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ABSTRACT 

The research presented addresses the design of novel materials for additive 

manufacturing through a dual-cure approach that combines UV initiated free-radical 

polymerization of an acrylic network combined with the thermally initiated ring opening 

polymerization of a benzoxazine network. This work is split into three primary sections: 

the first and second sections focus on the synthesis and characterization of networks 

based on dual-cure BOX monomers, while the third develops simulation tools to further 

investigate thermoset networks prepared via additive manufacturing. 

A novel 3D printing formulation based on a multifunctional benzoxazine (BOX) 

monomer possessing both photo and thermally polymerizable functional groups is 

reported. Printing formulation viscosity is readily tuned using a monofunctional reactive 

diluent to enable Stereolithography (SLA) 3D printing. In the primary curing step, the 

printing formulation is UV-cured by SLA 3D printing to prepare accurate parts on the 

millimeter size scale. The 3D printed parts are then heated in the secondary curing step to 

activate a thermally initiated BOX ring opening polymerization. 

The last chapter of this research applies a combined computational and 

experimental approach to study the photo initiated free radical polymerization of an 

acrylate during SLA 3D printing at an atomistic level. After simulated crosslinking, 

network properties including crosslink density and glass transition temperature are 

calculated and compared to experimental results. 
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CHAPTER I – Introduction 

1.1 Background 

Since the beginning of time, mankind has searched for novel ways to shape 

materials for specific applications. From learning to sharpen rocks for hunting to 

injection molding of large-scale parts with high throughput, humanity has evolved and 

developed faster, more precise methods of manipulating form and function of materials to 

better serve a desired purpose. Introduced in the 1980s, Additive manufacturing (AM), 

commonly referred to as 3D printing, has emerged as an advanced manufacturing method 

to produce complex geometries and shows great potential in a variety of industries. 

ASTM defines AM as “the process of joining materials to make objects from 

three-dimensional model data, usually layer-by-layer, as opposed to subtractive 

manufacturing methodologies”.1 AM is quickly proliferating in aerospace, medical, and 

robotics applications due to its ability to rapidly produce complex 3D structures with 

micrometer  precision.2 Consequently, the AM market is growing, with revenues 

estimated at $2.7 billion in 2016, a growth of 12.9% from 2015, and these revenues are 

expected to surpass $100 billion within the next two decades.3 Major aerospace 

companies including Boeing, Bell, and Airbus have all recognized the utility of AM, 

fabricating critical and non-critical aircraft parts and tools using various AM methods. In 

2015 more than 20,000 non-metallic AM parts were installed on aircrafts; Boeing 

specifically having 16 military and commercial aircraft that fly with parts fabricated 

using AM technologies.3,4 Industrial highlights such as these demonstrate not just the 

rapid advancement of AM as a manufacturing method, but also the increasing demand for 

performance from the materials applied to AM. 
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One of the key challenges facing the AM market is related to the development of 

new materials tailored for the innovative process. Despite ever increasing research efforts 

in the area of AM material development, parts produced using AM typically 

underperform in the area of mechanical properties.2 This limiting factor may be 

addressed by the careful design of new polymers engineered specifically for the unique 

considerations of AM.5  

 

1.1.1 Additive Manufacturing 

While traditional manufacturing methods operate by removing material to 

fabricate objects, in AM, complex objects and assemblies are readily created by 

depositing or fusing material in successive layers. This can be accomplished by a broad 

range of AM methods including selective laser sintering (SLS), inkjet and polyjet 

printing, fused deposition modeling (FDM), laminated object manufacturing (LOM), 

direct write printing technologies, and stereolithography (SLA).6 All standard AM 

processes begin with the development of a computer-aided design (CAD) file to define 

part geometry and size. The CAD file is then converted into a series of 2D cross-sections 

through a process called “slicing”, and the resulting 2D cross-sections define the layers 

that will be “printed” to build the part. Once the file is uploaded to the 3D printer, 

individual layers of material are deposited or bonded together in a pattern defined by the 

slicing process. A key advantage of AM is that this manufacturing workflow is not 

restricted by part design constraints compared to other traditional polymer processing 

techniques which require molds or machining. Polymeric materials used for AM may 

vary from a wide range of thermoplastics to thermosets depending on the AM process 
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used and desired part properties. A summary of AM methods and materials commonly 

processed using each approach are presented in Table 1.1. While thermoplastic polymers 

in powder, filament or sheet form are common, thermosetting monomers processable via 

photopolymerization have achieved wide spread use among a wide range of industries. 

 

Table 1.1 Summary of typical polymers used for common AM methods2,7 

AM Method Typical Feature 

Resolution 

Typical Materials 

SLS 50 – 100 µm 

PA6, PA11, PA12, HDPE. 

PP, PEEK, TPU, PS, HIPS, 

PMMA, SAN, PC 

FDM 100 – 150 µm ABS, PLA. PC, PA, HIPS, 

SLA 25 – 100 µm 
Acrylates, Epoxides, Vinyl 

Ethers 

Polyjet 25 µm Acrylates 

 

The wide selection of polymer chemistries suitable for photopolymerizations have 

recently enabled innovations in a specific subset of photopolymerization-based AM 

techniques commonly referred to as vat photopolymerization (VPP).1,2,8,9 Figure 1.1 

depicts a general schematic of the VPP process and examples of parts prepared using 

VPP. Most modern VPP devices operate in a “bottom up” configuration where a build 

platform is immersed in a bath of printing formulation and a light source selectively 

initiates photopolymerization through an optically transparent window. This process 
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continues in an iterative, layer-by-layer approach until the final structure defined by the 

CAD file is formed. Examples of VPP techniques include SLA, digital light processing 

(DLP), and continuous liquid interface production (CLIP). These AM methods typically 

rely on very precise light or laser sources to initiate the photopolymerization of each 

layer, which allows for high feature resolution on the micrometer size scale.10 The high 

feature resolution and ability to tailor material properties using VPP AM has enabled 

innovations in a wide range of fields that include robotics, microfluidics, biomedical 

devices, and dentistry.11–13 

 

Figure 1.1 A) Schematic of vat photopolymerization additive manufacturing B) Parts 

fabricated using vat photopolymerization additive manufacturing 

 

VPP utilizes monomers or prepolymer oligomers that are viscous liquids at room 

temperature which, upon exposure to a UV light, rapidly photopolymerize to form 

crosslinked polymer networks. VPP AM formulations blend these UV polymerizable 

monomers or prepolymer oligomers with a low concentration of photoinitiator, which 

upon UV irradiation generates an active species to initiate photopolymerization. Once a 
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radical is formed, it adds across the double bond of a monomer during the initiation step, 

after which the propagating radical may continue to add to monomer until termination. 

Several termination events may occur, including radical coupling events, where either 

initiating or propagating radicals may combine, disproportionation, where a radical may 

abstract a hydrogen atom from the growing polymer chain end, or oxygen inhibition, 

where a peroxy radical with relatively low reactivity is formed. Scheme 1.1 illustrates the 

general reaction mechanism of a typical photopolymerization using vinyl monomers. 

 

Scheme 1.1 General photopolymerization mechanism 
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Photoinitiators used in VPP AM techniques are typically single molecules 

classified as Norrish type I initiators.2,8 These molecules cleave into reactive radical 

fragments upon photolysis that may further react to initiate polymerization. Specifically, 

acyl phosphine oxide photoinitiators are commonly employed in VPP due to their 

efficient initiation at relatively high wavelengths of light and the high reactivity of 

phosphonyl radicals generated upon photolysis.14–16 The selection of a photoinitiator for a 

given VPP AM formulation must be based on compatibility with the monomer blend and 

the wavelength of light to be used. Liquid photoinitiators are preferred as they typically 

improve miscibility with the monomer blend. Additionally, the initiator should have a 

strong absorbance in the spectrum of light emitted by the laser or light source. 

Photoloysis of a common Norrish type I photoinitiator Ethyl(2,4,6-trimethylbenzoyl) 

phenylphosphinate, trade name TPO-L, is depicted in Scheme 1.2. This photoinitiator is 

used for the research herein due to formulation miscibility, the high efficiency of radical 

generation and the good overlap between the 3D printer laser output wavelength and 

photoinitiator absorbance. 

 

Scheme 1.2 Photolysis of type 1 photoinitiator 
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Acrylate or (meth)acrylate chemistries are the dominant choice for monomers in 

photopolymerization based AM techniques. Acrylates are electron poor vinyl monomers 

commonly utilized in photopolymerizations due to their high UV reactivity and 

molecular design versatility. Acrylate and (meth)acrylate monomers are commercially 

available with a variety of functionalities and backbone structures and are typically able 

to be prepared using straightforward synthetic techniques. 

Two of the most commonly used acrylates in VPP AM are polyurethane or 

diglycidyl ether of bisphenol a (DGEBA) moieties terminated with acrylate or 

methacrylate functional groups.17 These monomers are a logical choice as they are 

commercially available, exhibit fast photopolymerization rates, and provide good 

mechanical and thermal stability.2,8 Often however, multi-functional acrylate or 

methacrylate monomers used for VPP are too viscous for the VPP process without the 

addition of a low viscosity reactive diluent or comonomer.18,19 Reactive diluents used in 

VPP AM are commonly low viscosity acrylate functional monomers that will reduce 

formulation viscosity but also react into the final crosslinked network. Structures of 

commonly used monomers, reactive diluents, and photoinitiators in VPP AM are 

illustrated in Scheme 1.3.  
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Scheme 1.3 Common free-radical monomers and photoinitiators used in VPP AM2,8 

 

Scheme 1.4 shows examples of cationic polymerizable monomers used for VPP 

AM. Catatonically polymerizable epoxy functional monomers are a common choice in 

the scientific and patent literature as they have favorable mechanical properties and low 

shrinkage values upon photopolymerization when compared to acrylate or (meth)acrylate 

functional monomers.2 While epoxy functional monomers reduce shrinkage upon 

photopolymerization, they also suffer from much slower photopolymerize rates than free 

radically polymerizable acrylate and (meth)acrylate functional monomers. To address this 

issue, often epoxy monomers are blended with more reactive vinyl ether monomers to 

ensure sufficient crosslinking during the AM process while also reducing part shrinkage. 
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Another approach to tune AM formulations is by blending free radically polymerizable 

monomers shown in Scheme 1.3 with cationic monomers to synthesize “dual-cure” 

networks.2,8 

 

Scheme 1.4 Epoxide and vinyl ether monomers used for cationic photopolymerization2,8 

 

1.1.2 Dual-Cure Polymer Networks 

Dual-cured polymer networks are synthesized by monomers that react by two 

discrete curing mechanisms to form two separate polymer networks.20 These curing 

mechanisms can occur simultaneously or in series, depending on the stimuli required to 

initiate each reaction. The use of dual-cure mechanisms offers the ability to combine the 

advantages of multiple polymerization techniques to form polymer networks with 

tailorable properties. There are two common types of polymer network architectures that 

can be synthesized by the dual-cure approach, interpenetrating polymer networks (IPNs) 

and “hybrid” polymer networks (HPNs). 

Since the first synthesis of an IPN in 1914 by Aylsworth, IPNs have been 

extensively studied utilizing many different polymer compositions.21 IPNs are polymer 

networks comprised of two or more chemically different polymer networks, which are 
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not covalently bound, but held together by physical entanglements between polymer 

chains.22 IPNs may be synthesized by either sequentially or simultaneously polymerizing 

each network. During sequential preparation of an IPN, the first polymer network is 

crosslinked before the second monomer and crosslinker blend is subsequently swollen 

into the network and polymerized during a second reaction step. During simultaneous 

preparation of an IPN the monomers and crosslinkers for both polymer networks are 

blended, and the separate, noninterfering polymerizations are carried out concurrently. 

Epoxy-acrylate systems for example, are commonly combined to synthesize IPNs as the 

advantages of a UV initiated acrylate photopolymerization can be combined with the 

mechanical strength of a thermally polymerized epoxy network.23  

While IPNs allow for the combination of different polymer networks resulting in 

highly tailorable properties, they are limited by a balance of the miscibility between the 

two distinct network components and polymerization kinetics.24 The thermodynamic 

miscibility between the two IPN components may be calculated according to the Flory-

Huggins solution theory, where during the crosslinking of each network, molecular 

weight builds and the entropy of mixing between the two networks is reduced. This 

reduction in entropy of mixing ultimately reduces the miscibility between the two 

components and may cause entropically driven phase separation during polymerization. 

Crosslinking of each component however, will prevent phase separation of the two 

networks by forming physical entanglements that interlock the two networks together if 

polymerization rates are rapid compared to diffusion and phase separation rates.24 HPNs 

offer a strategy to avoid the issue of phase separation by incorporating two separate 
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functional groups on the same monomer, thus each polymer network may be derived 

from the same monomer, limiting phase separation effects during polymerization.25 

In contrast to IPNs, HPNs are a combination of two or more chemically different 

polymer networks that are covalently bound together.25 Differences in network 

connectivity between HPNs and IPNs are illustrated in Figure 1.2. HPNs offer potential 

for improved homogeneity and improved reaction rates compared to IPNs as they are 

held together by crosslinks rather than physical entanglements.26  

 

Figure 1.2 General representation of a hybrid polymer network and interpenetrating 

polymer network 

 

Dual-cure polymer networks based on photopolymerizations are a popular choice 

due to their rapid polymerization rates at ambient temperatures and the ability to tailor 

network properties. Specifically, free radical photopolymerizations of acrylate or 

(meth)acrylate functional monomers are often selected as the primary polymerization in 

dual-cure networks due to their straightforward, modular synthesis. This allows for the 
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facile preparation of networks with a wide range of properties. Additionally, ambient 

temperature photopolymerization tolerates the incorporation of thermal initiated moieties 

for sequential polymerization of the second polymer network. A variety of networks have 

been studied in the literature using this strategy, including the combination of acrylate 

functionality with epoxide23, oxetane27,28, and benzoxazine (BOX)29–31 functionalities.  

 

1.1.3 Benzoxazine Developments 

First established by Holly and Cope in 1944, benzoxazines are heterocyclic 

compounds that are rapidly gaining attention in the aerospace industry as an alternative to 

phenolic and epoxy-based materials.32 After early work by Holly, Cope, Burke, and 

others, it was not until a series of patents in the 1980’s by Higginbottom that 

multifunctional BOX monomers were studied as thermosetting matrices.33–36 After this 

key advancement in the BOX literature, most research that followed has focused on 

understanding polymerized BOX thermoset networks. Much of the foundational work 

studying BOX networks was done by Ishida et al in the 1990s, which established many 

of the key BOX properties that others have built upon.37–40 These unique properties 

include modular molecular design, high glass transition temperatures, high modulus, 

good thermal stability, low moisture absorption, no by-products released during 

polymerization, near-zero chemical shrinkage, and ease of thermal polymerization by 

self-initiation.41 

The general synthesis of BOX monomers involves the reaction of a phenolic 

derivative, primary amine, and formaldehyde as outlined in Scheme 1.5. This scheme 

highlights both the simplistic nature of BOX monomer synthesis and the high degree of 
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molecular design modularity afforded by BOX polymers. Both R and R’ in scheme 1.5 

are available for incorporation of a wide variety of functionalities and may be enabled 

using a broad range of commercially available starting materials. Additionally, in their di-

functional form, both R and R’ remain tunable to provide a wide variety of network 

backbone structures and advanced functionalities.  

