
17

 However, studies describing how the incorporation of 

TMCD in a polyester backbone affects cure behavior in 2K thermosetting polyesters remain 

lacking. Chemical conversion and accompanying thermomechanical property evolution 

constitute two vital characteristics of a coating system when considering the cure behavior of any 

2K thermosetting coating. Previous efforts in this vein have relied on thermal calorimetry to 

monitor reaction kinetics and the corresponding evolution of the glass transition temperature 

(Tg), dynamic rheology to identify the sol-gel transition (also known as the gel point) and 

spectroscopy to measure the time-dependent chemical conversion at various temperatures.
18–25

 

These analytical techniques provide useful insights when used independently, but are especially 

valuable when used in parallel, as is the case here and in previous works.
26,27

 In this work, we 

seek to exploit the individual benefits of dynamic rheology and variable-temperature IR 

spectroscopy by varying polyester backbone chemistry and directly relating the network 

evolution of TMCD-containing resins in 2K polyester-urethane systems to chemical conversion 

during the cure process at different industrially relevant temperatures. 

2.2. Experimental 

2.2.1. Materials 

Polyester resins were supplied by Eastman Chemical Company and used as-received. 

Figure 2.1 depicts the chemical structures of all the monomers employed in the synthesis of the 

polyester resins. The cross-linking agent was hexamethylene diisocyanurate (HDI trimer), 
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purchased from Covestro (Desmodur 3390 BA/SN) and also pictured in Figure 2.1. Dibutyltin 

dilaurate (95%) obtained from Sigma Aldrich and urethane-grade methyl amyl ketone (MAK) 

supplied by the Eastman Chemical Company were both used without further purification. 

 

 

Figure 0.3. Chemical structures of the monomers used to synthesize polyester-polyol are 

shown in (a-e). (a) neopentane glycol (NPG), (b) 2,2,4,4-tetramethyl 1,3-cyclobutanediol 

(TMCD), (c) trimethylolpropane (TMP), (d) isophthalic acid (IPA), and (e) 1,4-

cyclohexanediacid (CHDA). The chemical structure of the HDI crosslinking agent is shown in 

(f). 

2.2.2. Methods 

2.2.2.1. Specimen Preparation 

Gel permeation chromatography with polystyrene standards was conducted in an Agilent 

Series 1260 liquid chromatograph with a UV/Vis detector to measure the number-average 

molecular weight (Mn) and polydispersity index (Đ), of each resin, the composition and 
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properties of which are listed in Table 2.1. The dibutyltin dilaurate catalyst was mixed with 

MAK to produce a 1 wt% catalyst solution, which was added at 2.5 wt% (relative to the total 

solids) to a known quantity of polyester resin in MAK. This catalyst/polyester/solvent mixture, 

hereafter referred to as component "A," was then agitated in the presence of a magnetic stir bar 

in a 20 mL glass scintillation vial until the polymer was fully dissolved (~8 h). A predetermined 

quantity of component A was added to a 10 mL glass scintillation vial, and the cross-linking 

agent (component "B") was added dropwise under agitation to achieve a NCO:OH stoichiometric 

ratio of 1.10 ± 0.02:1 at a constant solids content of 60 ± 2%. This mixture was then placed on a 

stir plate for 5 min at ambient temperature before analysis. 

2.2.2.2. Rheological Analysis 

Dynamic oscillatory shear rheology was conducted to monitor the cross-linking reaction of 

each polyester in the presence of the HDI trimer. All rheological measurements were performed 

on a TA Instruments Discovery Series Hybrid Rheometer HR-3, outfitted with a Peltier plate 

temperature-control system and operated with 40 mm aluminum parallel plates and a solvent 

trap. Each experiment commenced after sample equilibration for 5 min at the reaction 

temperature. Reaction progress was followed in-situ as a function of time at a fixed strain 

amplitude within the linear viscoelastic regime of the sample at an angular frequency of 1 rad/s. 

Measured shear stresses were used to calculate the dynamic storage (G') and loss (G") moduli. 

To identify the temperature dependence of the gel point, times required for G'-G" crossover were 

evaluated at four different temperatures for each resin. We further discuss this gel-point criterion 

in subsequent sections. 
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Table 0.1. Compositions and selected properties of polyester-polyol resins.
a 

a
 All monomer species listed here are defined in Figure 1.

 

b
 Calculated on the basis of initial monomer compositions. 

2.2.2.3. Variable-temperature Spectroscopy 

Variable-temperature Fourier-transform infrared (FTIR) spectroscopy was performed in 

attenuated total reflectance (ATR) mode on specimens with a Bio-Rad Excalibur Series 

spectrometer equipped with a germanium crystal and a PIKE Technologies heating stage. 

Approximately 0.05 g of each sample were placed on the crystal and heating stage, and a solvent 

trap was placed over the sample to prevent drying. The reaction clock began when the sample 

was placed on the stage, and spectra were collected as a function of time at each reaction 

temperature. A zero-point spectrum was collected 5 min after the sample was loaded to allow for 

 

Diol composition (%) 

 

Diacid 

composition 

(%) 

 

 

 

 

Resin 

Designation 

 

NPG 

 

TMCD 

 

TMP 

 

 

CHDA 

 

IP

A 

 

Mn 

(Da) 

Đ 

 

OH #
 

 

Secondary 

hydroxyl 

content
b
 

(mol%) 

0T 93.35 — 6.65 

 

50 50 1562 1.68 113 0.00 

25T 71.63 21.68 6.65 

 

50 50 1616 1.76 111 21.67 

50T 46.65 46.65 6.65 

 

50 50 1590 1.75 102 46.67 

75T 21.68 71.63 6.65 

 

50 50 1707 1.78 97 71.67 

100T — 93.35 6.65 

 

50 50 1799 1.77 91 93.33 
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excess CO2 to be flushed out of the spectrometer. Following the collection of FTIR spectra, 

baseline corrections were performed using the Win-IR Pro software package from Bio-Rad. Peak 

areas were calculated with Origin. 

2.3. Results and Discussion 

2.3.1. Gelation and Dynamic Rheology 

Small-amplitude dynamic rheology identifies the time required to achieve G'-G" 

crossover at 1 rad/s for all samples. This time, referred to as tc, is an estimate of the gel point at 

which a contiguous network forms within a specimen. Networks are ubiquitous and important 

physical phenomena in polymers, as they are responsible for generating not only dense 

thermosets but also stretchy elastomers. Moreover, networks can be either chemically cross-

linked, as is the case here, or they can be physically cross-linked in the case of, for instance, 

multiblock copolymers.
28

 Once tc is reached, G' (a measure of elastic behavior) becomes equal to 

and subsequently greater than G" (a measure of viscous behavior). Therefore, at this point in 

time, the sample begins to exhibit more solid-like behavior. According to the Winter-Chambon 

independent of frequency.
29,30

 The systems examined here do not strictly adhere to the Winter-

Chambon criterion over the temperature range examined, so a true gel point is not possible to 

identify. Therefore, defining tc as the transition from viscous- to solid-like behavior at a single 

frequency is considered sufficient for the purpose of this study. A representative time sweep is 

presented in Figure 2.2 for resin 0T at 45°C and clearly reveals the existence of G'-G" crossover 

at tc ≈ 130 min. Data such as these are employed to construct Figure 2.3a, which displays the 

average time for moduli crossover for all five resins examined at four different temperatures. An 

important observation in this figure is that resins possessing higher levels of secondary hydroxyl 
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content due to the presence of TMCD require appreciably longer times for network formation. 

We attribute this result to the TMCD secondary hydroxyl groups, which make the monomer 

more sterically hindered than NPG or TMP with primary hydroxyl groups (see Figure 2.1). 

In addition, the time required for modulus crossover is seen to increase systematically 

with decreasing reaction temperature, a feature that is consistent with the behavior of a 

thermally-activated process. This expectation is confirmed by the linear trends evident in Figure 

2.3b, which is an Arrhenius-style representation of the data provided in Figure 2.3a. Due to the 

thermally-activated nature of the gelation process, previous studies
31–34

 of related systems have 

used an Arrhenius expression to extract values of the apparent activation energy (Ea) of gelation, 

viz., 

𝑡𝑐 = 𝑡𝑐,0𝑒𝑥𝑝 (
𝐸𝑎

𝑅𝑇
)                                                                 (2.1) 

 

Figure 0.4. 

cure of resin 0T at 45°C. The gel point at t c is identified at the G'-G" crossover. The solid lines 

serve to connect the data. 

where tc,0 is a constant, R is the universal gas constant and T denotes absolute temperature. 



   

29 

 

Values of Ea calculated from the slopes of the lines in Figure 2.3b according to Equation 2.1 are 

compiled in Table 2.2 for each resin. In general, resins with a higher secondary hydroxyl content 

exhibit higher Ea values. It is interesting that values of Ea ascertained for 0T and 25T are similar, 

while those for 50T, 75T and 100T are likewise comparable. These groupings can be explained 

by considering the Flory-Stockmayer theory for gelation in conjunction with the difference in 

reactivity between primary and secondary hydroxyls.
35,36

 For all the resin systems examined, the 

theoretical conversion of the total alcohol functionality is approximately 50% at the gel point. 

Since the reactivity of the secondary hydroxyls differs substantially from primary hydroxyls in 

the presence of dibutyltin dilaurate catalyst,
37

 the secondary hydroxyls do not necessarily need to 

participate fully in network formation at concentration levels below ~50% (e.g., samples 0T and 

25T). Thus, the apparent activation energies reported here do not reflect the chemical kinetics 

governing the cross-linking reaction, but rather afford insight into network formation and the 

thermal process governing it. 

Another classical network theory, proposed by Carothers,
38

 has been expanded to include 

nonstoichiometric monomer mixtures by Pinner.
39

 This theory and its subsequent expansion 

predict significantly higher critical extents of conversion to achieve gelation in polymeric 

systems than those given by Flory and Stockmayer.
35,36,40

 We return to discuss this topic further 

in following sections. 
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Figure 0.5. (a) Values of tc extracted from moduli crossover times (see Figure 2.2) as functions 

-matched solid lines serve to connect the data. (b) Arrhenius-style 

representation of tc as a function of reciprocal temperature for five different polyester-polyol 

resins: 0T (), 25T (), 50T (r), 75T (), and 100T (). The solid lines are linear regressions 

to the data, and the apparent activation energy values extracted from the slopes are listed in 

Table 2.2. 

 

 

 

 



   

31 

 

Table 0.2. Apparent activation energies from rheological and spectroscopic analyses.
a
 

Resin Designation Apparent gelation Ea  Apparent kinetic Ea 

 (kJ/mol)  (kJ/mol) 

0T 50.98 ± 2.886  62.89 ± 8.370 

25T 53.33 ± 0.6299  58.31 ± 12.79 

50T 60.84 ± 4.022  61.64 ± 5.586 

75T 63.81 ± 1.335  71.03 ± 18.51 (40.42) 

100T 60.96 ± 2.672  79.58 ± 10.55 (65.74) 

a
 Parenthetical values exclude the kinetic rate constants at the lowest temperature examined. 

