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ABSTRACT 

The forefront of this study explored polymerization, specifically thermally-initiated, 

free-radical frontal polymerization of (meth)acrylic acid monomers while the monomers 

acted as a hydrogen bond donor of a deep eutectic solvent. These frontal 

polymerizations were shown to exhibit unusual front velocities and, in some cases, 

lower front temperatures than the frontal polymerization of the neat monomers or 

systems containing inert analogs in the place of the hydrogen bond acceptor of these 

monomer-containing deep eutectic solvents. The frontal polymerization will occur with a 

range of initiator concentrations including ones that were too low for the pure monomer 

systems to sustain a front. Because of the unusual behavior of these frontal systems, an 

isothermal photopolymerization was performed using these acid-monomer systems. 

  The second half of this work focuses on the studying kinetics of 

photopolymerization of these monomer-containing deep eutectic solvents using real-

time infrared spectroscopy. Analysis of this real-time reaction monitoring indicated 

increases in polymerization rate that span orders of magnitude when comparing the 

deep eutectic solvent polymerization to pure monomer polymerization. A significant 

increase in polymerization rate was also seen in systems that include a methyl ester 

derivative of the hydrogen bond donor monomer in a nonpolymerizable deep eutectic 

solvent. Because the increase in rate was present in systems in which the monomer is a 

component of the deep eutectic solvent as well as when the monomer is just within a 

deep eutectic solvent, it can be determined that in addition to increased solvent 

viscosity, both preorganization due to hydrogen bonding and the polarity of the deep 

eutectic solvent around the monomer play a role in the enhancement of the rate. 
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I. INTRODUCTION 

1.1 FREE-RADICAL POLYMERIZATION 

Polymerizations can occur in a number of ways, but one that is extremely common (and 

the focus of this work) is free-radical polymerization (FRP). FRP is a type of addition 

polymerization meaning each polymer chain is grown one monomer addition at a time, 

and the polymer typically only grows from one end when producing linear polymer. The 

pool of FRP monomers is quite large because, in theory, any C-C double bond can form 

a radical. In practice, less substituted alkenes make better monomers because less 

substitutions lead to more reactive, less stable radicals as well as producing radicals 

that are less sterically hindered against attack.1 

FRP typically occurs in three steps: initiation, propagation and termination; a 

summary of which can be seen in Scheme 1.1. Initiation is the beginning of an FRP and 

determines how the polymerization is started. Initiation is the process of fragmenting a 

molecule and forming radicals on the fragments that can then react with polymerizable 

molecules. The three main types of initiation are thermal, photo, and redox; some 

commonly used initiators from each category can been seen in Figure 1.1.2  

Initiation:  I—I  2I· 
Propagation:  I· + M  M· 
   M· + M   P· 
Termination:  P1· + P2·  P12 (combination) 
   P1· + P2·  P1 + P2 (disproportionation) 
Scheme 1.1. The general process of initiation, propagation, and termination as seen in 
FRP. 
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Figure 1.1. Commonly used FRP initiators (clockwise from top left): benzoyl peroxide 

(BPO, thermal) 2,2′-azobis(2-methylpropionitrile) (AIBN, thermal), ammonium persulfate 
(APS, redox) and camphorquinone (CQ, photo). 

 
This work employs both thermal and photoinitiators as can be seen in Chapters 2 

and 3, respectively. Initiator concentration determines the number of polymer chains 

that can be produced as well as influencing how fast the polymerization can 

occur.  Propagation occurs when the initiator radical (I·) combines with a single electron 

from a monomer’s pi bond to break the double bond and form a new, more stable single 

bond between the initiator fragment and monomer along with a new radical (M·, 

Scheme 1.1). This new monomer radical then combines with the alkene of a different 

monomer to keep the polymer chain growing (P·). Eventually termination occurs during 

which radicals react in such a way that a new radical is not produced, thus ending the 

polymerization reaction. Termination can occur by two mechanisms: combination and 

disproportionation. Combination termination happens when the radicals of two polymer 

chains react together to form a single, longer polymer chain. Disproportionation 

termination is a reaction in which a growing chain radical abstracts a hydrogen from 
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another growing chain, thus killing the growth of both chains without increasing either 

chain’s length.2 The kinetics of this type of polymerization dictate the almost 

instantaneous growth of large chains as soon as initiation takes place, and the number 

of these large chains increases over time (see Figure 1.2). For more information on the 

kinetics of FRP, see Chapter 3. 