 

Scheme 1.5 General benzoxazine monomer synthesis and polymerization of mono and 

difunctional monomers 

 

Scheme 1.6 illustrates the proposed mechanism for the formation of the oxazine 

ring, where the primary amine reacts with formaldehyde to generate an intermediate 

aminomethylol group which further reacts to form a 1,3,5-triazaine compound. The 

triazine ring then reacts with a phenol and formaldehyde to form the oxazine ring.42 BOX 

monomers have been synthesized in the literature through a variety of methods ranging 

from homogeneous or heterogeneous solutions to reactions in the melt with high solids 

content. In solution, solvent selection has been shown to have a significant influence on 
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efficiency of forming the benzoxazine ring. In general, it has been observed that solvents 

with low dielectric constants result in the highest yields of BOX monomer. Solvents such 

as dichloromethane, chloroform, dioxane, and xylenes are popular choices in the 

literature for the synthesis of a variety of BOX monomers.43 The molecular design 

modularity afforded by this robust and straightforward monomer synthesis allows for the 

opportunity to study a variety of monomer structures. As a result, these monomers may 

then be polymerized into crosslinked thermoset networks with a wide range of structures 

and functionalities with highly tailorable properties 
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Scheme 1.6 Proposed BOX monomer synthesis mechanism  

 

BOX monomers undergo ring opening polymerization (ROP) upon heating with 

either the addition of a curing agent or may self-polymerize, where phenolic impurities 

act as initiators. Thermally activated ROP is achieved by heating monomers (~150 C) to 

begin opening BOX rings which will simultaneously supply phenolic moieties to initiate 

further ring opening. BOX ROP is a form of addition polymerization where benzoxazine 

monomers react at the terminal end of a polymer chain which acts as a reactive center. It 

is hypothesized that under no catalytic influence, the ROP of benzoxazines involves a 

cationic ring opening process as depicted in Scheme 1.7. 
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Scheme 1.7 Suggested cationic ring opening polymerization mechanism of benzoxazines 

 

During this reaction, polymerization may take place at the ortho and para 

positions of the phenol. It has been demonstrated in the literature that the preferred 

reaction site during polymerization is the position ortho to the hydroxyl group of the 

phenol.33,35 The initial reaction step produces an intermediate which provides electron 
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movement from the nitrogen atom to the hydroxyl group which is followed by 

nucleophilic aromatic substitution and proton abstraction.44 

While monomer synthesis and subsequent polymerization of BOX is relatively 

straightforward, the processability of these monomers is often difficult. Multifunctional 

BOX monomers are typically glassy solid powders or highly viscous liquids at 

temperatures below 120 °C, thus limiting their processability. Currently, multifunctional 

BOX monomers blended with low viscosity epoxy reactive diluents are commercially 

available, but the desirable properties of BOX are significantly reduced by the high 

dilution of epoxies needed to achieve liquid physical states favorable for processing.45 

Alternatively, research by Ishida et al. has focused on utilizing liquid 

monofunctional BOX monomers as reactive diluents to blend with glassy solid 

multifunctional benzoxazines yielding 100% BOX liquid alloys.46–48 BOX liquid alloys 

show significantly reduced viscosity compared to their un-diluted state and the 

monofunctional reactive diluent will copolymerize with multifunctional BOX monomers 

upon heating. These studies conducted by Ishida et al have shown that this strategy has 

proven to be an effective method of reducing BOX monomer blend viscosity with 

negligible effects on network properties below the Tg. Alloying multiple BOX monomers 

with varying monomer architecture to tune network properties and enable processing 

shows promise to expand the applications of BOX networks.  

Despite the pioneering results from these groups which have been able to improve 

the processability of BOX monomers, examples in the literature utilizing BOX alloys for 

AM, and specifically VPP, remain absent or severely limited. This is surprising, due to 

key advantages of BOX chemistries such as their modular synthesis, UV resistance, and 
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superior thermomechanical properties that make them exceptional candidates for a dual 

cure VPP AM approach. This dissertation aims to fill this gap in the literature by 

fundamentally studying BOX chemistries as potential candidates for VPP AM materials 

using a dual cure approach. 

 

1.2 Research Motives 

1.2.1 VPP of Dual-Cure Benzoxazine Networks (Chapter III) 

While dual-cure strategies offer unique advantages for VPP AM, the bulk of 

research endeavors have focused on acrylate and epoxy or similar systems.49 BOX based 

formulations are also an attractive choice as a secondary heat activated curing mechanism 

to prepare IPNs or HPNs. BOX networks are an emerging class of high-performance 

thermosets which offer high glass transition temperatures, dimensional and thermal 

stability, chemical and flame resistance, and limited water absorption.50–52 A key 

advantage of BOX monomers for dual-cure networks are their simplistic and modular 

synthesis rooted in the Mannich condensation of a phenol, primary amine, and 

formaldehyde.31 BOX chemistries also exhibit near-zero shrinkage during 

polymerization, high UV resistance, and do not release condensate upon polymerization, 

making BOX chemistries attractive candidates for application in dual-cure networks.39,53–

55 While BOX networks have been used with a variety of UV polymerizable chemistries 

to synthesize dual-cure networks,29,56,57 the utility of such for VPP AM applications 

remains mostly unexplored. 

This research combines photo and thermal polymerization techniques to create 

HPNs based on a monomer having both acrylic and BOX moieties in an SLA AM 
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application. Acrylate-functionalized BOX monomers are combined with a low viscosity 

monofunctional urethane acrylate reactive diluent (RD) to prepare formulations tailored 

to SLA 3D printing processes wherein viscosity and reaction rates are closely monitored. 

In the first stage, part geometry is established by free radical photopolymerization during 

the SLA AM process of the methacrylate functional BOX monomer (DMBOX) and the 

monofunctional acrylate RD 2-(((butylamino) carbonyl)oxy)ethyl ester (GEN 1122) in 

the presence of phosphine oxide-based photo initiator ethyl(2,4,6-trimethylbenzoyl) 

phenylphosphinate (TPO-L). In the second stage, the 3D printed part is heated to 

thermally polymerize unreacted BOX functional groups, creating covalent linkages 

within the formed part. The overarching goal is to demonstrate a new class of dual-cure 

BOX based materials for SLA AM, expanding the material base for the innovative 

manufacturing method. 

 

1.2.2 Benzoxazine Alloys for Room Temperature VPP (Chapter IV) 

As AM and SLA VPP continue to expand to new and challenging engineering 

applications, the demand for AM materials with improved engineering properties also 

increases. Recently, innovative efforts have been made towards facile, room temperature 

VPP AM of engineering materials such as polyimides,58,59 polyether ether ketone 

(PEEK),60 and epoxies.61 These examples focus on a two-stage dual-cure approach, in the 

first step part geometry is set with a stimuli responsive binder and in the second stage part 

properties are driven by thermal post processing. This approach has resulted in significant 

material innovations for room-temperature VPP AM of high-performance polymers, 

benzoxazines remain un-explored in this field. 
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This research utilizes BOX monomers functionalized with photopolymerizable 

(meth)acrylate functional groups for SLA VPP AM. A viscous di-(meth)acrylate 

functional BOX monomer (DMBOX) is diluted with a low-viscosity monofunctional 

(meth)acrylate BOX monomer (MBOX) to prepare formulations tailored to SLA AM 

wherein viscosity and reaction kinetics are closely monitored and controlled. In the first 

stage, part geometry is established by free radical photopolymerization during SLA AM 

of the (meth)acrylate functional BOX monomers in the presence of phosphine oxide 

based photoinitiator TPO-L. In the second stage, the AM part is heated to thermally 

polymerize unreacted BOX functional groups within the formed part. The overarching 

goal of this research is to expand upon our previous research that demonstrated a new 

class of BOX materials for SLA AM. This research utilizes a dual-cure diluent in 

combination with a viscous di-functional dual-cure monomer, improving AM part 

thermomechanical properties while maintaining control of viscosity and 

photopolymerization rates. 

 

1.2.3 Molecular Dynamics Simulations of Acrylate Networks (Chapter V) 

Multi-functional acrylate or (meth)acrylate monomers used for coating or printing 

applications are often viscous, and thus difficult to process. A popular strategy to enable 

the processing of these monomers is by blending them with a low viscosity reactive 

diluent or comonomer to enable ease of processing. The choice of comonomer or reactive 

diluent can have a significant influence on the formulation viscosity, 

photopolymerization kinetics, and ultimately final crosslinked network properties.62 

Molecular dynamics (MD) simulations allow for the study of molecular level 
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characteristics of polymer networks and can aid in the understanding of how polymer 

network properties are impacted by the comonomer.63 However, the lack of literature 

base utilizing MD simulations to study the free radical polymerization of acrylate and 

(meth)acrylate monomers has limited the application of MD simulations in the 

development of photopolymerizable formulations tailored for specific applications. 

Our work aims to expand upon this literature base using MD simulations to model 

the photopolymerization and resulting network properties of a two-component 

photopolymerizable formulation. This study utilizes a DGEBA di-(meth)acrylate 

monomer, bisphenol A-glycidyl methacrylate (Bis GMA), blended with a mono-

functional urethane acrylate reactive diluent, 2‐[(butylcarbamoyl)oxy]ethyl acrylate 

(trade name Genomer 1122), and a Norrish type I acyl phosphine oxide based 

photoinitiator, TPO-L. Simulations utilized SMARTS patterns,64 a language for 

substructure searching in a molecule, to model a photoinitiated free radical 

polymerization resulting in a crosslinked polymer network. Simulations of crosslinked 

structures are then studied as a function of increasing reactive diluent concentration to 

determine the resulting network properties. Simulation results are then compared to 

experimentally obtained values. The overall goal of this work is to demonstrate the 

application of MD simulations in the development of photopolymerizable formulations 

tailored for specific applications such as VPP AM. 
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CHAPTER II – Experimental 

2.1 Materials 

Bisphenol A (97+% Alfa Aesar), p-Cresol (99+% ACROS), 2-(2-aminoethoxy) 

ethanol (98%, ACROS), paraformaldehyde (90%, ACROS) triethylamine, (99%, pure, 

ACROS), methacryloyl chloride (95%, containing 200 ppm MEHQ as stabilizer, 

ACROS), xylenes, and dichloromethane were purchased from Fisher Scientific and used 

without further purification. For synthesized monomer purification, sodium hydroxide 

(NaOH) beads, anhydrous diethylether, and anhydrous magnesium sulfate (MgSO4) were 

also purchased from Fisher Chemical Co. Monomers 2-(((butylamino) 

carbonyl)oxy)ethyl ester (GENOMER 1122) and bisphenol A diglycidyl ether 

dimethacrylate (EPOXY METHACRYLATE 97-053) as well as photoinitiator 

Ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate (TPO-L) were generously donated by 

Rahn. UV absorber Tinuvin Carboprotect was generously donated by BASF. 

 

2.2 Monomer Synthesis 

2.2.1 Synthesis of Di-Hydroxy Functional Benzoxazine Monomer 

In the first reaction step, bisphenol-A (11.4 g, 50.0 mmol), 2-(2-aminoethoxy) 

ethanol (11.0 g, 100 mmol), and paraformaldehyde (12.0 g, 800 mmol) were added to a 

500 mL round bottom flask and dissolved in 120 mL of xylenes. The reaction mixture 

was heated to 120 °C in a preheated oil bath for 20 minutes. The crude reaction mixture 

was allowed to cool and then purged with N2 overnight to remove solvent. Residual 

starting materials and phenolic impurities were removed by dissolving the concentrated 

reaction mixture in 120 mL of dichloromethane, extracting with 3M NaOH, and rinsing 
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with distilled water sequentially. Residual solvent was then removed under reduced 

pressure to obtain a clear viscous oil (10.5 g, 44% yield). The purified and dried product 

was characterized by 1H NMR (600 MHz, Chloroform-d) δ 6.96 (dd, J = 8.6, 2.4 Hz, 1H), 

6.81 (d, J = 2.4 Hz, 1H), 6.68 (d, J = 8.6 Hz, 1H), 4.86 (s, 2H), 4.01 (s, 2H), 3.73 – 3.68 

(m, 4H), 3.61 – 3.59 (m, 2H), 3.00 (t, J = 5.4 Hz, 2H), 1.60 (s, 3H). The 1H NMR spectra 

of di-hydroxy functional benzoxazine monomer is listed in Appendix A. ATR-FTIR 

characteristic benzoxazine peaks: 1498 cm-1 and 804 cm-1 assigned to the vibration of the 

tri-substituted benzene ring, 935 cm-1 out of plane C-H vibration of the benzene ring 

attached to the oxazine ring, 1213 cm-1 due to C-O-C asymmetric stretch of the oxazine 

ring. 

 

2.2.2 Synthesis of Di-(meth)acrylate Functional Benzoxazine Monomer (DMBOX) 

Di-hydroxy-functional benzoxazine monomer (10.0 g, 20 mmol) was re-dissolved 

in 120 mL of dichloromethane and cooled to 0 °C under N2 atmosphere with magnetic 

stirring. Trimethylamine (6.3 mL, 45 mmol) followed by methacryloyl chloride (4.4 mL, 

45 mmol) were then added to the sealed reaction mixture via syringe before warming the 

mixture to room temperature overnight. The crude mixture was filtered to remove 

TEA/HCl salt and washed with 1M NaOH and distilled water. Photoinhibitor, 0.01wt% 

of BHT, was added to the washed product prior to solvent removal via reduced pressure 

at 35 °C (rotovaporization). The product was then re-dissolved in diethyl ether and 

filtered to remove residual TEA/HCl salt and washed again with 1M NaOH and distilled 

water prior to solvent removal with reduced pressure at 35 °C to obtain a light-yellow oil. 

Structure of product was confirmed via ATR-FTIR and 1H NMR (600 MHz, CDCl3): δ 
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(ppm) = 6.93 (dd, J = 8.6, 2.4 Hz, 2H), 6.80 (d, J = 2.4 Hz, 2H), 6.65 (d, J = 8.5 Hz, 2H), 

6.13 (s, 2H), 5.56 (s, 2H), 4.85 (s, 4H), 4.31 – 4.28 (m, 4H), 3.99 (s, 4H), 3.73 – 3.67 (m, 

8H), 2.98 (t, J = 5.5 Hz, 4H), 1.95 (s, 6H), 1.58 (s, 6H). ATR-FTIR characteristic 

benzoxazine peaks: 1498 cm-1 and 804 cm-1 assigned to the vibration of the tri-substituted 

benzene ring, 935 cm-1 out of plane C-H vibration of the benzene ring attached to the 

oxazine ring, 1213 cm-1due to C-O-C asymmetric stretch of the oxazine ring. 

Characteristic (meth)acrylate peaks: 1718 cm-1 carbonyl stretch, 1637 cm-1 assigned to 

the C=C stretching; in addition to these, there is a disappearance of the peak at 3400 cm-1 

assigned to the hydroxyl stretching vibration. 

 

Scheme 2.1 Synthesis of Di-(meth)acrylate Functional Benzoxazine Monomer 

(DMBOX) 
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Figure 2.1 1H-NMR spectrum of DMBOX monomer 
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Figure 2.2 ATR-FTIR spectra of (A) di-hydroxy and di-(meth)acrylate functional 

characteristic BOX absorptions and (B) hydroxyl peak at 3400 cm-1, carbonyl peak at 

1718 cm-1, and (meth)acrylate double bond peak at 1637 cm-1. 

 

2.2.3 Synthesis of Mono-Hydroxy Functional Benzoxazine Monomer 

In the first reaction step, paraformaldehyde (5.0g, 167 mmol), 2-(2-aminoethoxy) 

ethanol (8.0g, 76 mmol), and p-cresol (8.0g, 74 mmol) were added to a 250 mL glass 

vessel equipped with an over-head electric mixer (Arrow Electric Mixer, Model 1750). 