2.3.2. Reactivity from Chemical Spectroscopy 

Variable-temperature FTIR permits tracking the time-dependent intensity of the 

isocyanate peak for the five resins examined at four temperatures (45, 50, 55, and 60°C). 

Examples of overlaid FTIR spectra collected from one resin (100T) at one temperature (55°C) 

are displayed at several reaction times in Figure 2.4. To determine the concentration of the 

isocyanate functional group as a function of time, we first measure the area below the isocyanate 

stretch peak located at ~2260 cm
-1

 and then normalize the result with respect to the area below 

the C-H stretch peaks between ~2840 and ~3050 cm
-1

. The conversion of the isocyanate 

functional group (p) at any given time (t) is then calculated from 

𝑝 = 1 −
𝐴𝑡

𝐴0
                                                              (2.2) 

where At is the normalized area under the isocyanate peak at t, and A0 is the normalized area 

under the isocyanate peak at t = 5 min. [The true zero time was not used because excess CO2 had 

to be flushed from the spectrometer once the sample was loaded.] The same procedure has been 

followed for all five resins, and the conversion of the isocyanate peak has been monitored as 
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functions of both time and temperature, as illustrated in Figure 2.5a for resin 100T. These results 

confirm that the reaction reaches full conversion faster at higher temperatures and that full 

conversion appears to be achieved in less than 20 h over the temperature range examined here. 

 

Figure 0.6. Representative FTIR spectra acquired at different reaction times (labeled and color-

coded) from the 100T resin at 55°C. Disappearance of the isocyanate peak at 2260 cm
-1

 

(identified), normalized with respect to the C-H stretch peak (identified), is used to determine the 

reaction kinetics. 

By assuming first-order reaction kinetics, the data presented in Figure 2.5a can be 

analyzed to extract kinetic rate constant (k) values. In this scenario, p can be written as 

𝑝 = 1 − 𝑒𝑥𝑝(𝑘𝑡)                                                          (2.3) 

Algebraic rearrangement of Equation 2.3 yields 

𝑙𝑛(1 − 𝑝) = 𝑘𝑡                                                            (2.4) 

in which case a plot of (1 – p) versus t on semi-logarithmic coordinates is expected to yield a 

linear trend, which is clearly observed in Figure 2.5b. The results displayed in Figure 2.5b are 

consistent with first-order reaction kinetics with respect to the isocyanate group for all five resin 

systems. To confirm the existence of first-order kinetics and rule out other possibilities, we have 
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also examined the conversion data for all five systems in the context of second-order kinetics 

with respect to the isocyanate group. The linear trends obtained from first-order kinetics agree 

much more closely with the measured conversions. The slopes of the curves in Figure 2.5b 

afford the first-order rate constants for resin 100T over the four temperatures examined. For 

consistency with the rheological analysis, we have elected to include data points from the 

beginning of the reaction to the time corresponding to the modulus crossover in our rheological 

tests. As such, the rate constants obtained from conversion-time plots such as the one shown in 

Figure 2.5b constitute average rate constants for the reaction between t = 5 min and t ≈ tc. 

First-order kinetic rate constants discerned for the five resin systems are provided as 

functions of secondary hydroxyl content and temperature in Figure 2.6. As anticipated, the rate 

constants generally increase with increasing temperature for all five resin systems examined and 

decrease with increasing secondary hydroxyl content. To relate the temperature dependence of 

these first-order rate constants to the secondary hydroxyl content, Figure 2.7 plots the data 

acquired for each resin in Arrhenius form. In accord with our earlier analysis employing this 

representation (cf. Figure 2.5), the slope of each line is used to extract the apparent kinetic 

activation energy of each resin up to tc. These apparent activation energies are included for 

comparison with the apparent activation energies of gelation in Table 2.2. In Figure 2.7, the 

linearity of the data corresponding to the TMCD-rich resin systems (75T and 100T) appears to 

deviate at the lowest temperature examined (45°C). 
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Figure 0.7. (a) Isocyanate conversion (p) calculated for resin 100T from Equation 2.2 in the text 

and presented as a function of reaction time at four different temperatures (in °C): 45 (), 50 

(), 55 (r), and 60 (). The color-matched solid lines serve to guides for the eye. (b) Isocyanate 

conversion for resin 100T presented as a function of reaction time according to first-order 

kinetics (see Equation 2.4) at four different temperatures (in °C): 45 (), 50 (), 55 (r), and 60 

(). The color-matched solid lines are linear regressions to the data, and the slopes yield the 

kinetic rate constants. 
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Figure 0.8. Dependence of the first-order kinetic rate constants calculated from plots such as the 

one provided in Figure 2.8 on composition at four different temperatures (in °C): 45 (), 50 (), 

55 (r), and 60 (). The color-matched solid lines serve to connect the data. 

To take this deviation into account, the apparent activation energies tabulated in Table 2.2 for 

these two resins are calculated with and without the datum point measured at 45°C. This 

deviation at low temperature might be indicative of nontrivial diffusion limitations within the 

system as it cures. All the apparent kinetic activation energy values reported here naturally 

involve some degree of complex interplay between reaction and diffusion limitations because 

they are derived from average kinetic rate constants from the initial time (when the system 

behaves highly Newtonian) to the modulus crossover time (when the system begins to exhibit 

more solid- than viscous-like behavior). Another important consideration is that an increase in 

secondary hydroxyl content due to TMCD incorporation induces chain stiffening of the polyester 

resin. The impact of this phenomenon is discussed further below. 
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Figure 0.9. Arrhenius-style representation of the kinetic rate constants as a function of reciprocal 

temperature for five different polyester-polyol resins: 0T (), 25T (), 50T (r), 75T (), and 

100T (). The solid lines are linear regressions to the data, and the apparent activation energy 

values extracted from the slopes are included in Table 2.2. 

The apparent activation energies of gelation, measured by dynamic rheology, and the 

apparent kinetic activation energy, measured by VT-FTIR, are compared in Figure 2.8. While 

this comparison does not include the activation energies for the 75T and 100T resins calculated 

by omitting the rate constants measured at 45°C, we note that these activation energy values are 

consistently lower than those determined by considering all the data. The error bars included in 

Figure 2.8 correspond to the standard error in the slope of the Arrhenius-style representations 

used to ascertain Ea for each resin system. It is comforting that the measured apparent kinetic 

activation energies and apparent activation energies of gelation are relatively close and, in most 

cases, equal within experimental error. Such agreement does not, however, have to be the case. 

Since gelation is undoubtedly a thermally-activated process, it can be modeled as an Arrhenius 

phenomenon. With this expectation notwithstanding, the activation energy does not take into 

account the molecular-level phenomena accompanying a physical phase transition, but is rather a 
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measure of the temperature dependence of a mechanical property. In contrast, the apparent 

kinetic activation energies provide insight into the chemical changes occurring within the resins 

due to the cross-linking reaction, and can be used in conjunction with measured reaction times to 

determine the relative reactivity of the different hydroxyl-containing constituents. As we have 

measured it here, the apparent kinetic activation energy constitutes an average activation energy 

from the beginning of the reaction to the modulus crossover time, and provides information not 

only on the chemical nature of the reactive system as the cross-linked network develops, but also 

on how the hydroxyl reactivities change along the reaction coordinate. 

 

Figure 0.10. Comparison of apparent activation energies of gelation () and reaction (r) as 

determined by rheological and spectroscopic analyses, respectively. The error bars correspond to 

the standard error, and the color-matched solid lines serve to connect the data. 

2.3.3.Critical Extent of Conversion 

Another important metric of the present thermosetting resins is the critical extent of 

isocyanate conversion calculated at the time required for modulus crossover, as discerned by 

dynamic rheology. This critical conversion evaluated at tc is presented in Figure 2.9. Two 

important observations are immediately evident in this figure. The first is that the critical 
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conversion gradually increases from ~71 to 93% with increasing secondary hydroxyl content. 

Moreover, for all the resins examined, the critical conversion at tc deviates significantly from 

predictions afforded by the Flory-Stockmayer theory
35,36

.  According to this theory, all reactive 

moieties in a chain possess the same reactivity that does not change as the reaction proceeds and 

microstructure develops. These results also deviate from Carothers’ theory under non-

stoichiometric conditions when the statistical secondary hydroxyl content is above 50%.
38–40

 

Moreover, these theories do not take into account any reactions that form network defects, such 

as intramolecular cyclization. Deviation from these theories increases further as the secondary 

hydroxyl content approaches 100%. Similar deviations of theoretical gel points reported in 

previous studies have been explained by such phenomena as intramolecular cyclization, 

intramolecular cross-linking, microgelation, and excluded volume effects especially at high 

molecular weights.
41–44

 We attribute such deviation in the present work to two different reasons. 

One is the catalyst choice, since dibutyltin dilaurate catalyzes the isocyanate reaction with 

primary hydroxyls and water much more effectively than it catalyzes the reaction of isocyanate 

with secondary hydroxyls.
37

 Although these resins are presumed to be dry, residual water from 

either the atmosphere or the solvent can react with the isocyanate to form urea. If present, every 

water molecule will react with two isocyanate functionalities to form a urea linkage.
45
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Figure 0.11. Critical isocyanate conversion levels evaluated by VT-FTIR spectroscopy at the G'-

G" crossover as a function of resin composition. Corresponding predictions from the Flory-

Stockmayer theory
35,36

 and Carothers’ theory
38–40

 are also included for comparison (red and 

black dashed lines, respectively), and the solid line serves to connect the data. 

A more significant and related consideration is the unequal reactivity between different 

types of hydroxyl groups, and the resulting change in Tg. The effect of TMCD addition on the Tg 

of comparable films is the subject of a companion study. These differences are believed to be 

responsible for heterogeneous cross-linking and corresponding network fluctuations within the 

system, as confirmed previously by both experimental and computational studies.
46–50

 Isocyanate 

groups on the cross-linking agent react much more rapidly with primary hydroxyls than with 

secondary hydroxyls. As a result, nearly all the primary hydroxyls react first, creating cross-

linked microenvironments possessing a high cross-link density. Due to their size and irregular 

shape, these fluctuation regions diffuse more slowly and ultimately take a longer time to 

encounter one another and undergo further cross-linking. In the meantime, however, they 

continue to react within their local environments, thereby forming larger volumes of more highly 

cross-linked chains without the formation of a space-filling (percolated) network. Within these 
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local environments, network defects that do not promote network elasticity development and 

therefore do not contribute to mechanical properties measured by dynamic rheology up to tc. The 

chemical reaction continues to proceed, leading to a phenomenon previously reported as gel-

point suppression.
51,52

 Resultant network defects take the form of loops (which behave as single-

anchored polymer tails) instead of bridges (which serve as connecting units during network 

formation).
28

 The existence of loops has been recently quantified using experimental and 

computational techniques for several chemically cross-linked polymer systems.
51,53–55

 The 

propensity of loop defects is exacerbated by reaction medium concentration, as demonstrated
56

 

for tetrafunctional reactants. With the presence of ~40 wt% MAK in the present systems, we 

propose that such defects become increasingly prevalent as the TMCD content is increased, as 

evidenced by the results displayed in Figure 2.9. Fluctuations continue to grow until they 

ultimately encounter one another, at which time they can react to form a space-filling network. 