Within the realm of radical-addition polymerization also exists controlled radical 

polymerization (CRP). Unlike during FRP, radicals in CRP do not exist freely until they 

can react with the next monomer. Additional molecules are added to a CRP system to 

limit the radical concentration that exists at any one time. Because of this, CRP 

produces polymers that are more monodisperse in size and exhibit different kinetics 

than FRP polymerizations. Ideally, all chains within a CRP system are initiated 

simultaneously, grow linearly with time, and never terminate. The lack of termination in 

a true CRP leads to these also being called “living” polymerizations.2 The differences in 

the kinetic profiles of FRP and CRP can be seen in Figure 1.2.  

 
Figure 1.2. Generalized kinetic profiles of controlled and free-radical addition 

polymerizations. 
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Three main types of CRP exist: nitroxide-mediated polymerization (NMP),3 atom-

transfer radial polymerization (ATRP),4 and reversible addition-fragmentation chain 

transfer polymerization (RAFT);5 each with their own control process, advantages, and 

disadvantages. NMP uses stable nitroxide radicals to react with the radicals of growing 

chains to minimize the number of active growing chains and therefore minimize 

termination. ATRP uses redox chemistry between an activated metal (usually Cu or Fe) 

and metal halide to react with growing chain radicals and reversibly deactivate the 

growing chains.4 RAFT uses chain transfer agents (CTAs) to cap the majority of growing 

chains during the polymerization process keeping them from terminating.5  

1.2 IONIC LIQUIDS 

 Ionic liquids (ILs) have in recent decades become a large contender in the field of 

polymers because of their ability to solvate polymers and monomers for polymerization 

reactions. Kubisa has written an excellent review on the subject highlighting both the 

utility and limitations of ILs in relation to polymerizations.6 Ionic liquids are ionic 

complexes that can form a molten salt at some temperature below 100 ºC. Room 

temperature ionic liquids (RTILs) are desirable for most applications. These ionic 

complexes are typically comprised of a large, organic cation and a smaller anion (see 

Figure 1.3 for some commonly employed RTIL components). Imidazolium cations are 

arguably the most commonly used for RTILs. Initially, RTIL anions were quite air and 

water sensitive which minimized their usefulness in real world applications. By the 

1990s a second generation of ILs had emerged that were much more stable to ambient 

conditions, but the anions tended to have weaker complexation ability than the more 

sensitive first-generation anions. After the turn of the century, a third generation of ILs 
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emerged. This third generation included what Gorke deemed “advanced ILs” (aILs).7 

Many aILs contained quaternary ammonium salts and tended to be more biodegradable 

and nontoxic than their older, IL predecessors. These aILs, in some cases, do not 

performs like traditional ILs because they require a second molecule as part of their 

complex that contains no charged groups. A specific type of these aILs that contains 

one charged and one uncharged molecule are deep eutectic solvents (DESs).  

 

Figure 1.3. Commonly used IL components. 

1.3 DEEP EUTECTIC SOLVENTS 

Though eutectics have been used in various forms for over two decades, Abbott  

pioneered DESs as we know them today in the early 2000s.8 DESs are becoming 

increasingly popular in a variety of fields. Multiple reviews regarding DESs and their 

various uses and properties have been written in the past decade.9-15 DESs can be 

divided into several classes depending on their components (see Table 1.1). Because 

of the variety of the types of DESs and versatility within the types of DESs, they have 

the ability to be more tunable than traditional ILs while maintaining many of the 

desirable qualities of ILs like low vapor pressure, high temperature stability, and (in 

many cases) higher viscosity than small molecule, organic solvents.6 The commonly 