The reaction vessel was then submerged in an oil bath and heated to 60°C with vigorous 

stirring for 20 minutes to achieve a homogenous reaction mixture in the absence of 

solvent. The temperature of the oil bath was then increased to 90 °C and the reaction was 

progressed for 90 min yielding a clear yellow oil. Residual starting materials and 
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phenolic impurities were removed by dissolving the reaction mixture in 120 mL of 

dichloromethane, extracting with 3M NaOH, and rinsing with distilled water 

sequentially. The purified monomer was then dried over magnesium sulfate and residual 

solvent was removed under reduced pressure. Structure of product was confirmed via 

ATR-FTIR and 1H NMR (600 MHz, Chloroform-d) δ 6.93 (dd, J = 8.4, 2.2 Hz, 1H), 6.79 

– 6.74 (m, 1H), 6.69 (d, J = 8.3 Hz, 1H), 4.86 (s, 2H), 4.01 (s, 2H), 3.74 – 3.71 (m, 2H), 

3.68 (t, J = 5.3 Hz, 2H), 3.61 – 3.59 (m, 2H), 2.99 (t, J = 5.3 Hz, 2H), 2.25 (s, 3H). The 

1H NMR spectra of mono-hydroxy functional benzoxazine monomer is listed in 

Appendix A. ATR-FTIR characteristic benzoxazine peaks: 1498 cm-1 and 804 cm-1 

assigned to the vibration of the tri-substituted benzene ring, 935 cm-1 out of plane C-H 

vibration of the benzene ring attached to the oxazine ring, 1213 cm-1 due to C-O-C 

asymmetric stretch of the oxazine ring. 

 

2.2.4 Synthesis of (meth)acrylate Functional Benzoxazine Monomer (MBOX) 

In the second reaction step, hydroxyl-functional benzoxazine monomer (10.0 g, 

42 mmol) was re-dissolved in 120 mL dichloromethane and cooled to 0 °C under N2 

atmosphere with magnetic stirring. Triethylamine (6.3 mL, 45 mmol) followed by 

methacryloyl chloride (4.4 mL, 45 mmol) were then added to the sealed reaction mixture 

via syringe before warming the mixture to room temperature overnight. The crude 

mixture was filtered to remove TEA/HCl salt and washed with 1M NaOH and distilled 

water. Photoinhibitor, 0.01wt% of BHT, was added to the washed product prior to 

solvent removal via reduced pressure at 35 °C (rotovaporization). The product was then 

re-dissolved in diethyl ether and filtered to remove residual TEA/HCl salt and washed 
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again with 1M NaOH and distilled water prior to solvent removal with reduced pressure 

at 35 °C to obtain a green oil. Structure of product was confirmed via ATR-FTIR and 1H 

NMR (600 MHz, Chloroform-d) δ 6.93 (dd, J = 8.3, 2.2 Hz, 1H), 6.79 – 6.74 (m, 1H), 

6.72 – 6.66 (m, 1H), 6.17 – 6.14 (m, 1H), 5.61 – 5.57 (m, 1H), 4.87 (s, 2H), 4.33 (t, 2H), 

4.03 (s, 2H), 3.77 – 3.72 (m, 2H), 3.70 (t, J = 5.5 Hz, 2H), 3.00 (t, J = 5.5 Hz, 2H), 2.26 

(s, 3H), 1.97 (s, 3H). ATR-FTIR characteristic benzoxazine peaks: 1498 cm-1 and 804 

cm-1 assigned to the vibration of the tri-substituted benzene ring, 935 cm-1 out of plane C-

H vibration of the benzene ring attached to the oxazine ring, 1213 cm-1 due to C-O-C 

asymmetric stretch of the oxazine ring. Characteristic (meth)acrylate peaks: 1718 cm-1 

carbonyl stretch, 1637 cm-1 assigned to the C=C stretching, in addition to these there is a 

disappearance of the peak at 3400 cm-1 assigned to the hydroxyl stretching vibration. 

 

Scheme 2.2 Synthesis of Mono-(meth)acrylate Functional Benzoxazine Monomer 

(MBOX) 
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Figure 2.3 1H-NMR spectrum of MBOX monomer 
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Figure 2.4 ATR-FTIR spectra of (A) mono-hydroxy and mono-(meth)acrylate functional 

characteristic BOX absorptions and (B) hydroxyl peak at 3400 cm-1, carbonyl peak at 

1718 cm-1, and (meth)acrylate double bond peak at 1637 cm-1 

 

2.3 Formulation preparation and 3D Printing 

All formulations were prepared for 3D printing by magnetic stir mixing of 

DMBOX monomer with MBOX and TPO-L photoinitiator at room temperature. A UV 

light absorber, (Tinuvin Carboprotect) was also added to formulations before 3D printing 

at 0.07 wt% to improve print resolution. Formulations are mixed with magnetic stirring 

under vacuum at room temperature before printing to avoid air bubbles. CAD models 

were designed in Solidworks® CAD software and prepared for printing using PreForm 

(FormLabs) software. Print files of test specimen were 3D printed using a commercially 
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available desktop SLA 3D printer (Form 2, FormLabs) equipped with a 250 mW laser 

having a 140 µm spot size. The Form 2 3D printer used in this research is shown in 

Figure 2.5, where the basic components of the SLA bottom up configuration are labeled. 

These components include the build platform where the printed part will be built, a 

material vat that holds the monomer or prepolymer blend to be processed, and the 

optically transparent window that allows for irradiation of the monomer blend to initiate 

polymerization. 

Immediately after printing, samples were rinsed with isopropyl alcohol for 15 

minutes to remove residual un-cured monomer from the printed sample. After solvent 

rinse to remove residual monomer, printed samples were removed from the solvent bath 

and dried in a forced air convection oven at 50 °C.  

Printed samples are then thermally cured in a forced air convection oven. This 

research focuses on two thermal cure procedures, in Chapter three of this dissertation, 

BOX is thermally polymerized at 200 °C for increasing isothermal times. In the fourth 

chapter of this dissertation, BOX is thermally polymerized using a protocol of 100 °C for 

30 minutes, 120 °C for 1 hr, 140 °C for 1 hr, 160 °C for 1 hr, and 180 °C for 2 hrs. 
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Figure 2.5 Form 2 SLA 3D Printer 

 

2.4 Characterization 

2.4.1 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 

Structures of the synthesized monomers were elucidated using 1H NMR 

spectroscopy. Samples were dissolved in deuterated chloroform (CDCl3) and a Varian 

Mercury Plus 600 MHz NMR spectrometer was used with tetramethylsilane added as an 

internal standard. Proton NMR spectra were acquired using 32 transients and a relaxation 

time of 5 s. For benzoxazine monomer characterizations via 1H NMR, a singlet around 
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5.5 ppm and 4.5 ppm are representative of the protons on the two methylene linkages of 

the oxazine moiety (i.e. -O-CH2-N- and -N-CH2-Ar). 

 

2.4.2 Rheological Experiments 

Special care was taken to minimize sample light exposure prior to rheological 

experiments. All rheological experiments were carried out using a TA Instruments 

ARES-G2 rheometer. 

Steady shear viscosity versus shear rate experiments were performed with a 

stainless steel 25 mm cone and plate geometry (0.1 rad) at 25 °C. Samples were pre-

sheared at 10 s-1 prior to steady shear experiments to ensure homogeneous samples before 

monitoring steady state shear viscosity from 0.5 to 5 s-1. 

To investigate how the viscoelastic behavior of the acrylate and (meth)acrylate 

functional blends evolved upon light irradiation, photorheology was performed using an 

ARES-G2 rheometer equipped with a UV light guide accessory. UV intensity was 

calibrated at the sample location using an external radiometer. Unfiltered UV intensity 

was recorded as total intensity from 250 nm to 600 nm. Photorheology experiments were 

conducted by loading samples between an aluminum (bottom) and quartz (top) 20 mm 

diameter parallel plates with a sample thickness of 0.5 mm unless otherwise noted. 

Following a 15 s equilibration period, samples were irradiated by UV light at an intensity 

of 2 mW cm-2 unless otherwise noted from an unfiltered Omnicure S2000 UV light 

source via a fiber optic cable. Oscillatory shear experiments were conducted at room 

temperature, with an oscillatory strain within the linear viscoelastic regime. Exact strain 

values are reported with the results of photorheology experiments in each chapter. During 
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testing, automatic strain adjustment was employed at 10 Hz in “fast sampling” mode to 

resolve rheological behavior at fast cure speeds and to prevent over torque of the 

instrument. 

Fourier transform mechanical spectroscopy (FTMS)65 was also utilized during 

photorheology experiments where noted in order to estimate the gel point of samples by 

the Winter and Chambon criterion.66 FTMS is based on the Boltzmann superposition 

principle, which states that multiple mechanical waves can simultaneously pass through a 

material independent of each other provided they stay within the linear viscoelastic 

regime. During FTMS experiments, a compound strain waveform is applied to the sample 

which allows for the simultaneously collection of G’, G’’, and tan delta data for multiple 

frequencies. Strain sweep experiments were conducted for each formulation tested by this 

method to ensure the compound strain signal amplitude remained within the viscoelastic 

range of the cured network. The compound waveform was calculated based on Equation 

(1): 

 

 

 Where 𝑚 is the number of frequencies in the compound waveform, 𝛾i, the 

amplitude of the 𝑖𝑡ℎ component and 𝜔i is the frequency of the 𝑖𝑡ℎ component, which is an 

integer multiple of the fundamental frequency 𝜔 and t is time. 

The gel point of each sample is then estimated at the time which Tan Delta 

becomes independent of frequency. The critical relaxation exponent (nc) of a given 

network was then calculated according to Equation (2). 

∑ 𝛾𝑖
𝑚
𝑖=1 𝑠𝑖𝑛⁡(𝜔𝑖𝑡)        (1) 

       (2) 
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2.4.3 Fourier Transform Infrared Spectroscopy 

Real-time Fourier transform infrared monitoring (RT-FTIR) was performed to 

collect kinetic data for UV initiated free radical polymerization. Photopolymerizations 

were monitored using a Nicolet 8700 FTIR spectrometer having a KBr beam splitter and 

MCT/A detector. An OmicCure Exfo 1000 Series external light source provided filtered 

UV light in the range of 320−500 by way of a guided optical cable. After a 30 s rest 

period, samples were irradiated at 250 mW cm-2 for 5 min under nitrogen at ambient 

temperature while conversion of (meth)acrylate C=C double bond was monitored at 1637 

cm-1. Conversion of polybenzoxazine ring opening polymerization was monitored 

through the disappearance of the oxazine ring peak positioned at 931 cm-1. Conversions 

were calculated by measuring the change in area under the (meth)acrylate C=C double 

bond peak at 1637 cm-1 and oxazine ring peak at 931 cm-1. 

Structural characterization and functional group analysis were carried out using 

attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) where 

noted. Experiments utilizing ATR-FTIR were conducted using a PerkinElmer 

spectrometer with a KBr beam splitter and a DTGS detector where a total of four scans 

were collected to average the spectra for each sample. Samples for uncured formulations 

were taken as aliquots before printing and measurements taken on printed samples were 

taken from a portion of fractured DMA test specimen. The degree of cure (DOC) 

𝑛𝑐 =  
2𝛿

𝜋
 ;  𝛿 =  tan−1

𝐺′′

𝐺′
       (2) 
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achieved during the printing process was calculated by relating the absorbance of the 

double bonds to the aromatic absorbance using Equation (3): 

 

 

Where A1637 represents the peak area associated with C=C stretching vibrations at 

1637 cm-1 and A1608 represents the peak area of the aromatic absorption at 1608 cm-1. 

 

2.4.4 Thermogravimetric analysis 

Thermal stability of 3D printed parts was determined via Thermogravimetric 

analysis (TGA) using a TA Instruments Q50 thermogravimetric analyzer with a platinum 

pan. Samples were heated at 20 °C/min from 25 °C to 600 °C under a nitrogen 

atmosphere. Mass loss was monitored as a function of temperature where temperatures at 

5% and 10% weight loss were reported to monitor polymer network degradation.  

 

2.4.5 Differential Scanning Calorimetry 

Thermal polymerization of formulations was studied through differential scanning 

calorimetry (DSC) experiments. Experiments were conducted with a TA Q200 DSC 

using aliquots from formulations before printing for uncured samples and fractured DMA 

test specimen for printed samples with various thermal polymerization conditions. 

Samples were sealed in aluminum pans and heated from 10 °C to 300 °C at 10 °C/min 

under a nitrogen flow rate of 50 mL/min. 

(3) 𝐷𝑂𝐶 =

ቀ
𝐴1637
𝐴1608

ቁ
𝑈𝑛−𝐶𝑢𝑟𝑒𝑑

− ቀ
𝐴1637
𝐴1608

ቁ
𝑃𝑟𝑖𝑛𝑡𝑒𝑑

ቀ
𝐴1637
𝐴1608

ቁ
𝑈𝑛−𝐶𝑢𝑟𝑒𝑑

∗ 100 
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2.4.6 Dynamic Mechanical Analysis 

Thermomechanical properties of printed rectangular bars were measured via 

dynamic mechanical analysis (DMA) using a TA Q800 DMA. Rectangular samples with 

dimensions 10 mm x 5 mm x 0.5 mm (length x width x thickness) were fixed in the 

instrument and tightened at 3 µNm torque and tested in tension mode with preload of 

0.01 N and 0.05% oscillatory strain at 1 Hz frequency. Samples were equilibrated at -30 

°C for two minutes before heating at 2 °C/min in air. Storage (E’) and loss (E’’) moduli 

were recorded as a function of temperature while Tan Delta was taken as a ratio of loss 

and storage moduli (E’’/E’).  Glass transition temperature was determined by the peak of 

the Tan Delta curve. The crosslink density () of 3D printed parts was determined by 

storage modulus (E’) values in the rubbery plateau according to Equation (4).67,68 

 

 

Where E’ is obtained in the rubbery plateau, T is the temperature in K that corresponds to 

the E’ value, and R is the universal gas constant. 

Thermomechanical properties of photopolymerized films were studied during 

thermal polymerization using a TA Instruments ARES-G2 rheometer. Photopolymerized 

films from photorheology experiments were first quenched in liquid nitrogen to removed 

them from disposable quartz and aluminum plates. The 0.5 mm films were then loaded 

into the rheometer between 8 mm stainless steel disposable plates and trimmed to size. A 

normal force of 5 N was then applied with a 0.01% oscillatory strain at 1 Hz frequency. 

𝜈 =  
𝐸′

3𝑅𝑇
           (4) 
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Samples were then heated from 30 C to 180 C at 10 C/min and held isothermally for 1 

hr. Storage and loss moduli were recorded as a function of temperature while Tan Delta 

was taken as a ratio of G’’ to G’. After isotherm, samples were cooled at 2 C /min from 

180 C to 30 C and the sample glass transition temperature was determined by the peak 

of the Tan Delta curve. 

 

2.4.7 Mechanical Analysis 

Uniaxial compression testing was conducted according to ASTM D695 using an 

MTS Systems Corporation Model 810 servo-hydraulic universal test frame equipped with 

a 10 kN load cell. Compression cylinders with a diameter of 5 mm and length of 10 mm 

were 3D printed and rinsed with isopropyl alcohol to remove unreacted monomer. The 

specimens were tested until failure at ambient conditions using a displacement-controlled 

test rate of 1 mm/min with a sampling rate of 10 Hz. A minimum of two specimens were 

tested and averaged to determine the Young’s modulus at 2.5% strain. 

 

2.5 Molecular Dynamics Simulation Methods 

Molecular dynamics (MD) simulations were conducted using Schrödinger release 

18-4 Materials Science Suite Maestro 2.9. Monomers were initialized randomly within 

the simulation box using the Disordered System Builder with the OPLS 2005 force 

field.69–71 Each simulated system is composed of 200 monomers (~10,000 atoms), where 

the number of Bis GMA and UA monomers are systematically varied in order to allow us 

to study systems that closely match our experimental formulations. During initial 

placement of monomers, rotatable bonds are built inside the periodic cell using a self-
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avoiding random walk algorithm that adjusts dihedrals and may re-grow part or all of a 

monomer, if necessary, to avoid contact with other monomers. Five simulation cells were 

built for each formulation to obtain statistical data of calculated cell properties. The 

resulting simulation cells were relaxed using the Materials Relaxation protocol within the 

Materials Science Suite. This protocol is composed of a 20 ps NVT Brownian dynamics 

step at 10 K, a 20 ps NPT Brownian dynamics step at 100 K, then a 100 ps NPT MD 

stage at 100 K. During this step, temperature was controlled by the Nose-Hoover 

thermostat and pressure was controlled with the Martyna-Tobias-Klein barostat. All MD 

simulations utilized a 2 fs time step unless otherwise noted. 