 

Figure 0.12. Schematic representation of the cross-linking reaction of polyester-polyols 

composed of monomer species with primary and secondary hydroxyl groups (labeled). 
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2.4. Conclusions 

In this work, the cross-linking behavior of model polyester-urethane systems has been 

investigated by both mechanical and chemical means, and the two characterization techniques 

have been used in conjunction to systematically identify material changes as the systems cross-

link and ultimately reach the sol-gel transition. We have established that an incremental increase 

in the secondary hydroxyl content in the backbone (due to incorporation of TMCD) serves to 

increase both the reaction time and the critical conversion (measured by VT-FTIR) at the 

modulus crossover time (measured by dynamic rheology). Although the present resins do not 

strictly adhere to the Winter-Chambon criterion for gelation,
29,30

 the G'-G" crossover is identified 

here as the effective gel point at which the resins undergo their sol-gel transition. Values of the 

effective activation energies of gelation and reactivity are in favorable quantitative agreement 

(within experimental error), directly confirming that the isocyanate reaction is coupled to the 

growing network. A conceptual rationalization has been proposed to explain deviations from 

theoretical models (such as Carothers’ theory
38–40

 and classic Flory-Stockmayer theory
35,36

) that 

do not consider heterogeneities in cross-linking behavior or loop formation during cure. It lies at 

the intersection of two competing molecular-level processes: chemical cross-linking and chain 

vitrification. As the secondary hydroxyl content is increased in the present resins, the stiffness of 

the backbone also increases due to the sterically hindered nature of the TMCD monomer relative 

to NPG. This increased stiffness reduces chain mobility and increases cross-linking 

heterogeneity. Groups of chains are more likely to react with those functional groups in closer 

proximity, leading to the formation of loops as opposed to branches in the network. Figure 10 is 

a schematic illustration of this process. While computer simulations are unavailable to elucidate 

the conditions responsible for the formation of defects during cure, this explanation is consistent 
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with previous studies that have identified heterogeneous network formation and loop formation 

within network-forming polymers.
54,55,57–59

 The cure behavior reported in this study provides 

useful mechano-chemical insight into the cure process of polyester-polyol resins and can be used 

to design and synthesize multicomponent resins for specific coating applications. 
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CHAPTER 3: THERMOMECHANICAL AND FREE-VOLUME PROPERTIES OF 

POLYESTER POLYOL FILMS FOR COATINGS APPLICATIONS: ROLE OF DIOL 

COMPOSITION* 

3.1. Introduction 

Thermosetting polymers constitute a popular material of choice for numerous 

applications, extending from coatings and adhesive films to bulk structural parts.
1–9

 These 

systems are highly attractive primarily because of their inherent ability to form irreversible and 

densely cross-linked networks under a variety of temperature and/or radiation conditions, as well 

as the physical properties that the networks impart.
10–13

 Such materials generally possess a wide 

range of mechanical properties that are dictated by the backbone chemistry in conjunction with a 

material/ process-tunable degree of cross-linking. In this class of polymers, polyurethanes have 

developed a particularly versatile niche due to their broadly accessible physical properties, which 

makes them especially attractive for multiple coatings applications including waterborne, self-

healing and textile applications.
14–21

 In general, the thermomechanical properties for coatings 

must adhere to quality standards uniquely established for each application,
22

 in which case it is 

critically important to design the polymer backbone so that it satisfies the requirements of the 

target application. In the case of a backbone composed of multiple constituent species 

specifically chosen to endow the resultant macromolecule with desired properties, monomer 

selection can be greatly expedited through the use of emerging combinatorial
23,24

 and 

computational
25,26

 methods, as recently evidenced by reasonably accurate prediction of the glass 

transition temperature (Tg) for designer polyester polyols from monomer properties alone.
27

 

Previously, we have investigated the temperature-dependent chemical conversion (from 

time-resolved Fourier-transform infrared spectroscopy) and gelation behavior (from dynamic 
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strain-controlled rheology) of a series of polyester polyols that systematically incorporate 

2,2,4,4-tetramethyl 1,3-cyclobutanediol (TMCD). This relatively uncommon monomer has been 

successfully incorporated
28

 into thermoplastic polyesters and commercialized as part of the 

Tritan
® 

copolyester line manufactured by the Eastman Chemical Company. Results from prior 

efforts
29,30

 have demonstrated that TMCD improves the mechanical properties of polyester-based 

systems by delivering an excellent balance of hardness and flexibility. It also promotes good 

outdoor weathering capability in polyester systems, and its incorporation in a polyester backbone 

has been observed
28–30

 to improve both thermal stability and mechanical properties while 

ensuring optical transparency. Although TMCD has been routinely introduced into thermoplastic 

polyesters, studies investigating its use in thermosetting polymer systems are few. In light of the 

potential benefits TMCD can introduce into such polymers, we investigate a series of model 

polyester polyols to elucidate the relationship between polymer composition, cure condition and 

film properties, such as thermal, mechanical and free-volume. More specifically, the work 

described herein affords a systematic interrogation of the effect of TMCD loading on property 

development in films cured under two different thermal conditions. 

3.2. Experimental 

3.2.1. Materials 

Polyester resins were kindly supplied by the Eastman Chemical Company (Kingsport, 

TN) and used as-received. Figure 3.1 depicts the chemical structures of all the monomers used 

in the synthesis of the polyester resins. The cross-linking agent was hexamethylene 

diisocyanurate (HDI trimer), purchased from Covestro (Desmodur 3390 BA/SN) and is included 

in Figure 3.1. Dibutyltin dilaurate (95%) was obtained from Sigma-Aldrich (St. Louis, MO), 

whereas urethane-grade methyl amyl ketone (MAK) was also provided by the Eastman Chemical 
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Company. Both were likewise used without further purification. 

 

Figure 0.13. Chemical structures of the monomers used to synthesize the present polyester-

polyol resins: (a) neopentane glycol (NPG), (b) 2,2,4,4-tetramethyl 1,3-cyclobutanediol 

(TMCD), (c) trimethylolpropane (TMP), (d) isophthalic acid (IPA), and (e) 1,4-

cyclohexanediacid (CHDA). The chemical structure of the HDI trimer cross-linking agent is 

included in (f). 

3.2.2. Methods 

3.2.2.1. Specimen Preparation 

Gel permeation chromatography (GPC) was conducted in the same manner as our 

previous work
31

. The composition and properties of the resins employed in this study are listed in 

Table 3.1. The dibutyltin dilaurate catalyst was mixed with MAK to yield a 1 wt% catalyst 

solution, which was added at 2.5 wt% (relative to the total solids) to a known 
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Table 0.3. Compositions and select molecular characteristics of polyester-polyol resins. 

a
 Relative to the diol content. 

quantity of polyester resin in anhydrous MAK. This catalyst/polyester/solvent mixture was then 

agitated in the presence of a magnetic stir bar in a 20 mL glass scintillation vial until the polymer 

was fully dissolved (~8 h). A predetermined quantity of the resultant solution was added to a 10 

mL glass scintillation vial, and the cross-linking agent was added dropwise under agitation to 

achieve a NCO:OH stoichiometric ratio of 1.10 ± 0.02:1 at a constant solids content of 60 ± 2%. 

This mixture was then placed on a stir plate for 5 min at ambient temperature prior to film 

casting. Films were cast on three different substrates with a Gardco
®

 multiple clearance square 

d Teflon
®
-coated aluminum 

(for dynamic mechanical analysis, DMA, and differential scanning calorimetry, DSC), 

aerospace-grade aluminum (for nanoindentation, NI) and Kapton
®
 polyimide film (for positron 

annihilation lifetime spectroscopy, PALS). Immediately following casting, the films were cured 

in an oven for 1 h at either 60 °C (lo-bake, LB) or 120 °C (hi-bake, HB) at atmospheric pressure 

 

Diol (wt%) 

 

Diacid (wt%) 

 

 

 

 

Specimen 

Designation 

 

NPG 

 

TMCD 

 

TMP 

 

 

CHDA 

 

IP

A 

 

Mn 

(Da) 

Đ 

 

OH # 

 

TMCD
a 

(wt%) 

0T 93.35 — 6.65 

 

50 50 1562 1.68 113 0 

25T 71.63 21.68 6.65 

 

50 50 1616 1.76 111 25 

50T 46.65 46.65 6.65 

 

50 50 1590 1.75 102 50 

75T 21.68 71.63 6.65 

 

50 50 1707 1.78 97 75 

100T — 93.35 6.65 

 

50 50 1799 1.77 91 100 



   

55 

 

and then stored at ambient conditions for at least 1 week before testing. Dry film thicknesses 

ranged from ca. 15-25 μm. 

3.2.2.2. Property Characterization 

The DSC measurements were performed on a TA Instruments Q2000 calorimeter with a 

TZero aluminum pan and lid used as the reference. Once a predetermined amount of each resin 

was placed in the pan, the pan was sealed and the resin was heated 

heating rate of 5 °C/min. The Tg values reported here were calculated from the inflection point in 

the second heating cycle. Complementary DMA was conducted on a TA Instruments Q800 

instrument operated in tensile mode. Only HB films were examined here due to the inherent 

brittleness of the LB films. Film samples were first cut into rectangles measuring approximately 

15 mm x 6.35 mm and then loaded into the instrument. A pre-load force of 0.05 N was initiated 

to ensure constant tension, and force tracking with a minimum dynamic force of 0.05 N was 

implemented. A displacement of 50 μm at 1 Hz resided within the linear viscoelastic regime for 

the resins examined and was thus utilized for all dynamic measurements. Isochronal temperature 

 of 3 °C/min. Measurements were 

performed in triplicate (DSC) and duplicate (DMA) to ensure reproducibility. Analysis of DSC 

and DMA data was performed with the TA Instruments Universal Analysis software package. 