accepted complexation found in DESs is seen in Figure 1.4. In Type III DESs, the 
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hydrogen bond acceptor (HBA) is the quaternary ammonium salt, and the hydrogen 

bond donor (HBD) is an organic molecule that is capable of hydrogen bonding. Many 

types of HBDs have been studied including alcohols,16, 17 amides,8 and carboxylic 

acids.18, 19 Table 1.2 shows some commonly used DES components. This work focuses 

on HBDs that are exclusively carboxylic acids. Because of the hydrogen bonding nature 

of DESs, they tend to be quite hydrophilic. Hydrophobic eutectics based on menthol and 

a variety of carboxylic acids have been reported,20 but to classify these as DESs is 

debatable since the eutectics contain no charged species.  

Table 1.1. The types of DESs.9 

Type General Formula Formula Terms and Components 

I Cat+X−zMClx M = Zn, Sn, Fe, Al, Ga, In 

II Cat+X−zMClx ∙ yH2O M = Cr, Co, Cu, Ni, Fe 

III Cat+X−RZ 
Z = COOH, CONH2, OH, 

NH2CONH2 

IV MClx + RZ =  MClx−1
+ ∙ RZ +  MClx+1

−  
M = Al or Zn 

Z = CONH2 or OH 
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Table 1.2. Type III DES components. 

HBA HBD 

  
 

The formation of the DESs itself is generally believe to be due to a massive 

depression in freezing point (see Figure 1.4) caused by charge delocalization because 

of the strong hydrogen bonding interactions between the halide anion and the HBD.21 In 

some cases, the decrease in freezing point can be greater than 200 ºC.18 DESs have 

been applied to an number of fields including CO2 capture,21-23 drug solubilization and 

release,24-26 biomass and biopolymer processing,27-31 oil separation,32, 33 and many 

more.  
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Figure 1.4. A model phase diagram of a DES (top), and the bimolecular 

complexation found in a Type III DES (bottom). 
 

With the increase in popularity of these complex solvents has come those who 

seek to understand and hope to predict the molecular interactions that influence and 

dictate the properties of DESs. It is generally recognized that for many, if not most 

DESs, the eutectic point is at a molar ratio of 2:1, HBD:HBA, thus, many DES 

researchers consider 2:1 to be the “ideal” ratio for a DES. Little is known or understood 

about this ratio or why this occurs at this specific ratio, though an argument can be 

made for the number of hydrogen bond capable hydrogens in relation to the number of 

HBA anions. Bednarz noted in their publication on itaconic acid DESs that the most 
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successful ratio was 1:1 as opposed to 2:1,34 but since itaconic acid is a difunctional 

carboxylic acid, the ratio of 2 hydrogens per Cl- anion is conserved.  

Without a complete understanding of the molecular interactions within DESs, the 

ability to predict properties and DESs behavior is not possible. Several researchers are 

making progress in this area using a variety of tools including molecular dynamic 

simulations,35, 36 neutron scattering,37, 38 nuclear magnetic resonance spectroscopy,39 

and infrared spectroscopy.36, 40 Kuroda’s 2D FTIR work is specifically interesting 

because they propose a heterogeneous molecular structure within the DES that if 

properly understood, could largely influence and expand the utility of DESs in the future. 

Quasi-elastic neutron scattering has also been used to examine DESs at the molecular 

level and, in that case, the typical bimolecular complexation model (Figure 1.4) of DESs 

is also questioned.37 Similar conclusions have been reached about RTILs.6 Much more 

exploration into DES structure is left to be completed before DES properties will be able 

to be predicted.  