Following the relaxation protocol, cells are further allowed to equilibrate during a 

1.2 ns NPT MD stage at 300 K and a pressure of 1.01 bar. Cell density was monitored 

during the final equilibration to obtain a stable density before photopolymerization 

simulations.  

 

2.5.1 Simulated Photopolymerization 

After equilibrated cells reached a stable density, they were polymerized using the 

Crosslink Polymer builder within the Materials Science suite. A general 

photopolymerization is shown schematically in Scheme 2.3 where radicals are generated 

during photoinitiator decomposition and subsequently able to initiate monomer for chain 

growth polymerization. In order to define this free radical polymerization via SMARTS 

patterns, our simulations modeled this process using a fluorine atom. A fluorine atom was 

selected for this process due to its small size and the ability to distinguish it from other 

functional groups in the simulation cell. The SMARTS pattern used to describe a 
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phosphonyl radical was “[P][F]” while the carbon-carbon double bond in acrylate and 

methacrylate functional groups were defined as “[C;X3;H2]=[C;X3]”, see Figure 2.6. A 

carbon centered radical on an initiated monomer or growing polymer chain was defined 

as “[C][F]” which was then able to add across an acrylate or methacrylate double bond 

defined as “[C;X3;H2]=[C;X3]”. After crosslinking, fluorine was removed from the 

crosslinked cell and replaced with a hydrogen atom. 

Scheme 2.3 General reaction scheme of a photoinitiated free radical polymerization 

Figure 2.6 SMARTS Patterns used to define reactive sites during crosslinking 

simulations. 
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Within the Crosslink Polymer builder monomers were crosslinked iteratively 

where each reaction step and corresponding reaction site were defined using SMARTS 

patterns as discussed previously. A 50 ps NPT MD stage at 600 K and 1 atm was run 

after each bond forming iteration to allow newly formed bonds to relax and monomers to 

diffuse. The number of bonds formed per iteration was limited to five to reduce excessive 

strain during polymerization. The reaction threshold distance for each reaction step was 

set to 7 Å and a maximum of 20 unsuccessful crosslinking steps were allowed. The final 

target crosslink saturation of methacrylate crosslinking was set to 80%. The workflow of 

photopolymerization simulations is summarized in Figure 2.7. 

Figure 2.7 Simulated photopolymerization workflow72 
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2.5.2 Simulated Annealing 

Crosslinked cell thermomechanical properties were calculated using the 

Thermophysical Properties module within Schrodinger’s Materials Science. Within this 

module crosslinked cells are annealed from a temperature of 800 K to 150 K in steps of 

15 K. This temperature range was selected to accurately capture both the glassy and 

rubbery behavior of the crosslinked cell before and after the glass transition. At each 

temperature, cells were simulated in an NPT ensemble for 5 ns per 15 K step to balance 

accurate Tg calculations and computational load. 

Crosslinked cell density was calculated during this annealing process, which can 

then be plotted as a function of temperature during cooling. A maximum of 5 density 

simulations were run at each temperature to reach a density convergence. A hyperbolic 

curve may then be fit to the plot of density as a function of temperature and the Tg is 

taken as the intersection of the low and high temperature asymptotes of the hyperbola.  
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CHAPTER III - 3D Printing of Dual-Cure Benzoxazine Networks 

3.1 Abstract 

A novel 3D printing formulation based on a multifunctional benzoxazine (BOX) 

monomer possessing both photo and thermally polymerizable functional groups is 

reported. Printing formulation viscosity is readily tuned using a monofunctional-acrylate 

reactive diluent to enable SLA 3D printing. In the primary curing step, the printing 

formulation is UV cured by SLA 3D printing to prepare accurate parts on the millimeter 

size scale. The 3D printed parts are then heated in the secondary curing step to activate a 

thermally initiated BOX ring opening polymerization. Dynamic mechanical analysis 

demonstrated that the 3D printed parts exhibit a single Tan δ peak after both the primary 

UV cure and secondary thermal cure steps, suggesting the two polymerizations behave as 

one crosslinked network. The unique dual-cure strategy demonstrated in this research 

utilizes both photo and thermally initiated polymerizations to expand the library of 

materials available for high performance 3D printing applications. 
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3.2 Results and Discussion 

3.2.1 Printing Formulation Preparation and Rheological Characterization 

Scheme 2.1 shows the overall synthetic scheme for the synthesis of di-

(meth)acrylate functional BOX (DMBOX) monomer, which followed a two-step 

synthetic procedure previously established in the literature25. Synthesis of the di-hydroxy 

functional precursor was performed in xylenes at a temperature of 120 °C for 30 min. 

Xylenes was selected as the reaction solvent as it improved solubility of the reactants at 

elevated temperatures and its high boiling point favored oxazine ring closure by the 

removal of water, a condensation byproduct of BOX monomer synthesis, during the 

reaction. DMBOX was then synthesized by esterification of di-hydroxy functional BOX 

monomer using methacryloyl chloride and triethyl amine as a base catalyst to obtain a 

light-yellow viscous oil after purification. A detailed description of DMBOX monomer 

synthesis and monomer structure validation via 1H-NMR and FTIR spectra are available 

in Section 2.2. 

Viscous oil DMBOX was then blended with monofunctional urethane acrylate 

(Genomer 1122) as a reactive diluent. Genomer 1122 is a commercially available reactive 

diluent that is commonly formulated in VPP AM monomer blends due to its low 

viscosity, good reactivity, and flexibility.73–78 Viscosity of DMBOX based blends are 

plotted as a function of reactive diluent loading levels as shown in Figure 3.1. 
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Viscosity data was collected using a rotational rheometer with a cone and plate 

geometry in air at ambient temperature while the shear rate was varied from 0.5 s-1 to 5 s-

1. The objective of this experiment was to establish viscosity data of DMBOX based 

blends at shear rates characteristic of the SLA 3D printing process. The DMBOX pure 

monomer viscosity initially is determined to be 190.4 Pa∙s at a shear rate of 0.5-1 and 

decreases with increasing reactive diluent loading level, reaching 2.9 Pa∙s at 40 wt% 

reactive diluent at the same shear rate. This trend of decreasing viscosity with increasing 

monofunctional urethane acrylate reactive diluent content is expected, as it is a less bulky 

molecule with a relatively lower viscosity compared to the DMBOX monomer.  

Figure 3.1 Plot of viscosity vs shear rate of DMBOX based blends 
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Using a similar SLA 3D printer to the Form 2 utilized in this study, Hasio and 

coworkers calculated the operating shear rate as the build platform moves into the bath of 

monomer to be approximately 1.7 s-1.79 Thus, to evaluate blend suitability for SLA 3D 

printing with increasing reactive diluent loading levels, a shear rate of 1.7 s-1 was utilized.  

Literature suggests viscosity of monomer or formulation should be ~5 Pa∙s to be 

processable via vat photopolymerization 3D printing.80,81 Above this practical upper 

viscosity target, monomer will not flow sufficiently to recoat the build platform evenly, 

leading to uneven layers and dimensional inaccuracy in the final part.  

Figure 3.2 shows a plot of DMBOX based blend viscosities with increasing 

reactive diluent loading level at 1.7 s-1. Blend viscosity at 1.7 s-1 is reduced from 187.9 

Pa∙s at 0 wt% reactive diluent to 2.9 Pa∙s at 40 wt% reactive diluent. These results 

indicate that the viscosity of DMBOX blends may be readily tuned at shear rates 

characteristic of SLA AM according to the concentration of reactive diluent. Following 

this experiment, we will focus on a blend of 60 wt% DMBOX and 40 wt% reactive 

diluent (60:40 DMBOX:RD) as its viscosity is below the practical upper limit of 5 Pa∙s 

and readily processable using SLA AM. 
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Figure 3.2 Plot of viscosities of DMBOX based blends at 1.7 s-1 

 

Figure 3.3 shows the storage (G’) and loss (G’’) moduli results of photorheology 

experiments studying 60:40 DMBOX:RD based blend as a function of photo initiator 

loading level under 5% oscillatory strain. The objective of photorheology experiments 

was to establish photopolymerization rates of DMBOX based blends at increasing 

photoinitiator concentrations. Results of these experiments were then used to guide 

appropriate photoinitiator concentrations to be used in blends for SLA AM.  

The G’/G’’ crossover point was used as an estimation of the gel point, where the 

sample transitions from a liquid to a gel upon network formation. While the gel point is 

generally determined when the loss tangent is independent of frequency in dynamic 
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measurement82,83, the crossover point of storage and loss modulus is still often accepted 

to use in determination of gel points84 and may be used to determine photopolymerization 

kinetics. 

UV radiation is initiated 15 s after the start of the experiment where an increase in 

G’ was observed for all samples, which indicates that the elastic property of samples was 

increased due to the photopolymerization of (meth)acrylate and acrylate functional 

groups in the samples. During the early stages of photopolymerization, G’ was lower than 

G’’, indicating the sample behaved as a viscous liquid. As photopolymerization 

continues, both G’ and G’’ increase as a function of irradiation time and eventually 

crossover, indicating gelation and a transition from viscous liquid to solid behavior. 

Figure 3.4 plots time to the gel point after irradiation as a function of 

photoinitiator loading level. This plot shows rapid gelation in less than 5 seconds for all 

samples with a maximum in photo curing kinetics occurring at 1 wt% photoinitiator. 

Similar plateaued or reduced photopolymerization kinetics after a critical photoinitiator 

concentration have been reported in the literature.58,80 Thus, to avoid radical coupling or 



 

49 

other chain termination events all future experiments were conducted using 1 wt% TPO-

L. 

Figure 3.3 Storage (G’) and loss (G’’) moduli as a function of irradiation time with 

increasing [TPO-L] for 60:40 DMBOX:RD blend 

Figure 3.4 Gel time as a function of photoinitiator concentration for 60:40 DMBOX:RD 

blend 
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Another valuable approach to investigating the gel point of a crosslinking 

polymer is through the Winter-Chambon criteria.85 Following this criterion, at the gel 

point G’ and G’’ follow the same power law dependency with respect to frequency and 

Tan Delta becomes independent of frequency: 

 

 

Where n is equal to the critical relaxation exponent of the polymer network at the 

gel point.83 The n value of a given network at the critical gel point is able to give valuable 

information about the linear viscoelasticity at the critical gel where soft critical gels have 

large n values approaching 1 and stiff critical gels have low n values approaching 0.86 In 

order to accurately determine the point of moduli frequency independence for a given 

network, dynamic mechanical measurements at constant frequencies for a range of 

frequency values would be required. This is a notoriously difficult characterization due to 

the transient nature of the polymer network during crosslinking and would typically 

require a new sample to be prepared for each frequency. 

The most convenient characterization technique to aid in determining the gel 

point via the Winter-Chambon criteria is through the use of Fourier transform mechanical 

spectroscopy (FTMS).65 This multiwave oscillatory time sweep measurement allows for a 

compound waveform to be applied to the sample such that multiple frequencies may be 

measured simultaneously as the polymer network evolves with time.87 Results of FTMS 

𝐺′(𝜔)⁡~⁡𝐺′′(𝜔)⁡~⁡𝜔𝑛         (3) 

tan 𝛿 =
𝐺′′

𝐺′
= tan ቀ

𝑛𝜋

2
ቁ        (4)
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experiments studying 60:40 DMBOX:RD blend with 1 wt% TPO-L at 5, 10, and 15 Hz 

are depicted in Figure 1.12. During FTMS experiments, an applied oscillatory strain of 

0.3% was used with a 0.5 mm gap. Samples were irradiated after 15 s, where after 

irradiation Tan Delta becomes independent of frequency at 21.7 s, indicating gelation. 

Additionally, using Equation (1) and the Tan Delta value at frequency independence, n 

was found to be equal to 0.78 for the photopolymerized 60:40 DMBOX:RD critical gel. 

 

Figure 3.5 Tan Delta measured as a function of irradiation time for 60:40 DMBOX:RD 

blend with 1 wt% TPO-L 

 

Figure 3.6 shows results of photorheology experiments studying 

photopolymerization rate of DMBOX:RD blends as a function of DMBOX concentration 
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with 1 wt% TPO-L photoinitiator. Before irradiation, samples exhibit liquid like behavior 

where the viscous modulus, G’’ is greater than the elastic modulus, G’. Initially, samples 

follow a trend of increasing G’’ with increasing DMBOX concentration, this trend may 

be explained by an increase in monomer blend viscosity as DMBOX concentration; is 

increased. This result correlates well with flow sweep experiments discussed previously, 

where increasing concentration of the relatively bulky and higher molecular weight 

DMBOX monomer resulted in an increased blend viscosity. 

Upon irradiation, free radical polymerization is initiated and both G’ and G’’ 

increase as a function of reaction time and eventually cross over, indicating a transition 

from liquid-like to solid-like behavior. After G’ / G’’ crossover, G’ continues to increase 

before reaching a final plateau, as expected upon the formation of a crosslinked network. 

Final G’ plateau values of photopolymerized networks increase with increasing DMBOX 

concentration due to an increase in crosslink density with increasing DMBOX monomer 

concentration. 
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Figure 3.6 Shear storage and loss modulus of 3D printing formulations with 1 wt% TPO-

L and increasing DMBOX concentration as a function of irradiation time 

 

Table 3.1 Photorheology of 3D printing formulations with 1 wt% TPO-L and increasing 

DMBOX concentration 

DMBOX 

Mol% 
Initial G’’ (Pa) 

Initial Complex 

Viscosity (Pa∙s) 

G’ / G’’ 

Crossover (s) 

Final G’ 

(106 Pa) 

90 74.8 12.1 20.1 10.6 

80 27.5 4.4 18.8 10.3 

70 9.64 1.4 17.9 9.2 

60 5.29 0.79 18.0 8.4 

 

 During photopolymerization intermolecular distance between monomers is 

reduced by the conversion of van der Waals forces between monomers into covalent 

bonds.88 This well studied phenomenon results in an overall volume reduction during 
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photopolymerization which can lead to internal stress in a photopolymerized network.89,90 

The relative volume reduction, or shrinkage, during photopolymerization of BOX blends 

was studied during photorheology experiments by monitoring the evolution of normal 

force during irradiation. 

Figure 3.7 plots axial force as a function of irradiation time studying BOX blends 

with increasing DMBOX concentration. The onset of normal force buildup for each BOX 

blend corresponds well with the gel point as monitored by G’, G’’ crossover at ~ 18 s. As 

the relatively high molecular weight DMBOX monomer concentration is increased, the 

rate of shrinkage as measured by axial force is reduced. Similar results have been 

observed in the literature where increasing the concentration of a relatively low molecular 

weight reactive diluent increases shrinkage during photopolymerization.91 This trend has 

been explained as an increase in the concentration of reactive C=C double bonds 

available as the concentration of a relatively low molecular weight reactive diluent is 

increased.92 Thus, while increasing reactive diluent concentration readily decreases the 

viscosity of BOX blends, it results in an overall increase in shrinkage during 

photopolymerization. This is an important consideration, as shrinkage upon 

photopolymerization may result in cure induced strain or dimensional accuracy in the 

printed structure. 
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Figure 3.7 Axial force as a function of irradiation time for BOX blends with 1 wt% TPO-

L and increasing DMBOX concentration as a function of irradiation time 

 

3.2.2 Thermal Stability of Printed Parts 

TGA was performed to investigate the thermal stability of 60:40 DMBOX:RD 

blend after each stage of polymerization. TGA experiments studied the un-cured 

monomer blend, parts photopolymerized during SLA AM, and dual-cured samples that 

have been photopolymerized and thermally treated to activate BOX polymerization. TGA 

weight loss profiles are shown in Figure 3.8 and decomposition temperatures are 

summarized in Table 3.2. 