For NI testing, film samples cast on aluminum substrates were cut into approximately 1.5 

mm x 1.5 mm squares, which were subsequently mounted onto magnetic stubs. Measurements 

were conducted under load control using a Hysitron Ubi-1 instrument outfitted with a diamond 

Berkovich tip. For each sample

and six indents were generated in each area. The indentation procedure consisted of a 20 s load 

period, followed by a 60 s hold at the maximum indentation force and finally a 2 s unload period. 
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Data analysis was performed with the Triboscan software package. Molecular-level free volume 

of bulk films was measured at ambient temperature (~22°C) by PALS in the Department of 

Nuclear Engineering at North Carolina State University. Pieces of each Kapton-backed film were 

placed on either side of a 
22

Na positron source for ~12 h at ambient temperature. [Kapton was 

selected due to its known
32

 inability to form o-positronium, in which case it does not contribute 

to measured annihilation events.] Measurements started with the birth of positrons, identified by 

emission of γ radiation at 1274 keV, and terminated with an annihilation event that coincided 

with γ emission at 511 keV. Due to the uniqueness of this measurement, analysis of the data is 

described in detail later. 

3.3. Results and Discussion 

3.3.1. Thermal Analysis 

Differential scanning calorimetry provides the Tg of the neat resins before cross-linking, 

as well as the cross-linked films cured under both LB and HB conditions. Measured Tg values 

are presented in Figure 3.2a and reveal two important features. The first is that Tg consistently 

increases significantly with increasing TMCD content irrespective of thermal history. In the case 

of the neat resin, this increase translates to about 59 °C when the NPG is completely replaced by 

TMCD. The cross-linked resins display, albeit less pronounced, changes in Tg (in °C): 43 (LB) 

and 49 (HB). The second noteworthy attribute of the data evident in Figure 3.2a is that Tg 

increases systematically with increasing cure temperature. Differences in Tg between the neat 

resin and the LB resins range from 14 to 33 °C, whereas those between the LB and HB resins are 

lower: 10 to 22 °C. Since the Tg generally provides a metric of local segmental motion of 

polymer chains as they overcome thermal barriers associated with restricted motion in the glassy 

state, the results furnished in Figure 3.2a indicate that (i) substitution of TMCD for NPG 
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promotes chain rigidity in these polyester polyols and (ii) increasing the cure temperature 

increases chemical conversion within the system  and densifies the network structure, yielding a 

further increase in Tg. The measured Tg results acquired by DSC from the HB resins are also 

included in Figure 3.2b for direct comparison with our DMA findings, which are discussed in 

the following section. 

 

Figure 0.14. (a) Glass transition temperature (Tg) values of the neat resin and films cured at two 

temperatures (60 °C, LB; 120 °C, HB) presented as a function of TMCD content in polyester-

polyol resins, as measured by DSC. (b) Comparison of transition temperatures of HB films as 

determined by DSC, the onset of the E' drop-off and the peak in E". The color-coded solid lines 

serve to connect the data. 
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3.3.2. Mechanical Analysis 

The bulk mechanical properties of the five HB resins have been evaluated as a function 

of temperature by DMA (the LB resins are omitted since they form poor free-standing films). 

Results from these tests are shown in Figure 3.3, in which the temperature dependence of the 

dynamic storage and loss moduli (E' in Figure 3.3a and E" in Figure 3.3b, respectively) is 

provided as a function of TMCD loading. All the HB resins possess a similar value of E' (≈2 

GPa) in the glassy state (the minimum Tg from DSC in Figure 3.2 is ≈50 °C), which is 

expected
33–35

 for thermosetting polymers of this nature. As the temperature is increased, each 

resin exhibits a precipitous reduction in E' as the specimen transitions from its glassy to rubbery 

state. It immediately follows that the onset of each abrupt plunge in E' corresponds roughly to Tg. 

As anticipated from the DSC results reported in Figure 3.2, the temperature at which this onset 

occurs is directly proportional to the fraction of TMCD incorporated into the resin backbone. 

That is, these DMA results corroborate that Tg for these polyester polyols increases 

systematically with increasing TMCD content. Temperatures above Tg correspond to the rubbery 

plateau, from which the cross-link density can typically be extracted. In the present resin 

systems, however, E' increases upon further heating (especially pronounced in TMCD-lean 

formulations), in which case a reliable cross-link density from each resin is indiscernible. While 

the precise reason for this behavior is unknown at this time, we posit that it likely reflects 

additional densification due to continued curing. Moreover, at these temperatures above Tg, 

values of E' are, for the most part, inversely proportional to the TMCD level in each resin, 

indicating that these rubbery resins generally become more flexible as the fraction of TMCD is 

increased. 



   

59 

 

 

Figure 0.15. Temperature dependence of the dynamic (a) storage and (b) loss tensile moduli (E' 

and E", respectively) of the HB films (labeled and color-coded) from DMA. The inset in (b) 

displays the full-width at half-maximum (FWHM) of the E" peaks as a function of TMCD 

content. 

The associated loss (E") moduli for the five HB resins are included as a function of 

temperature in Figure 3.3b. In the vicinity of 25 °C, all of these resins appear to exhibit a β-

relaxation indicative of CHDA ring-flip, since this characteristic is independent of TMCD 

content. Similar phenomena have been previously reported
36

 for polymers possessing main-chain 

aliphatic rings. At higher temperatures, each resin displays a well-defined E" peak at a 

composition- -relaxation, which directly 
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relates to Tg. As indicated from DSC in Figure 3.2 and E' in Figure 3.3a, the locations of these 

peaks monotonically shift to higher temperatures as the TMCD level is increased. Values of Tg 

ascertained from these three independent analyses compare favorably in Figure 3.2b, with a 

maximum difference (between Tg values extracted from E' and E") of less than 9 °C. In fact, the 

maximum difference in Tg evaluated from DSC and E" measurements is less than 4 °C, strongly 

suggesting that these thermal and mechanical features correspond to the same molecular 

phenomenon; that is, cooperative segmental motion of polymeric chains on a large scale.
37

 

Values of Tg assessed at the precipitous onset of E', which is often attributed to the mechanical 

failure of films, is consistently the lowest of the three measurements. This value of Tg is 

especially useful when evaluating materials for end-use applications, as it identifies the 

maximum operating temperature of a polymeric material that must remain glassy. At 

temperatures above the primary peak in the curves displayed in Figure 3.3b, E" for each resin 

(irrespective of TMCD content) undergoes an abrupt two-stage reduction to the level at which 

reliable measurement is not possible due to insufficiently low signal-to-noise. 

Another noteworthy feature of Figure 3.3b -relaxation peaks in 

E" likewise change with increasing TMCD content. For instance, the resin with no TMCD 

exhibits a large and sharp peak. As the TMCD content of the HB resins is increased, however, 

the peak not only decreases in magnitude but also broadens. This phenomenon can be explained 

by considering the network structure within these resins, as well as the nature of the 

measurement under consideration. A peak in E" corresponds to a maximum in energy dissipation 

by a specimen as a consequence of viscous losses. A spatially and chemically uniform network is 

expected to yield a single, sharp peak, indicating that segmental motion occurs throughout the 

bulk film at nearly the same time as chains, formerly in glassy "cages," become mobile and move 
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past nearest neighbors. As the TMCD content is increased, this peak decreases in magnitude and 

becomes broader, which implies that the network becomes increasingly more heterogeneous. The 

extent of this TMCD-induced peak broadening in HB resins, evaluated at the full-width at half 

maximum (FWHM), is evident from the results included in the inset of Figure 3.3b. This type of 

phenomenon has been previously reported
38,39

 for fully-cured double-network epoxies and has 

been attributed to an increase in network heterogeneity.
40

 This conclusion is also in qualitative 

agreement with our recent findings, which suggest that TMCD increases network heterogeneity 

in polyester-polyol systems as evidenced by gel point depression.
31

 

 

Figure 0.16. Load-displacement curves for (a) LB and (b) HB polyester-polyol films with 

different levels of TMCD (labeled and color-coded) from NI. 
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In addition to investigating the effect of TMCD on the bulk mechanical properties of 

polyester-polyol films, we have likewise interrogated the role of TMCD on the surface 

mechanical properties of LB and HB films with NI. In this case, the indentation loads listed in 

Table 3.2 are necessarily varied to maintain a maximum indentation depth between ca. 500 and 

800 nm. Representative load-displacement curves for films cured under LB and HB conditions 

are presented in Figures 3.4a and 3.4b, respectively. Due to the nature of NI, contact mechanics 

 

Table 0.4. Maximum indentation loads for LB and HB polyester-polyol films. 

Specimen 

designation 

LB maximum 

indentation load 

(mN) 

HB maximum 

indentation load 

(mN) 

0T 

25T 

50T 

75T 

100T 

0.25 

1.30 

1.50 

1.70 

2.20 

1.30 

1.30 

1.50 

1.70 

2.20 

 

must be employed to interpret the data. Analysis of the NI results has been performed in the 

context of the Oliver-Pharr theory.
41

 According to this framework, the reduced modulus (Er), 

which represents a composite modulus of two bodies in contact, is related to the slope of the 

unload curve (S = dP/dh, where S constitutes stiffness, P is the load and h represents the indenter 

height) at the point of unloading, and is typically calculated by first fitting a power-law function 

to the unload curve. At the point of unloading, Er can be written in terms of S as 
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𝐸𝑟 =
√𝜋

2𝛽
 

𝑆

√𝐴
                                                                (3.1) 

where β is a correction factor to account for the indenter geometry (~1.07 for a Berkovich 

indenter), and A is the calculated contact area. Once Er is extracted from each load-displacement 

curve, the surface modulus of each film (Es) is then computed from 

1

𝐸𝑟
=

(1−𝜈2)

𝐸𝑠
+

(1−𝜈𝑡𝑖𝑝
2)

𝐸𝑡𝑖𝑝
                                                       (3.2) 

where Etip is the modulus of the indenter tip, and ν and νtip correspond to Poisson’s ratios of the 

specimen and indenter tip, respectively. For the diamond Berkovich tip employed in this study, 

the Poisson’s ratio and modulus are 0.07 and 1140 GPa, respectively.
42

 Previous studies
43

 

investigating similar thermosetting polymers have assumed ν = 0.4, in which case we have done 

the same with all the LB and HB films, recognizing that their mechanical properties vary. 

 

Figure 0.17. Surface modulus (Es) of polyester-polyol films cured under LB and HB conditions 

(labeled and color-coded) as calculated from NI measurements in conjunction with Eqs. 3.1 and 

3.2 in the text. 