Another advantage of DESs over their RTIL counterparts is that DES 

components can quite easily be derived from biomass and other natural sources, 

making them desirable as “green” solvents. Because of these more naturally derived 

components, DESs (like some of their aIL counterparts) tend to have lower toxicity and 

better biodegradability than many RTILs. Examples of these more “green” DES 

components previously seen in literature are fructose,26 glycerol,41 citric acid,42 lactic 

acid,42 levulinic acid,19 and probably most commonly urea.8 The most commonly used 

HBA is choline chloride (ChCl) which can be considered quite green due to its being a B 

vitamin derivative (and having provitamin status in Europe) making it a common additive 
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to livestock feed.9 DESs like RTILs are also recyclable as solvents under the correct 

conditions43 further increasing their “green” character. One area in which “greenness” as 

well as DESs’ other previously mentioned desirable qualities are being taken advantage 

of as solvents (and in some cases, reactants) is in polymerization reactions. DESs have 

been shown to be especially useful in the realm of polymerization. Below, the concept of 

the polymerization in and of DESs will be addressed with a special emphasis given to 

free-radical polymerization, which is the focus of this work.  

1.3.1 Polymerization in DESs 

One of the many advantages to DESs is their ability to solvate materials and be 

used in reactions where traditional organic solvents would not perform well—high heat, 

partial vacuum, or high viscosity. Because of this, DESs are ideal for use as solvents in 

polymerization reactions. 

 Gutierrez et al. demonstrated that furfuryl alcohol and formaldehyde can undergo 

polycondensation within a p-toluenesulfonic acid-choline chloride DES.44 This work is 

worth noting for two reasons: one, because this is one of the earliest examples of DES 

polycondensation without diluting the DES, and two, because that particular DES had 

quite a low viscosity allowing MWCNTs to be homogeneously dispersed into the DES. 

After post-polymerization pyrolysis, it was found that the MWCNTs were 

homogeneously incorporated into the polymer network due to condensation with the 

furfuryl alcohol carbons.  

In 2011, Mota-Morales et al. began the trend of performing FRP in DESs.45 

(Though in that particular case, which is discussed in more detail below and then in 

Chapter 2, the monomer was part of the DES, thus making it a polymerization of the 
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DES as opposed to in the DES.) This work showed that FRP can be successful in 

DESs, and many researchers have expanded upon that finding by using DESs as inert 

solvents for FRP reactions. Hydroxyethylmethacrylate (HEMA) is a common monomer 

used in DESs and has been polymerized in fructose-ChCl,26 orcinol-ChCl,46 and 

ethylene glycol-ChCl16 DESs. The resulting materials were quite interesting and applied 

to drug delivery (fructose-ChCl) and gel electrolytes that can be used as flexible 

supercapacitors (orcinol-ChCl and ethylene glycol-ChCl). Methyl methacrylate,47 

HEMA,48 and methyl acrylate49 have both been polymerized via ATRP in DESs.47 One 

interesting note about the aforementioned ATRP of methyl methacrylate is that the 

reaction was performed without a traditional ATRP ligand.47 The DESs were also shown 

to enhance the recovery of the metallic ATRP catalyst.49 Both acrylate and methacrylate 

monomers have been shown to exhibit controlled polymerization behavior during SARA 

ATRP in DESs as well.48 

Another interesting type of radical polymerization that has been performed in 

DESs is enzyme-mediated radical polymerization. Sanchez-Leija and coworkers 

showed that acrylamide within a DES could be polymerized and that the polymerization 

was mediated by the enzyme.50 Polymerization within the DES did occur at low 

temperature (4 ºC) while in pure aqueous environment, no polymer was obtained.50  

One last and rather interesting application of free-radical polymerization in DESs 

is that of heterogeneous FRP. In a series of papers spearheaded by Carranza of the 

Pojman team, high internal phase emulsions that contained DESs were polymerized. 

DESs were the internal phase of the HIPEs while the continuous phase consisted of 

monomer and crosslinker.43 A number of monomers including lauryl acrylate, styrene, 
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methyl methacrylate, and stearyl acrylate were applied to these HIPE systems.  Upon 

polymerization and crosslinking of the continuous phase, the internal phase was able to 

be removed and recycled. The resulting crosslinked material was porous, and the 

porosity corresponded quite well to the dispersion and droplet size within the 

unpolymerized HIPEs. This concept was advanced a step further by incorporating 

nanomaterials including nitrogen doped MWCNTs51 or nanohydroxyapetite52 to produce 

nanocomposites with defined and predictable porosity. 