TGA results indicated that the initial degradation temperatures (T5% and T10%) for 

un-cured 60:40 DMBOX:RD blends are 155 C and 175 C respectively. Both the T5% 
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and T10% temperatures of samples increased significantly after free radical 

photopolymerization during SLA AM to 277 C and 303 C respectively. These initial 

degradation temperatures are consistent with reports in the literature studying the thermal 

degradation of poly(methyl methacrylate) networks.93 Interestingly, The T5% and T10% 

degradation temperatures of photopolymerized samples after thermal polymerization of 

BOX at 200 C for 1 hr only slightly increased to 285 C and 307 C respectively. 

The similar thermal degradation behavior between photopolymerized samples and 

dual-cured samples may be explained by similar thermal initiation temperatures of 

poly(methyl methacrylate) network degradation and onset of BOX network degradation. 

Mannich base cleavage is known to initiate thermal degradation of polybenzoxazine 

networks derived from aliphatic amines in the temperature range of 260-300 C.38 In 

addition to Mannich base cleavage, another explanation for the similar thermal stabilities 

of photopolymerized samples and dual-cured samples could be thermally initiated 

polymerization of BOX taking place during the temperature ramp. After initial 

degradation, weight loss profiles for all samples also show a second thermal degradation 

step at 400 C. This second stage of degradation near 400 C is attributed to thermal 

decomposition of main-chain polymer chains and substituted phenolic units.38 
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Figure 3.8 weight loss profiles of 60:40 DMBOX:RD un-cured monomer blend, 3D 

printed networks, and 3D printed networks with secondary cure at 200 C for 1 hr 

 

Table 3.2 Decomposition temperatures of 60:40 DMBOX:RD un-cured monomer blend, 

3D printed networks, and 3D printed networks with secondary cure at 200 °C for 1 hr. 

Sample T5% (°C) T10% (°C) 

Un-Cured Monomer Blend 155 175 

3D Printed 277 303 

3D Printed + Thermal Cure 285 307 
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Figure 3.9 depicts isothermal TGA results investigating weight loss as a function 

of time for photopolymerized 60:40 DMBOX:RD samples at 200 C: Samples were first 

ramped at 20 °C/min from ambient temperature to the isotherm temperature of 200 °C 

where they were held isothermally for 3 hrs. Samples exhibit a weight loss of 3.85 wt% 

during a 20 °C/min ramp from ambient temperature to 200 °C before reaching a stable 

degradation rate of 0.03 wt %/min and a final weight loss of 9.74 wt% after 3 hrs. These 

experiments may be compared to the thermal degradation behavior or volatilization of 

BOX monomers during BOX polymerization as reported in the literature.94–96 A weight 

loss range of 1.6 – 8.5 wt% at 180 °C after 3 hrs depending on the substituent attached to 

the oxazine ring has been reported for bisphenol A based BOX monomers.94 This is in 

contrast to 3D printed 60:40 DMBOX:RD monomer blend studied during isothermal 

TGA experiments which exhibited a final weight loss of 9.74 wt% after 3 hrs at 200 °C. 

Figure 3.9 3D printed 60:40 DMBOX:RD blend held isothermally at 200 °C for 150 min 
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3.2.3 DSC Studies of Primary and Secondary Cure 

Thermal polymerization behavior of 60:40 DMBOX:RD formulation was studied 

using DSC. The DSC thermograms of un-cured monomer blend, samples 

photopolymerized during SLA AM, and photopolymerized samples with a thermal cure 

at 200 °C are presented in Figure 3.10. DSC of un-cured monomer blend showed two 

exothermic peaks at 145 °C (onset 112 °C) and 244 °C (onset 193 °C), attributed to the 

thermal polymerization of acrylate and benzoxazine functional groups, respectively,29,31 

exhibiting heats of polymerization of 73 J/g and 176 J/g respectively .  

Samples that have been free radically polymerized by UV radiation during 3D 

printing showed only one exothermic peak with an onset at 213 °C and a peak maximum 

at 247 °C, indicating that acrylate and (meth)acrylate functional groups were polymerized 

by UV radiation during the 3D printing process. The increased onset and peak 

temperatures of BOX ring opening polymerization exotherm observed in samples after 

photopolymerization of acrylate functional groups during 3D printing is attributed to 

restricted mobility due to the UV-cured network.29 With increasing heating time at 200 

°C, the residual heat of polymerization of the benzoxazine ring opening polymerization 

exotherm decreases to 99, 69, 19, and 2 J/g for 0, 30, 60, and 90 minute heating time, 

respectively. The absence of the exothermic peak at 145 °C suggests high conversion of 

acrylate and (meth)acrylate functional groups by UV radiation, while the significant 

reduction in heat of polymerization at the high temperature exothermic peak at 244 °C 

suggests high conversion of thermally initiated BOX polymerization. 
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Figure 3.10 DSC thermograms for (a) un-cured 60:40 DMBOX:RD monomer blend, (b) 

after 3D printing, and after thermal treatment at 200 °C for (c) 30 (b) 60 and (e) 90 

minutes 

 

3.2.4 Spectroscopic Studies of Primary and Secondary Cure 

ATR-FTIR spectroscopy was utilized to further investigate both the UV and 

thermally initiated polymerizations in our dual-cure DMBOX-based formulations. ATR-

FTIR results are shown in Figure 3.11, where neat un-reacted 60:40 DMBOX:RD 

monomer blend shows peaks representative of both photo and thermally reactive 

functionality wherein the photo-polymerizable methacrylate alkene is assigned at 1637 

cm-1 and the benzene ring which is attached on the oxazine ring is assigned at 931 cm-

1.29,97 To thermally polymerize the unreacted BOX present after SLA AM, a cure protocol 

of 200 °C for 1 hr was selected. The temperature of 200 °C was found to be above the 
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onset temperature of the BOX polymerization exotherm observed in DSC experiments 

discussed previously. The peak at 1637 cm-1 associated with the methacrylate double 

bond is absent after photopolymerization during SLA AM as expected, while the BOX 

associated peak at 931 cm-1 is still present. The BOX-related peak at 931 cm-1 does show 

a slight reduction in intensity as compared to the uncured monomer blend. This result 

agrees with the reduced heat of polymerization in the BOX exothermic peak after 3D 

printing observed in DSC experiments. Following a 1-hr thermal cure of the 3D printed 

part at 200 °C acrylate, (meth)acrylate, and BOX polymerizations completed conversion 

as observed by the absence of both the peak at 1637 cm-1 and the peak at 931 cm-1.  

 

Figure 3.11 Images of 3D printed parts and ATR-FTIR spectra of 60:40 DMBOX:RD 

formulation before printing (a), after 3D printing (b), and after 1-hr at 200 C (c) 
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Real-time FTIR (RT-FTIR) was used to monitor the kinetics of UV initiated free 

radical polymerization and thermally initiated ring opening BOX polymerization of 60:40 

DMBOX:RD blend. Figure 3.12 shows the results of RT-FTIR experiments where 

polymerization conversion is plotted as a function of time for 60:40 DMBOX:RD blend 

with 1 wt% TPO-L. This photoinitiator loading level was selected based on 

photorheology results where it was found that this loading level maximized 

photopolymerization kinetics as discussed in Section 3.1. During this experiment, 

samples were sandwiched between two NaCl plates followed by irradiation with 

unfiltered UV light for 5 minutes. UV-polymerizable methacrylate alkene peak 

positioned at 1637 cm-1 was used to monitor UV polymerization and the BOX-related 

peak positioned at 931 cm-1 was used to monitor thermal polymerization as described 

previously.  

RT-FTIR results show no conversion of methacrylate polymerization until 

samples are irradiated, upon which full conversion is reached in less than 2 minutes, 

indicating rapid photopolymerization kinetics. After UV irradiation, the peak at 931 cm-1 

representative of the BOX oxazine ring shows near 10% conversion which is consistent 

with results from Ishida et al.29 Photopolymerized samples were then transferred to a 

heated cell where samples were heated to 200 C, which was found to be the onset 

temperature of BOX ring opening polymerization during DSC experiments. Thermally 

initiated ring opening polymerization of BOX shows relatively slower kinetics as 

compared to UV initiated free radical polymerization reaching 98% conversion after 50 

min. 
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Figure 3.12  Real-time conversion plots of acrylate photopolymerization (1 wt% TPO-L 

photoinitiator, 250 mW cm-2) and benzoxazine ring opening polymerization (200 C) 
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3.2.5 Thermomechanical Properties After Primary and Secondary Cure 

Dynamic mechanical analysis (DMA) was performed to study thermomechanical 

behavior of UV and thermally polymerized sample of 60:40 DMBOX:RD blends. Figure 

3.13 shows Tan Delta plotted as a function of temperature where the maximum of the 

Tan Delta curve is used to determine the network Tg.  

Samples tested after SLA 3D printing show a single Tan Delta peak at 32 °C 

attributed to the acrylate network photopolymerized during SLA 3D printing. After a 1 hr 

isotherm at 200 °C to thermally polymerize BOX moieties the unimodal Tan Delta peak 

of the sample increases in temperature from of 32 °C to 106 °C. This clear increase in Tg 

of 74 °C after thermal polymerization further supports the dual-cure nature of the printing 

formulation observed in DSC and FTIR experiments.  

The unimodal Tan Delta peak after thermally initiated polymerization suggests 

both BOX and acrylate network are behaving as a single crosslinked network, which 

indicates an HPN was established from a dual-cure process composed of SLA AM and 

thermal cure. The heterogeneity of networks before and after secondary cure may be 

quantified by using the full width at half maximum (FWHM) of their respective Tan 

Delta curves. A broad Tan Delta peak suggests a heterogeneous network consisting of 

both highly crosslinked and loosely crosslinked regions, resulting in a broad distribution 

of relaxation times.98,99 Photopolymerized acrylate and (meth)acrylate networks are 

known to be heterogeneous, exhibiting broad FWHM values.99 Photopolymerized 60:40 

DMBOX:RD blends exhibit a relatively narrow FWHM of 28.9 °C that increases 

significantly to 71.5 °C after heating for 1 hr at 200 °C. This increase in FWHM value 
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may be attributed to the increased network heterogeneity after thermally initiated 

polymerization of BOX. 

 

Figure 3.13 Tan Delta plotted as a function of temperature 60:40 DMBOX:RD 3D 

printed parts before and after thermally initiated BOX ring opening polymerization 

 

Figure 3.14 shows the storage modulus plotted as a function of temperature for 

60:40 DMBOX:RD 3D printed parts before and after thermally initiated BOX ring 

opening polymerization. The storage modulus of the 60:40 DMBOX:RD blend as printed 

is initially 3.3 GPa at -25 °C before sharply decreasing and ultimately reaching a rubbery 

modulus of 10.0 MPa at 72 °C. After thermally initiated polymerization of BOX 

moieties, the storage modulus is increased to 4.7 GPa at -25 °C before gradually 

decreasing to a rubbery modulus of 43.3 MPa at 146 °C. This increase in rubbery 

modulus after thermal polymerization is expected as a result of increased crosslink 
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density which was calculated using equation (4).99 The crosslink density of UV cured 

60:40 DMBOX:RD blends after SLA AM is initially 1.16 x 10-3 mol/cm3 and increases to 

4.11 x 10-3 mol/cm3 after thermally initiated BOX polymerization. 

 

Figure 3.14 Storage modulus plotted as a function of temperature 60:40 DMBOX:RD 3D 

printed parts before and after thermally initiated BOX ring opening polymerization 

 

Table 3.3 Summary of 60:40 DMBOX:RD thermomechanical data before and after 

thermally initiated BOX ring opening polymerization 

Sample Tg °C 
FWHH 

(°C) 

E’Glassy 

(GPa) 

E’Rubbery 

(MPa) 

Crosslink 

Density 

(mol/cm3) 

UV Cured 32 28.9  3.3 10 1.16 x 10-3 

UV Cure + 

200 °C 1 hr 
106 71.5 4.7 43 4.11 x 10-3 
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Figure 3.15 shows the results of uniaxial compression testing of 3D printed 60:40 

DMBOX:RD blends before and after thermally initiated BOX polymerization. The 

average Young’s modulus of 3D printed BOX samples with no post cure is 35.6 MPa and 

samples exhibit ductile failure at an average yield strain of 0.375 mm/mm. After 

thermally initiated BOX polymerization, the average Young’s modulus increases to 2.9 

GPa and samples exhibit brittle failure at an average yield strain of 0.06 mm/mm. This 

trend of increasing Young’s modulus and decreasing yield strain after thermally initiated 

BOX polymerization is expected considering the increased crosslink density determined 

during DMA experiments. 

 

Figure 3.15 Uniaxial compression stress vs strain for 60:40 DMBOX:RD 3D printed 

parts before and after thermally initiated BOX ring opening polymerization 
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3.2.6 Conclusion 

We have synthesized a multifunctional BOX monomer with both UV and thermal 

curing mechanisms to prepare blends suitable for SLA 3D printing. The viscosity of 

BOX-based printing blends is readily controlled using a reactive diluent to enable SLA 

3D printing. 60:40 DMBOX:RD blends exhibit rapid UV cure kinetics at low 

photoinitiator loading levels exhibiting rapid gelation and high alkene conversion. After 

SLA AM, parts are subsequently heated to activate the thermally initiated BOX ring 

opening polymerization, demonstrating the application of a dual-cure nature of the 

printing formulation. UV and thermal initiated polymerizations were distinguished 

through monitoring polymerization exotherms by DSC, which were supported by the 

results of ATR-FTIR and RT-FTIR analysis, showing significant change of alkene and 

characteristic BOX absorption peaks by the UV-cure and thermal cure, respectively. The 

dual-cure nature of this novel printing blend was further confirmed by studying 

crosslinked network properties of 3D printed parts before and after thermal treatment to 

activate BOX ring opening polymerization. Dual-cured 3D printed parts exhibited both 

an increased Tg and an increased storage modulus compared to those of only UV-cured 

3D printed parts, suggesting a significant increase in crosslink density with secondary 

thermal cure after 3D printing with primary UV cure. 

The dual-cure strategy employed here may also be applied to a wide range of 

thermosetting chemistries to expand the range of 3D printing applications. The modular 

nature of BOX monomer synthesis may also be exploited to design additional dual-cure 

BOX monomers tailored for specific 3D printing applications. This study should be 
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expanded to further investigate how this dual-cure strategy may impact part mechanical 

properties and how properties vary with print orientation. 
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CHAPTER IV – Dual Cure Benzoxazine Blends 

4.1 Abstract 

We report the use of methacrylate functional benzoxazine (BOX) monomers for 

Stereolithography (SLA) 3D printing at room temperature. This was enabled by blending 

a di-(meth)acrylate functional BOX monomer with a novel (meth)acrylate functional 

BOX dual cure RD. Methacrylate groups were first photopolymerized during SLA 3D 

printing followed by thermal post processing to initiate BOX ring opening 

polymerization, resulting in a dual-cured thermoset network. Rheological experiments 

were conducted to determine the viscosity of di- and mono- functional BOX monomers 

before SLA 3D printing. UV cure kinetics were examined using photorheology and real 

time Fourier transform-infrared spectroscopy (RT-FTIR), where rapid UV curing kinetics 

at low photo initiator concentrations were observed. After photopolymerization via SLA 
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3D printing, high BOX monomer conversion was achieved at elevated temperatures as 

studied by FTIR and differential scanning calorimetry (DSC). Dynamic mechanical 

analysis (DMA) revealed that 3D printed parts exhibited a single Tg that increased 118 °C 

after heating, from an initial value of 50 °C which is attributed to increased network 

rigidity post BOX ring opening polymerization. The overarching goal of this work was to 

demonstrate a new class of dual-cure SLA 3D printing materials and enable the 

manufacture of complex thermoset geometries utilizing benzoxazine chemistries. 