Surface moduli calculated according to Eq. 3.2 are provided in Figure 3.5 for all specimens 

cured under both LB and HB conditions. In the case of the LB films, Es is strongly correlated 
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with the TMCD content in the polyester backbone, increasing by about 130% (up to 4.0 GPa) as 

the fraction of TMCD increases from 0 to 100 wt%. In marked contrast, however, Es is observed 

to fluctuate between 3.0 and 3.8 GPa over the entire composition range for HB films. This 

significant difference in surface properties suggests that, in addition to polymer network 

mechanics, additional effects not explicitly considered in the Oliver-Pharr analysis may play a 

role in the observed mechanical response. We return to discuss this topic further below. In 

addition to Es, another parameter commonly referred to as the plasticity index (Ψ) is used to 

distinguish the plastic and elastic character of a material.
44,45

 This parameter is calculated from 

the areas under specific parts of the load-displacement curves, as illustrated in Figure 3.6a. From 

these areas identifying elastic and plastic work, Ψ can be determined from 

𝛹 =  
𝑤𝑝

𝑤𝑝+𝑤𝑒
                                                              (3.3) 

where wp is the plastic work done on the sample by the indenter tip, and we is the elastic work 

done by the sample on the indenter tip. If Ψ = 0, the measured mechanical response is fully 

elastic, whereas Ψ = 1 corresponds to a fully plastic response. Values of Ψ between 0 and 1 are 

indicative of viscoelasticity. In Figure 3.6b, the plasticity indices of the polyester-polyol films 

cured under LB and HB conditions are displayed as a function of TMCD content and reveal two 

interesting features. The first is that Ψ calculated for the LB films monotonically decreases (from 

a nearly plastic response of the TMCD-free specimen) as the fraction of TMCD in the polyester 

backbone increases. Conversely, Ψ for films subjected to HB cure conditions appears 

independent of TMCD content but generally lower than that for LB films (an interesting and 

unexpected outcome in Figure 3.6b is that ΨLB ≈ ΨHB when the diol is 100 wt% TMCD). 
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Figure 0.18. (a) Schematic depiction of the plastic and elastic work contributions from NI load-

displacement curves used to ascertain the plasticity index (ψ). (b) Values of ψ determined for LB 

and HB specimens (labeled and color-coded) and presented as a function of TMCD content. 

The data presented in Figure 3.6b for the LB films suggest that incorporation of TMCD 

reduces the extent of plastic work during NI. A recent study
31

 of the cross-linking behavior of 

these same polyester-polyol systems has, however, revealed that increasing TMCD content 

substantially reduces resin reactivity and consequently increases gelation time. If this outcome is 

considered alongside the observation that films containing TMCD do not form a free-standing 

film after being cured under LB conditions (60 °C for 1 h), we question whether the 

corresponding NI results represent the true indentation response of the LB films or a different 
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phenomenon often encountered
46

 with polymeric materials and known as "pile-up." Scanning 

probe microscopy (SPM) images acquired after the indentations yield line scans that bisect the 

triangular indent three ways. On one side of most of the line scans included in Figure 3.7 (except 

for the LB TMCD-free film), a pile of rim material introduced during NI is evident. Pile-up areas 

for resins subjected to both cure conditions have been measured and compiled in Figure 3.8. 

From these data, the pile-up area increases with increasing TMCD content at constant cure 

temperature and decreasing cure temperature. While incomplete cross-linking at high TMCD 

levels likewise explains the inability of LB films to form free-standing films, HB cure conditions 

serve to lessen the effect of TMCD on not only pile-up in Figure 3.8 but also Ψ in Figure 3.6b 

and Es in Figure 3.5. Although this analysis is primarily qualitative, an increase in rim pile-up 

would increase the contact area of the indenter tip beyond that calculated, which would 

artificially increase Es. A detailed, systematic examination of pile-up capable of affording 

additional insight into surface mechanics, is beyond the scope of this work. 
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Figure 0.19. Line scans extracted from representative SPM topographical data of 

nanoindentations acquired from polyester-polyol films varying in TMCD content (in wt% diol) 

— (a,d) 0, (b,e) 50 and (c,f) 100 — under LB (top row) and HB (bottom row) cure conditions. 
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Figure 0.20. Rim pile-up areas calculated from the line scans provided in Figure 3.7 and 

displayed as a functions of cure condition (labeled and color-coded) and TMCD content. 

3.3.3. Free Volume Analysis 

One of the most useful techniques to directly probe the free-volume characteristics of 

polymeric materials is PALS.
47–49

 Positrons from a radioactive source (
22

Na in this study) 

bombard the specimen and localize in internal regions of low electron density. During PALS, 

three types of annihilation events produce detectable γ radiation. The positrons lose energy 

through inelastic collisions and undergo annihilation with surrounding electrons. They can also 

couple with electrons to form a metastable bound state, known as a positronium (Ps). Positronia 

can exist in two states on the basis of the relative spins of the positron and electron. If they are 

the same, they form the singlet-state para-positronium (p-Ps), whereas if they have opposite 

spins, they form the triplet-state ortho-positronium (o-Ps). Due to its relatively long lifetime (142 

ns in vacuum
50

), o-Ps is more suitable to probe the size and population of free volume voids in 

polymers (the lifetime of o-Ps is substantially reduced in condensed matter due to a "pick-off" 

process
51

). Normalized intensity (I) results acquired by PALS are displayed as a function of 

detection time (t) in Figure 3.9 for polyester-polyol films cured under LB and HB conditions 
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(Figures 3.9a and 3.9b, respectively). These data are analyzed as a summation of at least three 

exponential decay terms according to 

𝐼(𝑡) = ∑ 𝐼𝑗 exp (−
𝑡

𝜏𝑗
)𝑛

𝑗=1                                                  (3.4) 

where Ij and τj denote the intensity (or number-density population) and characteristic lifetime, 

respectively, of the j
th
 annihilation component. 

 

Figure 0.21. Normalized annihilation intensity as a function of o-Ps lifetime for (a) LB and (b) 

HB polyester-polyol resins differing in TMCD content (labeled and color-coded) and measured 

at ambient temperature. 

The first two components correspond to short-lived events unsuitable to describe the 

nanoscale structure of polymers, but the third component corresponds to the annihilation of o-Ps 
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in polymeric media (in some cases a fourth component is introduced, but we only consider three 

components here). The characteristic lifetime associated with this component ( 3, in ns) directly 

relates to free-volume pore size by detailed theoretical formalisms such as the classic Tao-Eldrup 

model, which assumes spherical free-volume elements in the following form:
52,53

 

𝜏3 =
1

2
(1 −

𝑟

𝑟+𝛥𝑟
+

1

2𝜋
sin (

2𝜋𝑟

𝑟+𝛥𝑟
))

−1
                                   (3.5) 

Here, r is the radius of a free-volume element, and Δr accounts for the polymer electron 

shell extending into the free volume void
54

 (assigned an empirical value of 0.166 nm). Although 

this model accurately accounts for the physics underlying PALS and, for this reason and the 

simplifying assumption of spherical pores, remains a popular choice for quantifying free-volume 

elements in polymeric media, the free-volume void sizes reported here utilize a shape-free 

model, the details of which are discussed elsewhere.
55

 The model, derived from quantum 

mechanics, does not have a closed analytical form. Calculated τ3 values and the average free-

volume pore diameter (D) are presented in Figures 3.10a and 3.10b, respectively, for the LB and 

HB films. Both τ3 and D are observed to increase systematically with increasing TMCD content. 

The increase in average free-volume pore diameter for both LB and HB samples is not very 

large, about 9%, as the TMCD content increases from 0 to 100 wt%. Under these same 

conditions, however, the measured Tg is likewise observed in Figure 3.2a to increase. Taken 

together, these results are contrary to established theories
56–59

 that associate an increase in free 

volume with a reduction in Tg. The process of physical aging via sub-Tg annealing is known to 

cause a reduction in the size of free volume elements in amorphous media, including crosslinked 

polymeric networks.
60

 Due to the significant increase in glass transition temperature with 

increasing TMCD content, and the fact that the films were kept at room temperature, there may 

be an effect of physical aging in these films, whereby the low-Tg films have densified to a greater 
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degree than the high-Tg films. The effects of physical aging on these systems is beyond the scope 

of this work, however it could provide an interesting future topic of study. 

Not included here (due to the relatively low recorded intensities), the composition-

dependent product I3τ3, which provides a measure of the total free volume, likewise increases 

monotonically with increasing TMCD content for both LB and HB specimens and is consistently 

higher for LB films. This latter feature can be explained by the higher extent of reaction and a 

denser network structure achieved under HB, compared to LB, cure conditions. A similarly 

important consideration especially for coating materials of this genre is that an increase in free-

volume dimensions is anticipated
61

 to be accompanied by enhanced permeability of small-

molecule penetrants. While barrier performance constitutes an important and relevant property, 

measurement of molecular transport through the current films is, however, beyond the scope of 

this study. 
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Figure 0.22. Values of (a) τ3 and (b) D extracted from the PALS data provided in Figure 3.9 for 

LB and HB films varying in TMCD content (labeled and color-coded). The pore diameter in (b) 

corresponds to the shape-free equivalent of the spherical free-volume elements calculated from 

the Tao-Eldrup model. 

3.4. Conclusions 

This work provides a systematic study of the effect of TMCD content on polyester-

urethane films cured at two different conditions. The authors have shown that incorporating 

TMCD in a polyester-urethane backbone can significantly increase the Tg of the cross-linked 

film, especially when cured at high temperatures. The incorporation of TMCD does not 

significantly affect the elastic modulus of films at temperatures below the glass transition, 

however it does increase the operating temperature range of films with increased levels of 
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TMCD by delaying the E’ onset to higher temperatures. As TMCD content is increased, the 

width of the glass transition (as measured by a peak in E’’) increases, suggesting heterogeneity in 

the cross-linked network, which is in agreement with previous works. It also corresponds with a 

large increase in observed surface modulus for LB films, however this relationship is muted for 

HB films. It is shown that the “pile-up” phenomenon is occurring non-uniformly for samples 

cured under different conditions and containing varying levels of TMCD, suggesting artificial 

inflation of measured surface moduli values. The average free volume hole size of films also 

increases proportionally with TMCD content and does not strongly depend on cure conditions. 

As such, it can be seen that a film’s thermomechanical properties can be tailored by 

incorporating different levels of TMCD in the polyester backbone. 
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CHAPTER 4: RHEOLOGY OF UV-CROSSLINKABLE POLYMER 

NANOCOMPOSITES BASED ON POLY(DIMETHYL SILOXANE) AND ZIRCONIA 

NANOPARTICLES: ROLE OF REACTIVE VS. PASSIVE FILLERS 

4.1. Introduction 

Network polymers are an interesting subset of polymeric materials due to their densely 

cross-linked structure, which makes them attractive for a number of different applications. One 

conventional way to form these network polymers is via thermosetting, whereby the network 

polymer is formed in the presence of heat. Induction of network formation through application of 

ultraviolet radiation, or UV crosslinking, is another method of forming network polymers that 

has garnered significant research interest in recent years
1–5

. The properties of network polymers, 

including UV-cross-linkable polymers, can be enhanced or altered by including fillers within the 

polymeric matrix to form polymer nanocomposites.
6
 Previous works have investigated filler 

materials such as carbonaceous nanomaterials
7,8

, cellulosics
9,10

, organoclays
11,12

 and inorganic 

materials
13–16

. The size, structure and chemical nature of these fillers can have a profound impact 

on how well they can be incorporated within the polymeric matrix
17

. Zirconia nanoparticles in 

particular have found uses in UV- and thermally-crosslinked nanocomposites for coatings and 

electronics applications
18–25

. 

The crosslinking behavior of UV-crosslinkable systems has been studied previously using 

two popular techniques: photo-DSC
26–29

 and infrared spectroscopy
30–33

. While these techniques 

can give valuable insight into the thermal and chemical nature of the crosslinking process, they 

do not explicitly provide information regarding the mechanical property and structural 

development as these systems undergo UV-crosslinking. Dynamic rheology is a powerful tool by 

which we can probe a sample’s microstructural evolution as it proceeds along a UV-induced 
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reaction coordinate, as well as evaulate the final microstructure dynamic moduli
34–38

. A few 

recent studies have explored dynamic rheology as a tool by which to interrogate the effect of 

filler on UV-induced crosslinking behavior in nanocomposite systems for a number of different 

applications, from inkjet printer ink
39

 to dental materials
40

. In this study, we utilize dynamic 

rheology to examine the effects of two different zirconia nanoparticles, one reactive and one 

passive, at various loadings, as well as the effect of irradiation intensity, on the crosslinking 

behavior of solvent-swollen UV-curable PDMS nanocomposites. We also examine the turbidity 

of the resulting swollen films and determine how well each type of zirconia is retained within the 

network upon swelling, This is then correlated with morphological behavior observed in cross-

sectional scanning electron micrographs in order to gain an understanding of how zirconia 

nanoparticle loading and functionality affect cure and ultimate film properties. 

4.2. Experimental 

4.2.1. Materials 

Methacryloxypropyl-terminated poly(dimethylsiloxane) (PDMS) (Mn ~500) was 

purchased from Gelest and used without further purification. Meta-cresol (MC) was purchased 

from Fisher Scientific and used as received. The photoinitiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA) was purchased from Sigma Aldrich and was used without further 

purification. The chemical structure of methacryloxypropyl-terminated PDMS, DMPA and MC 

are shown in Figure 4.1. Two grades of ethyl acetate- dispersed functionalized zirconia 

nanoparticles (50 wt%) were purchased from Pixelligent (PCPB-2-50-ETA and PCPG-2-50-

ETA) and the solvent was removed via vacuum oven (80°C, 24 hours) to yield dry powdered 

nanoparticles which were stored in a dark cabinet until use. The nanoparticles have an average 

diameter of 5 nm (from manufacturer’s specifications). Although the exact nature of the 
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nanoparticle functionality is proprietary, it is known that PCPB is reactive under UV radiation, 

whereas PCPG is not.  

 

Figure 4.1. Chemical structures of (a) methacryloxypropyl-terminated PDMS; (b) DMPA 

photoinitiator, and (c) m-cresol, the solvent used in this study. 

The overlaid transmission FTIR spectra for both reactive and passive NPs were analyzed 

but are not shown. From the full spectra it is difficult to discern any major differences between 

the two particle grades, suggesting that the functionalities are fairly similar. There is, however, a 

peak in the reactive spectrum at ~1720 cm
-1

 that is not present in the passive NP’s spectrum. We 

believe this peak corresponds to the C=O stretch of an acrylate group, which suggests that the 

reactive nanoparticle (NP) contains a surface acrylate moiety that allows it to react under UV 

radiation. A corresponding shoulder at ~1630 cm
-1

 lends further evidence that the reactive NP 

has acrylate functionality, as this peak typically accompanies the C=O stretch and corresponds to 
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the C=C stretch in an acrylate functional group. The FTIR spectrum for the passive NPs lacks 

both of these features, suggesting that its surface functionality includes photo-stable organic 

compounds that will not interact with the cross-linking PDMS. 

4.2.2. Methods 

4.2.2.1. Specimen Preparation 

Both grades of powdered NPs were isolated as described above and dispersed at 50 wt% 

in MC via sonication for 2 hours, resulting in clear colloidal solutions. Prescribed amounts of the 

NP/MC colloidal solutions and PDMS, along with additional MC, were added to a 10mL 

scintillation vial and a 5 wt% solution of DMPA in MC was then added such that the final 

photoinitiator concentration was 0.25 wt% of the total solution mass. Samples were prepared in 

1.6g quantities and stored in a refrigerator for no more than one week before use. The 

nomenclature that is utilized for formulations studied in this work can be generalized to X#, 

where X is a letter and # is a number designating the loading of zirconia (in wt%) of the solids 

content. A “P” designation indicates that the zirconia in the system is passive and an “R” 

indicates that the zirconia in the system is reactive (i.e. R25 refers to a formulation with reactive 

zirconia at a loading of 25 wt% of solids content (or 12.5 wt% of total mass). 

4.2.2.2. Rheological Analysis 

Dynamic oscillatory shear rheology was conducted to monitor the cross-linking reaction 

of each formulation. Frequency sweeps (0.1-10 rad/s) on formulations before crosslinking were 

conducted at room temperature on a TA Instruments Discovery Series Hybrid Rheometer HR-3 

outfitted with a Peltier plate and a 40mm upper aluminum plate. A fixed gap of 400μm and strain 

amplitude of 50% (within samples’ linear viscoelastic regime) was used for these measurements. 
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All crosslinking and post-crosslinking rheological measurements were performed on the same 

rheometer, equipped with the 365nm UV LED accessory. A 20mm quartz bottom plate was 

utilized in order to allow light to pass vertically upward into the sample, and a 20mm upper 

aluminum plate was used. All measurements were conducted at a gap size of 180μm.  Samples 

were removed from the refrigerator and allowed to equilibrate at room temperature for 5 minutes 

before being loaded onto the rheometer. Reaction progress was followed in situ as a function of 

time at a fixed strain amplitude of 10%, which is within the linear viscoelastic regime of the 

sample at an angular frequency of 5 rad/s. The UV intensity was varied between 0.5-5 mW/cm
2
, 

and the functionality and loading of zirconia were all varied as well. Frequency sweeps were 

conducted after thirty minutes of curing samples at 1 mW/cm
2
 in order to determine the effect of 

zirconia functionality and loading on final gel modulus. 

4.2.2.3. UV-Vis Spectrophotometry 

UV-Vis measurements were carried out on a Thermo Fisher GENESYS 10S UV-Vis 

spectrophotometer. In order to determine the ability of cured film samples to retain zirconia NPs, 

samples that had been cured for 30 minutes on the rheometer (containing a known amount of 

zirconia) were weighed and placed into 10mL scintillation vials. The vials were filled with a 

known amount of MC and were left in solvent for three days and agitated daily for ~60s. After 

the 3 day equilibration period, ~2.5mL of supernatant was extracted and placed in a 2.5 mL 

cuvette for UV-Vis analysis and the wt% of dissolved zirconia was calculated based on the 

maximum intensity of the absorbance peak between 302-204 nm weighted against a calibration 

curve. There were no differences in absorbance between the two types of zirconia NPs, so the 

passive NPs were dissolved in MC and diluted to different concentrations to generate this 

calibration curve. Samples were tested between 200 and 800nm wavelength. 
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Films with a fixed path length (180μm in thickness) were cured for 30 minutes at 1 

mW/cm
2
 on the same rheometer described above and then placed on glass slides for UV-Vis 

spectroscopy. The PDMS/MC/ZrO2-coated glass slides were then placed in the 

spectrophotometer and scanned from 400-700nm. Turbidity was determined using the samples’ 

absorbances at 600nm. 

4.2.2.4. Scanning Electron Microscopy (SEM) 

Four samples used for UV-Vis measurements (25 and 75 wt% reactive and passive 

zirconia loading) were cryo-fractured in liquid nitrogen and mounted onto a stub such that the 

cross-sectioned surface was facing upwards. Measurements were carried out using a FEI Verios 

field emission SEM. Signals were collected using a through the lens (TLD) detector at 

magnifications of 1500x, 10000x and 25000x in order to visualize the observed morphologies at 

various lengthscales. 

4.3. Results and Discussion 

4.3.1. Dynamic Rheology 

The kinetics of microstructural evolution are followed through in situ monitoring of the 

two dynamic moduli; G’, the storage or elastic modulus, and G’’, the loss or viscous modulus via 

dynamic rheology.  Before exposure to UV radiation, these samples are Newtonian solutions 

whose behavior is characterized by their complex viscosity being independent of frequency, as 

shown for select samples in Figure 4.2. An increase in the nanoparticle loading of both reactive 

and passive zirconia results in an increase in initial solution complex viscosity which almost 

certainly affects the time required to achieve a modulus crossover. Furthermore, both types of 

particles behave the same with regard to particle concentration and do not show shear-thinning 



   

85 

 

behavior which is typical of agglomerated particle systems, as has been reported previously in 

various concentrated nanoparticle systems
41

. 
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Figure 4.2. (a) Representative complex viscosity vs. angular frequency curves for select 

formulations prior to exposure to UV irradiation. Symbols represent: neat PDMS with 0.5 wt. % 

DMPA (black squares); R25 (blue diamonds); R75 (red triangles); P25 (green diamonds); P75 

(pink inverted triangles). Complex viscosity (at 1 rad/s) vs. zirconia content for both unreacted 

formulations containing reactive (black squares) and passive (red circles) zirconia are given in 

(b). 
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As the reaction proceeds and a microstructure begins to develop, G’ begins to increase 

and ultimately dominate over G”. A true gel point, as defined by the Winter-Chambon 

Criterion
42,43

, was not determined for these systems. Instead, we are using the modulus crossover 

as an estimate of the gel point, as in our recent work
44

 and a previous study on a similar system 

by Nguyen et al.
45

. The modulus crossover times at three different frequencies were found to be 

very close to one-another for the first two formulations that we tested, so we therefore believe 

that even though a true gel point is not identified, the modulus crossover will provide a good 

estimate (data not shown). 

4.3.1.1. Effect of Zirconia Loading and Functionality at a Single UV Intensity 

Figure 4.3 shows the evolution of dynamic moduli of systems with different loadings of 

both reactive and passive nanoparticles cured at 1mW/cm
2
. In the case of both nanoparticles, it is 

clear that increasing the loading of zirconia in the formulation increases the time required to 

achieve a modulus crossover. In most cases, the time required to reach the modulus crossover 

under constant 1mW/cm
2
 UV irradiation is very similar for both the reactive and passive zirconia 

particles at a given loading. This is an interesting observation, since intuition might dictate that 

the systems with a reactive filler would react faster with the zirconia particles functioning as 

nano-scale cross-linking agents, but this is not what we observe. There is little that distinguishes 

the reactive from the passive filler in terms of rheological property development up to the 

modulus crossover at 1 mW/cm
2
, however the two fillers begin to differentiate themselves 

slightly more when the nanocomposites are fully cured for 30 minutes, as discussed in the 

subsequent paragraphs regarding the ultimate film properties. The full cure is not depicted here 

due to the ~ 6 orders of magnitude increase in G’; therefore, the 10% strain and 5 rad/s angular 

frequency required to reliably identify a crossover in modulus lies outside the linear viscoelastic 
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regime of the fully cured systems.   
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Figure 4.3. Evolution of G’ and G’’ as measured by dynamic rheology as the nanocomposites 

cure with various loadings of either (a) reactive or (b) passive zirconia as a filler. In the plots, G’ 

is marked by closed shapes and G’’ is marked by open ones. In both plots, 0% zirconia is given 

by black squares; 25% is given by red circles; 75% is given by blue diamonds; and 85% is given 

by green triangles. 