 

4.2 Results and Discussion 

4.2.1 Printing Formulation Preparation and Rheological Characterization 

Synthesis of di-(meth)acrylate functional BOX monomer (D-BOX) followed the 

synthetic procedures described in Sections 2.2 and Section 3.2. Scheme 2.2 shows the 

overall synthetic scheme for the synthesis of mono-(meth)acrylate functional BOX (M-

BOX) monomer. Synthesis of the mono-hydroxy functional BOX precursor was 

performed in the bulk at a temperature of 90 °C for 90 min. M-BOX monomer was then 

synthesized by esterification of mono-hydroxy functional BOX monomer using 

methacryloyl chloride and triethyl amine as a base catalyst to obtain a green oil after 

purification. A detailed description of M-BOX monomer synthesis and monomer 

structure validation via 1H-NMR and FTIR spectra are available in Section 2.2. 

Viscous oil DMBOX was then blended with MBOX reactive diluent at room 

temperature using magnetic stirring to obtain a low viscosity homogeneous mixture. 

Viscosity of DMBOX, MBOX, and a 50 mol% blend of DMBOX and MBOX monomers 

are shown in Figure 4.1. The objective of this experiment was to establish viscosity data 
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of (meth)acrylate functional BOX monomers at shear rates characteristic of the SLA AM 

process. Viscosity data was collected using a rotational rheometer with a cone and plate 

geometry in air at ambient temperature (~28 °C) while the shear rate was varied from 0.5 

s-1 to 5 s-1. This shear rate range was determined to be representative of the SLA 3D 

printing process based on calculations done by Hsiao and coworkers.79 The DMBOX and 

MBOX pure monomer viscosities were 187.9 Pa∙s and 0.1 Pa∙s, respectively  while a 50 : 

50 mol% blend of DMBOX and MBOX monomers resulted in a viscosity of 7.2 Pa∙s. 

Monomer blends exhibit Newtonian behavior over the shear rates tested, this is expected 

due to the combination of relatively low molecular weight monomers and low shear rates 

tested. 

Literature suggests viscosity of monomer or formulation should be ~5 Pa∙s to be 

processable VPP AM techniques such as SLA.81 Above this practical upper viscosity 

target, monomer will not flow sufficiently to recoat the build platform evenly, leading to 

uneven layers and dimensional inaccuracy in the final part. Due to this practical 

processing limit, a 50 mol% blend of DMBOX : MBOX monomers were utilized for the 

remainder of this study to ensure processability while maximizing network properties. 

Results of this experiment suggest that using our dual-cure approach, the viscosity of 

BOX monomer blends may be readily controlled for VPP AM at room temperature. 
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Figure 4.1 Plot of viscosity vs shear rate of DMBOX based blends 

 

Figure 4.2 depicts the storage modulus (G’) during UV irradiation for a 50 mol% 

blend of DMBOX and MBOX monomers with increasing TPO-L photoinitiator loading 

level. The objective of this experiment was to determine the minimum TPO-L loading 

level to achieve rapid photopolymerization kinetics. UV radiation is initiated 15 s after 

the start of the experiment where, as irradiation time increased, an increase in G’ was 

observed for all samples, which indicates that the elastic property of samples was 

increased due to the photopolymerization of (meth)acrylate functional groups in the 

samples. The gelation point of a thermoset network is generally determined in rheological 

experiments as the time when the loss tangent becomes independent of frequency during 

crosslinking 82,83 Often, however, the time when G’ and G’’ crossover and G’ becomes 

0 1 2 3 4 5
0.01

0.1

1

10

100

1000

 Mono BOX

 Di BOX

 50:50 Mol%

V
is

c
o

s
it

y
 (

P
a
.s

)

Shear rate (1/s)



 

74 

greater than G’’ is used as an estimation of the gel point.84 This time point is 

representative of the transition from liquid like to solid like behavior of the sample during 

crosslinking, and is commonly used to determine photopolymerization rates.  

Figure 4.3 plots time to the gel point, estimated using the G’, G’’ crossover point, 

during irradiation as a function of TPO-L photoinitiator loading level. Rapid 

photopolymerization kinetics and gel points in less than 10 s after irradiation are 

observed for all samples above 0.25 wt% TPO-L with a maximum in photo curing 

kinetics (fastest to gel) occurring at minimum 1 wt% TPO-L. Increasing TPO-L 

concentration above 1 wt% resulted in negligible differences in gel times. Thus, to avoid 

radical coupling or other chain termination events all future experiments and VPP AM 

were conducted using 1 wt% TPO-L. Curves showing G’ G’’ crossover are presented in 

Figure A.7. 

Figure 4.2 Storage modulus of 3D printing formulations with increasing TPO-L loading 

level as a function of time 
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Figure 4.3 Gel time as a function of TPO-L concentration. 

 

Gel points of BOX blends during photopolymerization were also investigated 

through the Winter-Chambon criteria.85 Following this criterion, at the gel point G’ and 

G’’ follow the same power law dependency with respect to frequency and Tan Delta 

becomes independent of frequency, as discussed previously in Chapter IV. The 

crosslinking behavior of 50 mol% DMBOX : MBOX blends were investigated via the 

Winter-Chambon criteria using FTMS following similar methods discussed in Chapter 

IV.65  

Results of FTMS experiments studying 50 mol% DMBOX : MBOX  blend 

irradiated with 2 mW/cm2 unfiltered UV light for 2 mins are depicted in Figure 4.4. BOX 

blends with 1 wt % TPO-L photoinitiator polymerized too rapidly to accurately capture 
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the Tan Delta crossover. In order to study BOX blends photopolymerization kinetics 

through the Winter-Chambon criteria samples were formulated with 0.25 wt% TPO-L, 

slowing photopolymerization kinetics and allowing for more time to accurately capture 

the Tan Delta crossover. Samples were irradiated after 15 s where after irradiation Tan 

Delta becomes independent of frequency at 20.1 s, indicating gelation. Additionally, 

using Equation (1) and the Tan Delta value at frequency independence, n was found to be 

equal to 0.96 for the photopolymerized 50 mol% DMBOX : MBOX monomer blend 

critical gel, which would indicate a soft critical gel. 

 

Figure 4.4 Tan Delta measured as a function of irradiation time for 50 mol% DMBOX : 

MBOX  blend with 0.25 wt% TPO-L 
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Figure 4.5 shows results of photorheology experiments studying 

photopolymerization kinetics of DMBOX : MBOX blends as a function of DMBOX 

concentration with 1 wt% TPO-L photoinitiator. Before irradiation, samples exhibit 

liquid like behavior where the viscous modulus, G’’ is greater than the elastic modulus, 

G’. Initially samples follow a trend of increasing G’’ with increasing DMBOX 

concentration; this trend may be explained by an increase in monomer blend viscosity as 

DMBOX concentration is increased.  

Upon irradiation, free radical polymerization is initiated and both G’ and G’’ 

increase as a function of reaction time and eventually cross over, indicating a transition 

from liquid-like to solid-like behavior. The blends follow a trend of increasing 

photopolymerization kinetics with increasing DMBOX concentration; this trend may be 

observed in Table 4.1 where the time to G’ / G’’ crossover decreases with increasing 

DMBOX concentration. This trend of increasing photopolymerization kinetics with 

increasing DMBOX concentration is expected due to a higher concentration of 

photopolymerizable (meth)acrylate functional groups available. After G’ / G’’ crossover, 

G’ continues to increase before reaching a final plateau, as expected upon the formation 

of a crosslinked network. Final G’ plateau values of photopolymerized networks increase 

with increasing DMBOX concentration due to an increase in crosslink density with 

increasing DMBOX monomer concentration. 
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Figure 4.5 Shear storage and loss modulus of 3D printing formulations with 1 wt% TPO-

L and increasing DMBOX concentration as a function of irradiation time 

 

Table 4.1 Photorheology of 3D printing formulations with 1 wt% TPO-L and increasing 

DMBOX concentration 

Sample 

(DMBOX 

Mol%) 

Initial G’’ (Pa) 

Initial Complex 

Viscosity (Pa∙s) 
G’ / G’’ 

Crossover (s) 

Final G’ 

(106 Pa) 

10 2.8 0.6 26.8 1.1 

30 10.0 1.6 22.3 7.3 

50 30.5 4.9 21.8 9.8 
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Real-time FTIR (RT-FTIR) was also used to monitor the kinetics of UV initiated 

free radical polymerization of the 50 mol% DMBOX : MBOX monomer blend with 1 

wt% TPO-L. This photoinitiator loading level was selected based on photorheology 

results where it was found that this loading level maximized photo polymerization rates 

as discussed in section 3.1. During RT-FTIR measurements, samples were sandwiched 

between two NaCl plates and irradiated with un-filtered UV light at 250 mW cm-2. 

Typically, a low concentration of UV absorber is added to a printing formulation to 

improve print resolution. To ensure rapid photopolymerization kinetics are maintained 

with the addition of the UV absorber, 0.07 wt% of commercially available Tinuvin 

Carboprotect UV absorber was added to samples studied during RT-FTIR experiments. 

Figure 4.6 shows the results of RT-FTIR experiments where polymerization 

conversion is plotted as a function of irradiation time. During RT-FTIR experiments, the 

conversion of (meth)acrylate C=C double bonds is calculated using the C=C stretching at 

1637 cm-1 and the conversion of BOX groups is calculated using the out of plane C-H 

vibration of the benzene ring attached to the oxazine ring at 935 cm-1. RT-FTIR results 

show no conversion of (meth)acrylate C=C double bond polymerization until samples are 

irradiated, upon which a final conversion of 87% is reached after 5 minutes. BOX 

functional groups also begin to be consumed upon UV irradiation, reaching a final 

conversion of 34% after 5 minutes of irradiation. Similar results for (meth)acrylate 

functional BOX monomers have also been observed by Ishida et al.29 These results may 

be due to UV irradiation initiating BOX ring opening polymerization or heat due to the 

exothermic (meth)acrylate free radical photopolymerization. 
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Figure 4.6 Conversion of (meth)acrylate C=C double bond and BOX as a function of 

irradiation time. 
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4.2.2 Thermal Stability and Ring Opening Polymerization of BOX 

TGA was used to determine the mass loss as a function of temperature for 50 

mol% DMBOX : MBOX un-cured monomer blend, 3D printed parts, and 3D printed 

parts with a secondary thermal cure. TGA weight loss profiles are shown in Figure 4.7 

and the data are summarized in Table 4.2. The initial degradation temperatures (T5% and 

T10%) for the uncured monomer blend are 206 °C and 225 °C respectively and increase 

significantly after 3D printing to 266 °C and 287 °C respectively. The T5% and T10% 

degradation temperatures of parts photopolymerized after VPP AM are similar to reports 

in the literature studying the thermal degradation of structurally similar poly(methyl 

methacrylate) networks.93 The T5% and T10% degradation temperatures of 3D printed parts 

with a secondary thermal cure to initiate BOX polymerization further increase to 289 °C 

and 312 °C, respectively. The thermal degradation profiles observed in this study for 3D 

printed samples tested after thermal cure show good agreement with the degradation of 

polybenzoxazine networks derived from aliphatic amines.38 All samples studied exhibit a 

two stage thermal degradation mechanism, where after initial degradation events, weight 

loss profiles for all samples also show a second thermal degradation step at 400 C. The 

second stage of thermal decomposition begins near 400 C is attributed to the thermal 

degradation of substituted phenolic units and main-chain polymer chains.38 
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Figure 4.7 TGA weight loss profiles of 50 mol% DMBOX : MBOX un-cured monomer 

blend, 3D printed networks, and 3D printed networks after thermal cure 

 

Table 4.2 Summary of Thermal Degradation Temperatures of BOX Blends 

Sample T5% (°C) T10% (°C) 

Un-Cured Monomer Blend 206 225 

3D Printed 266 287 

3D Printed + Thermal Cure 289 312 

 

Figure 4.8 depicts isothermal TGA studies conducted to investigate the maximum 

curing temperature of 3D printed 50 mol% DMBOX : MBOX monomer blend. Samples 

were first held isothermally at 100 °C for 30 mins before heating at 1 °C/min to 120, 140, 

160, 180, 200, and 220 °C. Samples were held isothermally at each temperature for 1 hr 

to monitor weight loss as a function of time. Weight loss values after each 1 hr isotherm 

are 0.41, 0.58, 0.50, 0.57, 1.31, and 3.00 wt % respectively for each temperature. A 

100 200 300 400 500
0

10

20

30

40

50

60

70

80

90

100

W
e
ig

h
t 

(%
)

Temperature (°C)

 Uncured Monomer Blend

 3D Printed

 3D Printed + Thermal Cure

 

 



 

83 

maximum curing temperature of 180 °C was selected due to the increase in thermal 

degradation from 0.57 wt % at a 180 °C 1 hr isotherm to 1.31 wt % at a 200 °C 1 hr 

isotherm. 

 

Figure 4.8 3D printed 50 mol% DMBOX : MBOX blend held isothermally for 1 hr at 

increasing temperatures. Labels indicate weight loss % at each temperature 

 

Figure 4.9 presents isothermal TGA experiments at 180 °C performed to monitor 

weight loss as a function of time at the sample maximum cure temperature. Samples 

exhibit a weight loss of 1.44 wt% during a 20 °C/min ramp from 20 °C to 180 °C before 

reaching a stable degradation rate of 0.003 wt%/min. These studies may be compared to 

the thermal degradation behavior or volatilization of BOX monomers during cure as 

reported in the literature, where during isothermal heating at 180 °C for 3 hrs a weight 
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loss of 1.6 – 8.5 wt % has been observed for bisphenol A based BOX monoemrs.94–96 

This is in contrast to 3D printed 50 mol% DMBOX : MBOX monomer blend studied 

during isothermal TGA experiments which exhibited a final weight loss of 3.4 wt % after 

8 hrs at 180 °C. The photopolymerized (meth)acrylate network during 3D printing may 

contribute to the thermal stability of 3D printed 50 mol% DMBOX : MBOX monomer 

blend. 

 

Figure 4.9 3D printed 50 mol% DMBOX : MBOX blend held isothermally at 180 °C for 

8 hrs 

 

The thermal polymerization behavior of 50 mol% DMBOX : MBOX monomer 

blend was studied using DSC. Thermograms of the uncured monomer, after 3D printing, 
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and after thermal cure of the 3D printed part are depicted in Figure 4.10. Thermograms of 

the un-cured monomer blend showed two exothermic peaks with peak maxima at 142 °C 

and 256 °C which exhibited heats of polymerization of 120 J/g and 274 J/g, respectively . 

The exotherm at 142 °C was attributed to the thermal polymerization of (meth)acrylates 

while the exotherm at 256 °C was attributed to the thermally initiated cationic ring 

opening polymerization of BOX.29,31 

Samples that have been free radically polymerized by UV radiation during 3D 

printing showed one broad exothermic peak with two peak maxima, the first at 175 °C 

and the second at 261 °C. The exotherm at 175 °C after 3D printing is attributed to 

polymerization of residual (meth)acrylate functional groups with hindered molecular 

mobility due to UV-cured (meth)acrylate network. The increased onset and peak 

temperatures of BOX cationic ring opening polymerization exotherm observed in 

samples after 3D printing may be also be attributed to restricted mobility due to the UV-

cured (meth)acrylate network.29 

Photopolymerized samples were then heated step-wise at 100 °C for 30 minutes, 

120 °C for 1 hr, 140 °C for 1 hr, 160 °C for 1 hr, and 180 °C for 2 hrs. The thermal 

polymerization procedure investigated in this study was selected following isothermal 

TGA studies discussed previously where it was found that above 180 °C samples begin to 

undergo significant thermal degradation (see Figure 4.7). After the thermal 

polymerization procedure, only one exothermic peak is present at 254 °C, where the 

absence of the exothermic peak at 175 °C suggests residual (meth)acrylate groups have 

been polymerized during the thermal polymerization procedure. The exothermic peak at 

254 °C attributed to BOX polymerization shows a significant reduction in heat of 
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polymerization from 240 J/g to 110 J/g. The remaining exotherm is attributed to 

polymerization of residual BOX moieties after thermal cure and may also be complicated 

by degradation processes near the T5% at 289 °C observed in TGA experiments (see 

Figure 4.6). 