The frequency-dependent behavior of these systems after 30 minutes of exposure to 1 

mW/cm
2
 UV irradiation can be found in Figure 4.4. Frequency sweep data was not able to be 
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obtained for fully crosslinked nanocomposites containing less than 50% zirconia content as the 

materials had too high a modulus (>10
7
 Pa) to reasonably probe with our experimental setup. At 

50 wt% zirconia filler of solids content (black squares in Fig. 3), the storage modulus is near 10
6
 

Pa for the passive zirconia and is only slightly lower for the reactive zirconia. As zirconia 

content is increased in both the reactive and passive filled systems, the storage moduli decrease. 

The storage moduli for all examined specimens do, however, maintain their frequency-

independent behavior over the temperature range examined, which suggests that they are all 

strong gels after 30 minutes of exposure to 1 mW/cm
2 

UV radiation. One interesting observation 

is that, for both reactive and passive zirconia, the ultimate gel storage modulus decreases with 

increasing filler content, which runs counter to conventional understanding of high-modulus 

filler effects on network mechanical properties. This phenomenon has been previously observed 

in systems containing carbon nanotubes, graphite and zinc oxide nanoparticles.
46–48

 As the 

PDMS is the primary network former in these systems, the increase in zirconia content (and 

resultant decrease in PDMS content) leads to a dilution effect, which increases the number of 

network defects and lowers the effective crosslink density throughout the film. Another 

observation is that, as zirconia content is increased to 75% and beyond, the nanocomposite 

materials containing the reactive zirconia tend to have slightly higher ultimate gel moduli than 

those containing passive zirconia. This suggests that the reactive zirconia are being incorporated 

into the network via covalent bonding with the PDMS. This topic will be discussed further in a 

following section. 

 

 

 



   

89 

 

 

 

 

 

 

 

 

Figure 4.4. Frequency sweeps of fully-cured nanocomposite materials containing varied levels 

of either (a) reactive zirconia, or (b) passive zirconia. Storage moduli values are given by closed 

shapes while representative loss moduli curves are given by open shapes. In both plots, 50% 

zirconia is given by black squares; 75% is given by red circles; 80% is given by blue diamonds; 

and 85% is given by green triangles. Storage moduli values measured at 1 rad/s are given as a 

function of zirconia loading of solids content in (c) for both reactive (black squares) and passive 

(red circles). 
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Figure 4.5. Representative sample data (P80 formulation) used to determine time to modulus 

crossover and the modulus value at the crossover for three of the intensities studied. Storage 

moduli are given by closed shapes and loss moduli values are given by open ones. The intensities 

studied are given by: 0.5 mW/cm
2
 (black squares),  2 mW/cm

2
 (red circles), and 4 mW/cm

2
 (blue 

diamonds). 

4.3.1.2. Effect of UV Irradiation Intensity and Zirconia Loading and Type on 

Modulus Crossover 

Both types of zirconia-filled systems and unfilled PDMS in MC were subjected to 

ultraviolet irradiation intensities of 0.5, 1, 2, 3, 4 and 5 mW/cm
2
 to ascertain the effect of 

irradiation intensity on cure behavior up the modulus crossover time, at which point (or shortly 

thereafter) the experiments were stopped. Figure 4.5 depicts the evolution of G’ and G” over 

time for a representative formulation (P80) at all irradiation intensities examined. As the UV 

intensity increases, the time required for G’ to dominate the mechanical response decreases. The 

modulus crossover times are displayed in Figure 4.6 as functions of both zirconia type and 

loading, as well as UV intensity. There is an inverse relationship between UV intensity for 

crosslinking and the time required for modulus crossover, which is relatively intuitive; a higher 

energy flux into the system will cause a system to more rapidly crosslink. Figure 4.6 reveals a 
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power-law relationship between UV intensity and crossover time. This behavior has been 

observed previously in thiol-ene UV-curable polymer systems
45,49

, as well as an acrylate-based 

system
50

. We do find it interesting that the passive system achieves a modulus crossover more 

quickly than the reactive system when zirconia content exceeds 80 wt%. This could be due to a 

greater degree of particle aggregation in the passive system, which would increase the storage 

modulus, whereas in the reactive system the particles are able to be incorporated into the network 

and stay fairly well dispersed. The subject of particle aggregation and its consequences will be 

discussed in the following section. 

Figure 4.7 contains the power law exponents for formulations containing both the 

functional and non-functional zirconia as a function of filler loading, and the scaling 

relationships are similar for both types of NPs. This similarity suggests that the mechanism of 

gelation is similar for both reactive and passive zirconia fillers, as the time required to achieve a 

modulus crossover shows the same dependence on UV intensity for both fillers. We hypothesize 

that this is due to faster reaction kinetics for the methacryloxypropyl groups on the PDMS than 

the reactive groups on the zirconia nanoparticles.  Differences in reactivity between different 

types of acrylate functionalities have been previously documented
52,53

, which could explain the 

similarity in reaction mechanism up to the gel point for all loadings of zirconia and the ability for 

reactive zirconia retention within the matrix structure, which is discussed in the following 

section. Therefore, the PDMS plays a larger role in the network formation at shorter times and 

the reactive zirconia is incorporated more slowly in the network. 
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Figure 4.6. Time required to achieve modulus crossover for (a) formulations without any fillers 

(i.e. PDMS in MC), (b) formulations containing reactive zirconia, and (c) formulations 

containing passive zirconia. In (a), the symbols represent: PDMS with 0.5 wt% DMPA (black 

squares), 50 wt% PDMS in MC (blue circles), 37.5 wt% PDMS in MC (red triangles) and 25 

wt% PDMS in MC (green diamonds). In both (b) and (c), the symbols represent: 25 wt% 

zirconia of total solids (black squares), 50 wt% zirconia of total solids (blue circles), 75 wt% 

zirconia of total solids (red triangles), 80 wt% zirconia of total solids (green diamonds) and 85 

wt% zirconia of total solids (pink inverted triangles). Modulus crossover times show power-law 

dependence (solid lines) on UV intensity. 
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Figure 4.7. Calculated power-law exponents from linear regressions in Figure 4.7 (b) and (c). 

The reactive (black squares) and passive (red circles) zirconia appear to have similar power-law 

behavior as it pertains to modulus crossover time vs. UV intensity for different loadings of 

zirconia. 

The time required to achieve an observed crossover in modulus is not the only material 

property that is affected by the inclusion of zirconia NPs; the value of the moduli at the crossover 

point also has a dependence on the zirconia loading and UV intensity. This relationship is 

demonstrated in Figure 4.8 for both reactive and passive zirconia-containing formulations at 0.5 

and 5 mW/cm
2
, respectively. In the case of both reactive and passive particles, the systems cured 

at 5 mW/cm
2
 have a higher crossover modulus at all zirconia loadings compared to their 

counterparts cured at 0.5 mW/cm
2
. In the case of the passive NPs, the modulus values increase 

from about 0.8 Pa to 4 Pa (0.5 mW/cm
2
) and 2 Pa to 6 Pa (5 mW/cm

2
) as zirconia content is 

increased from 25 to 85% of solids content. This amounts to less than an order of magnitude 

change in both of these cases. In contrast, systems containing the reactive zirconia particles 

(PCPB) show moduli increases from about 0.5 Pa to 9 Pa (0.5 mW/cm
2
) and 2 Pa to 20 Pa (5 

mW/cm
2
) over the same zirconia content range. Both of these increases are by at least a factor of 

10 in magnitude, which suggests that the reactive zirconia is not only acting as a filler but is also 

participating in the crosslinking reaction under UV exposure. 
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Figure 4.8. Observed magnitude of dynamic moduli at crossover for both reactive and passive 

zirconia. Filled symbols in the plot represent systems cured at 0.5 mW/cm
2
, and open symbols 

represent systems cured at 5 mW/cm
2
. Formulations containing reactive zirconia are given by 

black squares, whereas the passive zirconia systems are given by red circles. 

4.3.2. Optical Properties and Zirconia Retention in Nanocomposites 

The PDMS/zirconia nanocomposites swollen in MC that are studied herein have shown 

the ability to form gelled systems up to 85 wt% for both reactive and passive forms of zirconia, 

however ultra-high loadings of nanoparticles in polymeric matrices often lead to opaque 

materials, which limits potential application areas. Furthermore, it could be favorable if the 

zirconia in the nanocomposite is able to be retained within the system, even after washing or 

swelling the nanocomposite material. Figure 4.9 depicts the fraction of zirconia retained in the 

film for systems containing both reactive and passive zirconia after swelling in MC for 3 days 

with periodic agitation. The films containing reactive zirconia appear to retain almost all of the 

zirconia after being left in solvent for 72 hours, although there is a slight decrease in retained 

zirconia at the highest loading. In contrast, the passive zirconia is retained to a significantly 

lower degree. This provides further evidence that the reactive zirconia NPs are being covalently 
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incorporated into the matrix structure, whereas the passive NPs are occupying free volume 

around the PDMS network structure.  
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Figure 4.9. Calculated fraction of zirconia retained by the films after 72 hours of soaking in MC; 

reactive zirconia-containing systems are given by black squares and passive zirconia-containing 

systems are given by red circles. 