 

Figure 4.10 DSC thermograms for 50 mol% DMBOX : MBOX monomer blend, after 3D 

printing, and after thermal cure  

 

RT-FTIR was used to monitor the polymerization rate of thermally initiated ring 

opening BOX polymerization of 50 mol% DMBOX : MBOX monomer blend. 

Conversion of BOX ring opening polymerization is calculated using the out of plane C-H 

bending vibration of the benzene ring attached to the oxazine ring at 935 cm-1. This IR 
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absorbance has been shown to be directly related to the BOX characteristic oxazine ring 

and may be used to monitor BOX polymerizations.100 Figure 4.11 shows the results of 

RT-FTIR experiments where BOX polymerization conversion is plotted as a function of 

heating time. Samples photopolymerized between NaCl plates during RT-FTIR 

experiments in Section 4.2.1 were placed in a heated cell to monitor BOX ring opening 

polymerization rate. The step wise heating protocol was selected based on DSC and TGA 

experiments discussed previously. 

Photopolymerized samples were heated step wise to 100 °C for 30 minutes, 120 

°C for 1 hr, 140 °C for 1 hr, 160 °C for 1 hr, and 180 °C for 2 hrs. During the first heating 

stage at 100 °C BOX polymerization initiates, and gradually continues, reaching >5% 

conversion after 30 mins. As temperature is increased to 120 °C, BOX conversion 

increases rapidly before gradually plateauing after ~15 mins. BOX conversion again 

increases with increasing isothermal temperature, reaching 20% conversion after 1 hr at 

120 °C, 47% after 1 hr at 140 °C, 74% after 1 hr at 160 °C, and finally reaching near full 

conversion of >95% after 2 hrs at 180 °C. 

High BOX polymerization conversions observed during our studies after heating 

at 180 °C for 2 hrs are consistent with similar BOX polymerizations in the literature.100 

The behavior of increasing BOX polymerization rate with an increase in isothermal 

temperature before gradually plateauing seems to be consistent with all isothermal 

temperatures studied. This behavior may be due to an increase in molecular mobility, 

which would allow for increased polymerization rate, before a subsequent decrease in 

mobility due to an increase in crosslink density as BOX polymerization continues. 
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Figure 4.11 Conversion of BOX ring opening polymerization at increasing isothermal 

temperatures 
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The thermal intiated ring opening polymerization of BOX moieties was further 

studied through rheological experiments. Photopolymerized 50 mol% DMBOX : MBOX 

films studied during photorheology experiments were quenched in liquid nitrogen and 

collected for thermal curing. Photopolymerized sample was placed between 8 mm 

stainless steel plates and trimmed to size at a gap of 0.5 mm. A normal force of 5 N was 

then applied before heating samples from ambient temperature to 180 °C at a ramp rate of 

10 °C/min.  

Figure 4.12 plots the storage modulus and temperature during the thermal cure of 

dual-cure BOX films. As the temperature is increased, a decrease in the storage modulus 

is initially observed as the photopolymerized film enters the rubbery state. During 

isothermal heating at 180 °C the storage modulus begins to increase with increasing BOX 

polymerization time, eventually reaching a plateau at 107 Pa. This increase in storage 

modulus is expected as increasing crosslinking due to BOX polymerization would 

increase the magnitude of the rubbery storage modulus. 
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Figure 4.12 Rheological characterization of thermally intiated BOX polymerizatio 

 

4.2.3 Thermomechanical Properties 

Dynamic mechanical analysis (DMA) was performed to study thermomechanical 

behavior of 3D printed and thermally polymerized samples of DMBOX and MBOX 50 

mol% blends. Figure 4.13 shows Tan Delta plotted as a function of temperature where the 

maximum of the Tan Delta curve is used to determine the network Tg. Samples tested 

after SLA 3DP show a Tan Delta peak at 50 °C attributed to the acrylate network 

photopolymerized during SLA 3D printing. After thermally polymerizing BOX moieties, 

the Tan Delta peak increases by 118 °C to 168 °C, which is ~10 °C higher than the Tg of 

commercially available bisphenol-a based BOX produced by Huntsman 

Corporation.101,102  
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The unimodal nature of the Tan Delta peak after thermal polymerization also 

suggests both BOX and (meth)acrylate networks do not phase separate, but are 

homogeneous and behave as a single crosslinked network. The homogeneity or 

heterogeneity of networks before and after secondary cure may be quantified by using the 

full width at half maximum (FWHM) of their respective Tan Delta curves. A broad Tan 

Delta peak suggests a heterogeneous network consisting of both highly crosslinked and 

loosely crosslinked regions, resulting in a broad distribution of relaxation times.98,99 

Photopolymerized (meth)acrylate networks are known to be heterogenous, exhibiting 

broad FWHM values.99 Photopolymerized 50 mol% DMBOX : MBOX blends exhibit a 

FWHM of 43.1 °C that slightly decreases to 37.4 °C after thermal polymerization of 

BOX. This improvement of network homogeneity may be attributed to the hybrid nature 

of the (meth)acrylate and BOX network that are covalently crosslinked together. Similar 

network uniformities have been observed in other epoxy-(meth)acrylate hybrid network 

structures in the literature.103 

 

 

 

 

 

 

 

 



 

92 

Figure 4.13 Tan Delta plotted as a function of 50 mol% DMBOX : MBOX 3D printed 

parts before and after thermally initiated BOX ring opening polymerization 

 

Figure 4.14 plots the storage modulus as a function of temperature for 50 mol% 

DMBOX : MBOX 3D printed samples before and after thermally initiated BOX ring 

opening polymerization. The storage modulus of the 50 mol% DMBOX : MBOX blend 

as printed is initially 3.8 GPa at -25 °C before sharply decreasing and ultimately reaching 

a rubbery modulus of 20.3 MPa at 90 °C. After reaching a rubbery plateau, continued 

heating of the 3D printed BOX sample results in a gradual increase in E’, suggesting 

additional crosslinking. 3D printed samples tested after thermal polymerization of BOX 

moieties show a slightly increased glassy storage modulus of 3.9 GPa at -25 °C before 

gradually decreasing to a rubbery modulus of 63.6 MPa at 207 °C. This increase in 
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rubbery modulus after thermal polymerization is expected, as a result of increased 

crosslink density from 2.24 x 10-3 mol/cm3 after VPP AM to 5.30 x 10-3 mol/cm3 after 

thermally initiated BOX polymerization.68 

 

Figure 4.14 Storage modulus plotted as a function of temperature 50 mol% DMBOX : 

MBOX 3D printed parts before and after thermally initiated BOX ring opening 

polymerization 

 

Table 4.3 Summary of 50 mol% DMBOX : MBOX thermomechanical data before and 

after thermally initiated BOX ring opening polymerization 

Sample Tg °C 
FWHH 

(°C) 

E’Glassy 

(GPa) 

E’Rubbery 

(MPa) 

Crosslink 

Density 

(mol/cm3) 

UV Cure 50 43.1 3.8 20.3 2.24 x 10-3 

UV Cure + Thermal 

Cure 
168 37.4 3.9 63.6 5.30 x 10-3 
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4.2.4 SLA 3D Printing Performance 

A 50 mol% DMBOX : MBOX monomer blend with 1 wt% TPO-L and 0.07 wt% 

UV absorber was selected for SLA 3D printing. An example of a structure printed using 

the SLA style Form 2 3D printer is shown in Figure 4.15. Printed structures exhibited 

reasonable dimensional accuracy on the micrometer size scale and these features were 

maintained after thermal cure. Surface topology of printed objects were investigated 

using optical light microscopy where micron scale surface defects were observed. These 

surface defects may be due to incomplete photopolymerization during SLA 3DP, residual 

solvent from monomer synthesis, or imparted during solvent rinse post SLA 3DP. Further 

optimization of 3DP parameters such as UV expose time or intensity will be further 

investigated to improve printed part surface features. 

 

Figure 4.15 SLA 3D printed object example from the 50 mol% DMBOX : MBOX 

monomer blend with 1 wt% TPOL and 0.07 wt% UV absorber before and after thermal 

polymerization of BOX. 
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4.2.5 Conclusions 

This research has demonstrated the synthesis of di- and mono- functional BOX 

monomers with both UV and thermal polymerization mechanisms to prepare blends 

suitable for SLA AM at room temperature. The viscosity of BOX monomer blends is 

readily controlled by modifying DMBOX : MBOX ratio to enable SLA AM.  

BOX blends exhibit fast photopolymerization rates at low photoinitiator loading 

levels resulting in rapid gelation and high alkene conversion as monitored by 

photorheology and RT-FTIR respectively. TGA experiments studying the thermal 

stability of photopolymerized networks were used to guide thermal polymerization 

conditions that would result in minimal thermal degradation but maximize BOX 

polymerization conversion. BOX polymerization was studied in detail using DSC and 

RT-FTIR to track BOX polymerization conversion. After thermal polymerization of 

BOX, parts exhibited thermomechanical properties similar to, or exceeding that, of 

commercially available bisphenol-A based BOX networks. In addition, dimensional 

accuracy of printed features on the micrometer size scale were maintained after thermal 

polymerization.  

The dual-cure strategy employed here has enabled the processing of BOX 

networks using SLA AM to expand the material base available for the popular AM 

method. Future studies should continue to take advantage of the modular nature of BOX 

monomer synthesis to prepare additional dual-cure monomers with increased Tg values 

while maintaining low viscosities and rapid polymerization rates at room temperature. 
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CHAPTER V – Molecular Dynamics Simulations of Acrylate Networks 

5.1 Abstract 

Additive manufacturing (AM) , also known as 3D printing, has emerged as a 

powerful manufacturing technique for the rapid production of highly complex parts. 

Stereolithography (SLA) is an AM approach which selectively exposes liquid resin to a 

rastering UV laser to build parts in a layer-by-layer approach. While SLA offers 

manufacturing advantages, the continued use of SLA in a variety of applications 

necessitates the development of new materials for this innovative process. Our methods 

utilize a combined experimental and computational approach, utilizing Molecular 

Dynamics (MD) simulations to study the photo initiated free radical polymerization of an 

acrylate during SLA 3D printing at an atomistic level. After simulated crosslinking, 

network properties including crosslink density and glass transition temperature are 

calculated. Simulation results are found to be in good agreement with results determined 

experimentally. The methods presented in this work provide new insights into the use of 

MD simulations for the study and design of new 3D printing materials. 
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5.2 Results and Discussion  

5.2.1 Viscosity and Cure Kinetics of Printing Formulations 

SLA and other similar vat photopolymerization (VPP) based AM techniques rely 

on the ability of monomers or prepolymers to freely flow in the monomer or prepolymer 

bath to cover the previously printed layer. Considering this, a given printing formulation 

should have a viscosity in the range of 10 Pa.s to be considered processable via a VPP 

AM method.104 Above this practical upper viscosity target, monomer will not flow 

sufficiently to recoat the build platform evenly, leading to uneven layers and dimensional 

inaccuracy in the final part. Hsiao and coworkers, using a similar vat 

photopolymerization AM technique, calculated that the operating shear rate is 

approximately 1.7 s-1.79 To quantify the viscosity of our printing formulations at similar 

shear rates to the calculated value of 1.7 s-1, we conducted shear sweeps from 0.1 s-1 to 5 

s-1 using cone and plate rheology. 

In Figure 5.1 we present the results of these experiments for formulations of 

bisphenol A diglycidyl ether dimethacrylate (BisGMA), with increasing loading levels of 

2-(((butylamino) carbonyl)oxy)ethyl ester (UA), a mono-functional urethane acrylate 

reactive diluent. BisGMA is a viscous, high molecular weight difunctional (meth)acrylate 

monomer with a rigid bisphenol a based backbone. The viscosity of blends were 

systematically reduced as bisGMA is diluted with increasing loading level of the 

relatively lower molecular weight UA monomer. For all formulations viscosity remains 

constant over the tested shear rates and no shear thinning or thickening behavior is 

observed. Additionally, we observe that formulations with a UA mol % of 50% and 

above exhibit a viscosity below 10 Pa.s and are considered to be processable via SLA. 
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Figure 5.1 Viscosity as a function of shear rate for printing formulations, Mol% indicates 

UA loading level 

 

During the SLA process a printed layer must achieve a high degree of cure (DOC) 

rapidly to ensure the printed layer has enough mechanical integrity to support the part 

during the AM process. In order to rapidly achieve a high DOC a AM formulation must 

exhibit rapid UV cure kinetics. The UV cure kinetics of printing formulations were 

studied using photorheology experiments where complex viscosity (*), storage (G’) and 

loss (G’’) shear moduli were monitored upon applied oscillatory strain during 

photopolymerization. In Figure 5.2 we present the results of photorheology experiments 

studying BisGMA formulations with increasing UA loading level where * is plotted as 

a function of irradiation time. Initially, all blends show a stable viscosity that decreases 

with increasing UA loading level. Upon UV irradiation at 15 s photopolymerization is 
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initiated and * begins to increase as a function of irradiation time. A clear trend of 

increasing UV cure kinetics with an increase in UA mol% is observed where * increases 

slowly during the irradiation time for 50 mol% formulation but increases rapidly as UA 

mol% is increased. Formulation photopolymerization kinetics are also quantified by 

monitoring their shear storage (G’) and loss (G’’) modulus as a function of irradiation 

time. The modulus crossover time where G’ and G’’ are equal is commonly used to 

describe the point at which a photopolymerizing network begins to behave more solid 

like than liquid like. The time to modulus crossover was used to compare reaction 

kinetics between formulations with increasing UA reactive diluent loading level in Figure 

5.3. We observe that for an increasing UA mol% there is a decrease in the modulus cross 

over time. This decrease in time may be attributed to the increased mobility (decreased 

viscosity) of systems with higher UA mol% as observed in Figure 5.1. The results of 

photorheology experiments indicate rapid gelation in <10 s for blends with 50, 70, and 90 

mol % UA, confirming that these blends have cure kinetics that are suitable for SLA 3D 

printing. 
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Figure 5.2 Complex viscosity plotted as a function of step time, Mol% indicates UA 

loading level 

Figure 5.3 Average gel time plotted as a function of UA loading level. 
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5.2.2 Degree of Cure After 3D Printing.  

Differences in both reactive diluent loading level and cure kinetics can lead to 

significant differences in the final DOC of a given network. These differences may also 

then significantly influence both experimental and simulation results. To account for this, 

ATR-FTIR spectroscopy was utilized to calculate the final degree of cure achieved in 

each 3D printed network. In Figure 5.4 we present the results of ATR-FTIR experiments 

where aliquots taken from printing formulations before 3D printing show peaks 

representative of polymerizable alkene is positioned at 1637 cm-1.67 Aliquots also exhibit 

an absorption at 1608 cm-1 which literature has shown may serve as an internal standard 

for DOC calculations in Bis GMA based formulations.105 The DOC achieved during the 

printing process was calculated by relating the absorbance the double bonds to the 

aromatic absorbance using Equation 2. Representative spectra of a printing blend before 

and after printing (left) and peaks used for DOC calculations (right) are displayed in 

Figure 5.4. The DOCs calculated for each printing formulation are displayed in Table 5.1. 

Calculated DOC values remain relatively constant until 70 mol% UA where DOC values 

increase until 94.0% at 90 mol% UA. This trend may again be attributed to an increase in 

mobility during polymerization as the mol% of UA is increased.106 The results of these 

experiments can then be used to guide appropriate calculated crosslink saturation values 

for simulations. 
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Figure 5.4 Left, full FTIR spectra of 60mol% 3D printed sample. Right, comparison of 

C=C stretch absorbance before and after 3D printing. 

 

Table 5.1 DOC calculated for each UA loading level 

UA Loading  

Level (Mol %) 
Average DOC (%) 

50 81.2 

60 76.6 

70 78.9 

80 90.2 

90 94.0 

 

5.2.3 Disordered Cell Preparation and Simulated Crosslinking 

Monomers were initialized randomly within the simulation cell using the 

Disordered System Builder within Schrödinger Materials Science Suite. Each simulated 

system is composed of 200 molecules (~10,000 atoms), where the number of Bis GMA 

and UA monomers are systematically varied to allow for the study of systems that closely 

match our experimental formulations. Table 5.2 summarizes the simulation cell 

composition of each formulation.  
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Table 5.2 Summary of simulation cell compositions and the associated experimental 

formulation. Note: 20 TPO-L photoinitiator molecules were added to each cell 

Simulation Cells Experimental Printing Formulation 

# Molecules 
UA 

# Molecules 
Bis GMA 

Mol %  
UA 

Mol %  
Bis GMA 

90 90 50 50 
108 72 60 40 
126 54 70 30 
144 36 80 20 
162 18 90 10 

 

The resulting amorphous simulation cells were then equilibrated to allow for 

electrostatic reorganization of monomers followed by a compression step to condense the 

cell, removing unwanted inner volume. Details of amorphous cell construction and 

equilibration are described in detail in Section 2.5. Cell density was monitored during 

equilibration to ensure a stable density was reached before crosslinking. Figure 5.5 shows 

a representative plot of density as a function of simulation time over the last 5 ns of 

equilibration of a simulation cell with 90 Bis GMA monomers and 90 UA monomers. 

These simulations revealed that cells reach a stable, average room temperature density of 

1.13 g/cm3. This simulated result agrees well with experimental densities, where the 

density of Bis GMA is listed as 1.16 g/cm3 and UA genomer 1122 is listed as 1.07 g/cm3 

in their respective technical data sheets. 
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Figure 5.5 Representative plot of density as a function of simulation time at 300K for a 

disordered system composed of 90 Bis GMA monomers and 90 UA monomers.  

 

Simulations used Schrodinger’s crosslink analysis tool to quantify the gelation 

point of 3D printing formulations with increasing UA loading level. These simulations 

track the molecular weight of the two largest structures during crosslinking to monitor 

gelation. Figure 5.6 plots the average reduced molecular weight of the largest and second 

largest fragment in each formulation. The point at which the molecular weight of the 

largest fragment begins to diverge from that of the second largest fragment during the 

crosslinking simulation is used to define the gelation point of each system.107,108 We 

observe that as UA mol% is increased the crosslink saturation at the gel point is 

increased, where crosslink saturation increases from 37.03, to 61.97, and 79.29 %, 

respectively , for formulations with 50, 70, and 90 UA mol%. This data is compared to 

gel points obtained experimentally during photorheology experiments in Table 5.2. 

Experimentally, gel points decrease from 23.05, to 19.04, and 17.69 s, respectively  for 

samples with 50, 70, and 90 UA mol%. 
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Figure 5.6 Largest molecular weight fraction and 2nd largest molecular weight fraction 

plotted as a function of cross-link saturation for formulations with increasing UA loading 

level. 

 

Table 5.3 Crosslinking simulations compared to photorheology results 

Mol % UA 
Simulated Crosslink Saturation 

 at Gel Point (%) 

Experimental 

Gel Time (s) 

50 37.03 23.05 

70 61.97 19.04 

90 79.29 17.69 
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During simulated crosslinking, the number of C=C double bonds available was 

tracked as a function of each crosslinking simulation iteration. All formulations initially 

show a linear decrease in C=C double bonds as a function of simulation crosslinking 

attempt, plotted in Figure 5.7 as simulation iteration. This linear decrease continues until 

significant molecular weight builds and diffusivity of monomers is reduced, limiting 

further reaction. Our crosslinking simulations neglect chain termination events and 

instead stop reaction at a pre-defined value of 95 % crosslink saturation. We observe 

however that at ~90 % degree of conversion mobility of reactive species becomes limited 

for all formulations, limiting further reaction. Formulations with increasing UA mol % 

reach this mobility limited conversion first, however these cells also inherently have the 

least amount of reactive C=C double bonds available due to decreasing di-functional bis 

GMA monomer concentration. 

Figure 5.7 C=C double bond conversion profiles for formulations with increasing UA 

mol % 
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5.2.4 Experimental and Simulated Network Properties 

Thermomechanical transitions of 3D printed networks with increasing UA 

loading level were investigated using dynamic mechanical analysis (DMA) in tension 

mode. Figure 5.8 shows results of these experiments where Tan Delta and storage 

modulus of blends with increasing UA mol % are plotted as a function of temperature. 

The ratio of the loss and storage moduli (E’’/E’) is used to calculate Tan Delta. This term 

relates energy dissipation relative to energy stored upon a periodic deformation. 

Estimating the Tg from the maximum of Tan Delta plotted as a function of temperature, 

experimental results follow a trend of decreasing Tg with increasing UA mol %. A similar 

trend is also observed in the rubbery plateau region, where as UA mol % is increased a 

systematic decrease in the rubbery plateau is observed. This trend is expected, as 

increasing the amount of mono-functional UA reduces the amount of available 

crosslinking sites thus reducing the overall network crosslink density. 
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Figure 5.8 Plots of Tan Delta and storage modulus as a function of temperature with 

increasing UA mol % 

 

The density of crosslinks may be calculated by using the storage modulus in the 

rubbery plateau. A higher E’ value in the rubbery plateau would indicate a higher 

concentration of crosslinks. Results of DMA experiments are presented in Figure 5.9 

plotted as rubbery E’ as a function of UA loading level. The results of these experiments 

show a relatively constant rubbery E’ value until 70 mol% UA where rubbery E’ shows a 

significant decrease. The corresponding  values calculated from the rubbery E’ are 

summarized in Table 5.4. The crosslink density for 50 mol% UA blends are calculated to 

be 2.34x10-3 mol/cm3 and begin to decrease after 70 mol% UA, reaching 5.47x10-4 

mol/cm3. This trend of decreasing  with increasing UA mol% is expected as it is 

accompanied by a decrease in di-functional methacrylate BisGMA which behaves as a 
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crosslinking agent. This reduction in  is also captured in simulations by a reduction in 

average simulated crosslinks from 216.4 at 50 mol% UA to 159.4 at 90 mol% UA. The 

reduction in simulated crosslinks can also be observed in the simulated crosslinked cells 

as a distribution of molecular weight in the cell. Crosslinked cells for each UA loading 

level in Figure 5.9 show a trend of increasing low molecular weight species as UA mol% 

increases. 

 

Figure 5.9 Rubbery modulus as a function of UA mol% and images of crosslinked cells 

from simulations with increasing UA mol% where unreacted monomer and oligomers are 

colored red and yellow respectively 
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Table 5.4 Calculated crosslink densities for each formulation compared to number of 

crosslinks achieved in each simulation 

UA Loading 

Level (Mol %) 

E’Rubbery 

(MPa) 

Crosslink 

Density 

(mol/cm3) 

Avg Total 

Simulated 

Crosslinks (#) 

50 22.32 2.34 x 10-3 216.4 

60 18.09 2.00 x 10-3 202.4 

70 18.65 2.07 x 10-3 187.2 

80 13.81 1.63 x 10-3 174.2 

90 4.00 5.47 x 10-4 159.4 

 

The Tg of simulated blends with increasing UA mol% were compared to 3D 

printed parts where the Tg was determined during DMA experiments. The Tg of a given 

polymer network is determined in molecular simulations by monitoring network density 

as a function of temperature during simulated annealing. A detailed description of the 

model utilized to calculated Tg during simulated annealing and uncertainty quantification 

of the results is described elsewhere in the literature.109 Figure 5.10 shows a 

representative plot of density as a function of temperature for a crosslinked network 

composed of 50 mol% UA cooled from 800 K to 150 K. A hyperbolic curve may then be 

fit to the plot of density as a function of temperature and the Tg is taken as the 

intersection of the low and high temperature asymptotes of the hyperbola. 
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Figure 5.10 Representative density vs temperature plot obtained during simulated 

annealing of a 50 mol% UA network  

 

Simulated and experimentally obtained Tg values are shown in Figure 5.11, 

plotted as a function of UA mol%. The Tg of each sample was determined during 

simulations as the intersection of the low and high temperature asymptotes of a hyperbola 

fit and during DMA experiments as the peak of Tan Delta plotted as a function of 

temperature. Each simulated Tg value is presented as an average of at least five 

simulations  one standard deviation. It has been shown in the literature that the Tg of a 

polymer network is over estimated by MD simulations due to differences between 

simulated and experimental cooling rates.110 Experimentally the Tg of a given polymer 

network is typically determined using heating and cooling rates on the order of seconds, 
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however during simulations heating and cooling is done on the order of nanoseconds.111 

Data presented in Figure 5.11 shows an agreement of <50 C between simulations and 

experimental values, thus showing good agreement between simulated and 

experimentally obtained Tg values. 

Simulations calculating network Tg values follow a trend of decreasing Tg with 

increasing UA mol %, the same trend observed experimentally. This trend also agrees 

well with the trend of decreasing simulated crosslinking sites with increasing UA mol % 

as discussed previously. This trend is anticipated, as an overall decrease in crosslink 

density would be expected to be accompanied by a decrease in Tg. 

 

Figure 5.11 Glass transition temperature plotted as a function of UA mol% 
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5.3 Conclusions 

The work presented herein has characterized the cure kinetics and flow viscosity 

of an acrylate printing formulation, printed parts, determined the degree of cure achieved 

during the printing process, and studied thermomechanical properties using DMA. We 

were are then able to model the printing process using a fluorine atom to simulate a free 

radical polymerization and calculate the glass transition temperature at similar degrees of 

cure to those achieved experimentally. The printing formulation was studied as a function 

of increasing monofunctional acrylate loading level to observe the trend of decreasing Tg, 

rubbery modulus, and crosslink density both in simulations and experimentally. The work 

presented demonstrates MD simulations as a tool to model the behavior of 3D printed 

acrylate networks. Future work may utilize this approach to aid in the design of new 

monomers and formulations thereof for VPP 3D printing. 
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CHAPTER VI – Conclusions and Future Work 

While AM materials development has gained significant attention, the increasing 

demand for performance from parts produced using AM necessitates the development of 

new materials tailored for the innovative process. This dissertation has addressed the 

limitations of AM materials by demonstrating a new class of dual-cure VPP AM printing 

materials that enable the manufacture of complex thermoset geometries utilizing BOX 

chemistries at ambient temperatures. This has been accomplished by fundamentally 

studying photopolymerizable BOX monomers blended with commercially available 

reactive diluents and a novel dual-cure reactive diluent. The last chapter of this 

dissertation addresses the limitation of AM materials through a computational approach, 

where we aimed to develop simulation methods of studying new AM materials. 

In the third chapter of this dissertation, the viscosity of BOX based blends at room 

temperature was readily controlled using a commercially available urethane-acrylate 

reactive diluent, enabling SLA AM at ambient conditions. The SLA AM printing blends 

exhibited rapid photopolymerization kinetics at low photoinitiator loading levels, 

resulting in rapid gelation and high alkene conversion. Dual cured AM parts exhibited a 

significant increase in crosslink density, Tg, and compression modulus with secondary 

thermal cure after SLA AM. To the best of the authors knowledge, this is the first 

example of a BOX chemistry processed via SLA and demonstrates the potential for other 

BOX chemistries to be processed using a dual cure approach. Future work expanding 

upon this study should exploit the modular nature of BOX monomer synthesis to design 

additional dual-cure BOX monomers tailored for specific AM methods and applications. 
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Further characterization of how this dual-cure strategy may impact part mechanical 

properties and how properties vary with print orientation should also be conducted. 

Building upon the third chapter, the fourth chapter of this dissertation 

demonstrates the synthesis of a novel dual cure BOX reactive diluent with both UV and 

thermal reactivity. This diluent is blended with a difunctional dual cure BOX monomer to 

prepare 100% dual cure BOX alloys for room temperature SLA AM of BOX networks. 

The viscosity of BOX monomer blends is readily controlled by modifying the 

concentration of the dual cure diluent to enable SLA AM at ambient conditions. BOX 

monomer blends photopolymerization kinetics were studied in detail, where high alkene 

conversion was observed after UV cure and high BOX conversion was observed after 

thermal polymerization. After thermal polymerization of BOX, AM parts exhibited 

thermal stability and Tg values similar to, or exceeding that of, commercially available 

bisphenol-A based BOX networks. Future work building upon this study should continue 

to lean on the modular nature of BOX monomer synthesis to design additional dual cure 

BOX monomers to further increase network Tg’s and modulus values. In addition, 

methods of lowering the BOX polymerization temperature should be explored to allow 

for increased BOX polymerization conversion while limiting (meth)acrylate thermal 

degradation. 

The fifth chapter in this dissertation aims to develop MD simulation methods to 

study photopolymerized networks after VPP AM. Simulations model a 

photopolymerization using a fluorine atom to simulate a free radical which is used to 

crosslink a blend of acrylate and (meth)acrylate monomers. The printing formulation was 

studied as a function of increasing mono functional acrylate loading level to observe a 
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trend of decreasing Tg and crosslink density both in simulations and experimentally. The 

work presented demonstrates MD simulations as a tool to model the behavior of AM 

parts based on acrylate and (meth)acrylate networks. Future work may utilize this 

approach to aid in the design of new monomers and formulations thereof for VPP AM. In 

addition, these simulations should be expanded to further study monomers with dual cure 

functionality. These simulations would aid in understanding how incorporating a 

secondary cure functionality may influence key parameters such as degree of cure, 

network architecture, and thermomechanical properties. 
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APPENDIX A – Monomer Structure Validations 

Figure A.1 H1 NMR (600 MHz) spectrum of Di-Hydroxy Functional Benzoxazine 

Monomer 

Figure A.2 H1 NMR (600 MHz) spectrum of Di-(meth)acrylate Functional Benzoxazine 

Monomer (DMBOX) 
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Figure A.3 ATR-FTIR spectrum of Di-Hydroxy Functional Benzoxazine Monomer 

Figure A.4 ATR-FTIR spectrum of Di-(meth)acrylate Functional Benzoxazine Monomer 

(DMBOX) 
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Figure A.5 H1 NMR (600 MHz) spectrum of Mono-Hydroxy Functional Benzoxazine 

Monomer 

Figure A.6 H1 NMR (600 MHz) spectrum of Mono-(meth)acrylate Functional 

Benzoxazine Monomer (MBOX) 
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Figure A.7 ATR-FTIR spectrum of Mono-Hydroxy Functional Benzoxazine Monomer 

Figure A.8 ATR-FTIR spectrum of Mono-Hydroxy Functional Benzoxazine Monomer 

and Mono-(meth)acrylate Functional Benzoxazine Monomer (MBOX) 

4000 3500 3000 2500 2000 1500 1000 500

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

Wavenumber (cm
-1
)

 

 

4000 3500 3000 2500 2000 1500 1000 500

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

Wavenumber (cm
-1
)

 

 



 

121 

Figure A.9 H1 NMR (300 MHz) spectrum of Bis-GMA Monomer  

Figure A.10 ATR-FTIR spectrum of Bis-GMA Monomer 
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Figure A.11 H1 NMR (300 MHz) spectrum of Genomer 1122 Monomer 

Figure A.12 ATR-FTIR Spectra of Genomer 1122 Monomer 
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APPENDIX B – Supplementary Experiments 

Figure B.1 Strain sweep of 60:40 DMBOX:RD blend with 1 Wt% TPO-L and a 0.5 mm 

gap 
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Figure B.2 Storage and loss modulus of 50 mol% MBOX blend with increasing TPO-L 

loading level as a function of time 
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