As the network develops and the reactive zirconia is incorporated into its structure, it is 

able to remain in a well-dispersed state, whereas the passive zirconia particles are excluded from 

the network formation and form aggregate structures which increase the observed opacity of the 

films. This is evidenced by turbidity measurements made using UV-Vis spectrophotometry of 

films containing varied loadings of both reactive and passive zirconia particles (0-75 wt% 

passive zirconia, 0-80% reactive zirconia), shown in Figure 4.10.a. Turbidity can be calculated 

from the absorbance at a single wavelength, in our case at 600 nm, via the following equation: 

𝑡𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 =  
ln(10) ∗ 𝐴

𝐿
, 

where A is the absorbance at a specific wavelength and L is the optical path length. In our case, L 

is constant at 180μm for all samples, and the absorbance can be extracted at a specific 
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wavelength from the UV-Vis absorbance curves. This method of determining turbidity from UV-

Vis absorbance data has been undertaken previously
54,55

. The turbidity is very similar for both 

the reactive and passive systems up to 25 wt% NPs, however above this level the turbidity 

continues to increase exponentially for the passive system, while it levels off in the reactive 

system. Figure 4.10.b. provides visual evidence of the increasing turbidity and its effect on the 

observed optical clarity of films with differing levels of reactive and passive zirconia. The 

turbidity of the film containing 75 wt% passive zirconia is apparent to the naked eye, whereas 

the films containing reactive zirconia appear transparent up to 85 wt% zirconia. Scanning 

electron micrographs of cryo-fractured cross-sections of both reactive and passive zirconia at 25 

and 75 wt% (of solids content) are depicted in Figure 4.11. A well-dispersed morphology is 

observed at a loading of 25 wt% for both reactive and passive zirconia, which corresponds to 

optically clear films found in Figure 4.10.b. The cross-sections observed with SEM appear 

similar for both types of filler, and the measured turbidity for both is low and the observed 

optical clarity is high.  When the loading of reactive zirconia increased to 75 wt% of solids, the 

dispersed morphology is maintained, but the inclusions become slightly larger. This slight 

coarsening of the microstructure leads to a slight increase in the measured turbidity value, but 

does not manifest itself as a decrease in apparent optical clarity. In stark contrast, the film with 

75 wt% passive zirconia exhibits a significantly coarsened microstructure, which gives a higher 

measured turbidity. This coarsened microstructure leads to an optically opaque material, as seen 

in the top-right photo in Figure 4.10.b. 
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Figure 4.10. (a) Calculated turbidity values from UV-Vis spectrophotometry at a wavelength of 

600nm. Reactive zirconia-containing systems are given by black squares, while passive zirconia-

containing systems are given by red circles. (b) Images of 180μm-thick films on glass slides 

above NCSU logo. Top row, left to right: 50 wt% PDMS in MC, P25, P50, P75. Bottom row, left 

to right: R25, R50, R75, R80.  
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Figure 4.11. Micrographs obtained from SEM of uncoated PDMS/zirconia nanocomposite 

materials containing reactive and passive zirconia loadings of 25 and 75 wt% of solids content. 

Larger-scale features and significant coarsening of microstructure can be observed in the case of 

passive zirconia loaded into a PDMS matrix at 75 wt%. 
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4.4. Conclusions 

In this work, the UV cross-linking behavior of methacryloxypropyl-terminated PDMS is 

examined in m-cresol, and the effect of two commercially available surface functionalized 

zirconia nanoparticles are investigated in terms of rheological property development and optical 

properties of these nanocomposite systems. Both the reactive and passive zirconia nanoparticle-

based systems were able to form cross-linked networks in systems containing up to 85 wt% 

zirconia of solids content (50% solids content overall), and a power law scaling relationship was 

found between UV irradiation intensity and time required to achieve a crossover in dynamic 

moduli for different loadings of zirconia. The magnitude of the modulus crossover value also had 

a positive dependence on zirconia content, which was stronger for the reactive than the passive 

zirconia. UV-Vis measurements showed that reactive zirconia was retained within the 

nanocomposite much more strongly than the passive zirconia upon swelling, suggesting covalent 

incorporation within the network. Turbidity measurements carried out in UV-Vis show a 

significant increase in turbidity in the passive zirconia systems with NP loadings above 50 wt%, 

while the reactive system’s turbidity increases only slightly at the same loadings. Micrographs 

obtained from SEM of cryo-fractured cross-sectioned surfaces of samples containing both 

reactive and passive loadings of 25 and 75 wt% (of solids) zirconia suggest that large-scale 

aggregation of the NPs plays a role in the observed turbidity increase in films containing high 

levels of passive zirconia. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

In this body of work, we have examined the formation and ultimate film properties of 

network polymers created through thermally- and UV irradiation-induced crosslinking processes. 

These types of materials have the potential to find applications in fields such as protective and 

optical coatings, as well as standalone optical devices. Specifically, we have examined the 

effects of temperature and polymer backbone composition on the thermal crosslinking of 

TMCD-based polymers with a polymerized aliphatic isocyanate crosslinking agent from both a 

chemical and mechanical standpoint. We also studied the ultimate film thermomechanical and 

free volume properties of these same resin systems after being cured at two industrially relevant 

temperatures for one hour. Finally, we investigated the UV radiation-induced crosslinking of an 

unfilled PDMS system, as well as with both reactive and passive nanofillers at different 

concentrations. The specific conclusions for each chapter of this dissertation, along with 

recommendations for future work, are given below. 

5.1. Analysis of Crosslinking Behavior in Model Polyester Polyol-based Systems 

The crosslinking behavior of a series of model polyester polyol resins with a trifunctional 

isocyanate crosslinking agent is examined as a function of reaction temperature and polymer 

backbone composition up to the sol-gel transition (as defined by the crossover in dynamic 

moduli). This crosslinking analysis was undertaken from both a mechanical and a chemical 

perspective. The techniques utilized to study the crosslinking behavior from these two 

standpoints are dynamic rheology and variable temperature FTIR, respectively. Results from the 

analysis indicate that increasing temperature decreases the time required to achieve the sol-gel 

transition for all resin systems examined. It can also be concluded that increasing TMCD content 

(and by extension, statistical secondary hydroxyl content) not only increases the amount of time 
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required for modulus crossover, but also increases the critical conversion required to achieve the 

crossover. The apparent activation energies for gelation (rheology) and apparent kinetic 

activation energies (VT-FTIR) also increase slightly with increasing secondary hydroxyl content, 

but mostly remain similar when comparing the two techniques. This suggests that the conversion 

of the isocyanate group is directly related to the growing microstructure of the systems. 

As statistical secondary hydroxyl content is increased above 25%, the critical extent of 

conversion also begins to deviate significantly from classical theories. A conceptual model is 

proposed which agrees with previous works in the literature and illustrates a phenomenon known 

as gel point suppression. In this model localized crosslinking occurs, creating network 

fluctuations. The formation of topological defects is prominent in the form of loops which do not 

contribute to the overall elasticity of the network, which agrees with previously reported results. 

An interesting future direction for this work could be to incorporate solvent evaporation 

into the mechanical and chemical characterization of the systems during cure. During the curing 

process of protective coatings, solvent evaporation plays a key role in the evolution of the 

mechanical and chemical characteristics of the system. In the system evaluated herein, solvent 

was retained within the system to gain a fundamental understanding of polymer crosslinking, but 

a comprehensive study of the mechanical property evolution in a scenario which is more 

representative of those encountered in product application might further enhance understanding 

of the relationship between polymer backbone architecture, cure temperature and mechanically 

observed curing. 

5.2. Role of TMCD Content and Crosslinking Conditions in the Final Film 

Thermomechanical and Free Volume Properties of Model Coating Systems 
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The ultimate thermomechanical and free volume properties of 5 polymer resin systems 

containing differing levels of TMCD in their backbone are examined to elucidate the effect of 

TMCD content and cure condition on the ultimate film properties. Regardless of TMCD content, 

increasing the cure temperature of the films cured for 1h increased the glass transition 

temperature (as measured by DSC for HB and LB films, and DMTA for HB films). For all HB 

films, DMTA results indicate that below the films’ respective glass transition temperature, there 

is no significant difference in the mechanical properties. For LB films, the observed surface 

modulus increases monotonically with increasing TMCD content, however the HB films show a 

very slight negative correlation in observed surface modulus as a function of TMCD content. 

This is attributed to an observed phenomenon referred to as pile-up, wherein the surface modulus 

in artificially increased due to limitations in the analysis of nanoindentation data. Finally, the 

average free volume pore size is shown to increase with increasing TMCD content, and for all 

levels of TMCD content the average hole size is similar between the LB and HB samples. 

One interesting route for a future study is to thoroughly examine the effect of pile-up for 

films containing varied levels of TMCD and cured at both HB and LB conditions, as well as 

perform scratch testing on the various films in order to gain a more thorough understanding of 

how the surface responds to stresses. Another potential path for future study is a more in-depth 

examination of the free volume properties at different temperatures. One final recommendation 

is to examine the barrier properties of these materials, not only to gases but also to water. These 

experiments could be performed within a permeation cell and would give insight into how the 

free volume within the samples affects transport of penetrant molecules through the films. 
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5.3. Rheology and Ultimate Films Properties of UV-crosslinkable Polymer Nanocomposites 

Based on Poly(dimethyl siloxane) and Zirconia Nanoparticles: Role of Reactive vs. 

Passive Fillers 

The UV radiation-induced crosslinking behavior of a linear short-chain PDMS with UV-

reactive end groups in solvent, both with with and without various loadings of commercially 

available reactive and passive zirconia nanofillers, is examined. By maintaining a constant solids 

content of 50 wt% for the filled systems and varying it slightly for some of the unfilled systems, 

the effect of zirconia filler loading, type and irradiation strength could be analyzed. For all 

systems examined, a higher UV intensity decreased the time required to achieve a crossover in 

dynamic moduli, but also increased the magnitude of the modulus crossover. As zirconia content 

(for filled systems) or PDMS content (for unfilled systems) is varied, a power law relationship 

between the time required to achieve a modulus crossover and UV intensity is observed. For the 

filled systems at all loadings of zirconia, the power law scaling exponent is very similar for both 

the reactive and passive fillers. This suggests a similar mechanical mechanism to achieve a 

modulus crossover. The ultimate network strength, as measured by dynamic rheology frequency 

sweeps, decreases with increasing filler loading for both reactive and passive zirconia. 

The ultimate film optical properties are characterized with UV-Vis spectroscopy. From 

swelling/solubility measurements on films cured at 1 mW/cm
2
 for 30 minutes, it is found that the 

films containing reactive zirconia are able to retain above 90 wt% of their zirconia for up to 85 

wt% zirconia loading, whereas the passive filled systems lose a substantial amount of filler 

above 50 wt% on solids. The turbidity, as measured by absorbance in UV-Vis, increases in a 

semi-logarithmic fashion for the passive zirconia up to 75 wt% on solids loading, whereas the 

reactive zirconia shows significantly less turbidity than its passive counterpart above 25 wt%. 
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Cryo-fractured SEM micrographs show significant morphological changes between reactive and 

nonreactive zirconia-filled systems at 75 wt% solids loading. These findings suggest that reactive 

zirconia could prove to be a good filler for UV-curable optical applications. 

This work provides the potential building blocks for a much larger study on filled PDMS 

matrices cured under UV irradiation. One promising future direction is to investigate the specific 

type of UV-reactive end group, of the PDMS, such as methacrylate vs. methacryloxypropyl, as 

well as the molecular weight of the PDMS chains. By changing the end capping it may be 

possible to better incorporate the reactive zirconia into the polymeric matrix, and increasing the 

molecular weight of the PDMS might improve the elastomeric nature of the nanocomposite. It 

might also be interesting to examine the ultimate film mechanical and optical properties after the 

solvent has been removed.  

 