1.3.2 Polymerizations of DESs 

Because of the wide variety of molecules that can be used in DESs, it is only 

reasonable to assume that some monomers, whether readily available or specifically 

synthesized for the purpose, can be used as DES components. In this case, the DES, 

or at least one of its components, functions as a monomer and participates in the 

polymerization reaction. The idea of polymerization of a DES is the focus of this work, 

but many have already successfully polymerized DESs and, in some cases, created 

very interesting materials in the process. 

Polycondensations of resorcinol-choline chloride DESs with formaldehyde were 

among the first polymerization reactions performed within and of DESs. This makes 

sense as the HBDs are often molecules that can participate in polycondensation 

reactions (alcohols and carboxylic acids). The poly(DES) monoliths had bimodal 

porosity with both meso and micropores.53 Carriazo then expanded this work to ternary 

DESs containing urea, resorcinol, and choline chloride to create high surface area 

materials.54 Resorcinol-choline chloride DESs can also be polymerized in the presence 

of 3-hydroxypyridine to create a monolith that contains significant nitrogen content with 
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the high carbon content.55 Another example of polycondensation of a DES is that of the 

octanediol-lidocaine DES which when polymerized with citric acid, creates an 

elastomeric material that is capable of drug release of the lidocaine.25 Octanediol, 

combined a number of HBAs including ChCl and tetraethylammonium bromide, was 

also used for polycondensation with citric acid to produce biodegradable polyester 

elastomers which showed some antimicrobial properties due to the presence of the 

HBA cation.56  

As previously stated, CO2 capture is an area where DESs have been found 

useful. Isik et al. have taken the concept a step further by polymerizing DESs that 

contain special monomeric components for CO2 capture.21, 22 In this case two very 

different monomers were employed. The first was a quaternary ammonium 

methacrylate synthesized by starting with an amine containing methacrylate that was 

then quaternized to produce the polymerizable quaternary ammonium HBA. The 

methacrylate HBA was used with amidoxime as the HBD and was polymerized using 

photopolymerization and an additional crosslinker. The second type of HBA monomer 

was multifunctional alcohols (both tri and tetrafunctional) that were used in 

condensation polymerization with citric acid, which acted as the HBD for those systems. 

It is worth nothing that similar to the polycondensations performed by Serrano et al,25 

these polycondensation reactions were performed over a matter of days as opposed to 

the almost instantaneous crosslinking seen in a photopolymerization. After the 

polymerization and characterization of the resulting polymers only the methacrylate-

amidoxime system was selected to be applied in CO2 capture.21 This nonporous 
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poly(DES) material was shown to have better CO2 absorption than analogous 

poly(amines) functionalized with amidoximes that had been previously reported.22  

Recently, Li and colleagues reported the polymerization of an acrylic acid-choline 

chloride DES with a crosslinker using photopolymerization.57 The use of 

photopolymerization allowed for a 3D patternable material that was elastomeric and 

transparent. Because this material also exhibited conductivity, the poly(DES) was 

applied to strain and tactile sensors using changes in resistance to indicate changes in 

the polymer network that corresponded to the respective stimuli.57   

Mota-Morales was able to perform free-radical polymerizations in DESs. This 

case is unique, however, because those polymerizations were performed using frontal 

polymerization (FP),45 which is discussed in more detail in Chapter 2. Over several 

years, a series of publications by Mota-Morales and coworkers showed that FP and 

DESs can be quite successful when used in tandem,58 including in the production of 

nanocomposites.59 The success of these free-radical, and specifically frontal, 

polymerizations inspired this work. 

1.3.3 Choline activation of polymerization reactions 

 In a few cases, choline chloride has been shown to have a catalytic effect on 

reactions. The first case is that of epoxide ring opening by nucleophilic attack in the 

presence of a SnCl2/ChCl DES.60 Though, not performed as a polymerization, epoxide 

ring opening polymerizations are extremely common and useful, so the relevance to 

polymerization is present. Most of the epoxide ring openings that were performed in the 

DES produced a greater than 90% yield of ring opened product in less than two hours 
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without the addition of any additional heat regardless of the type of nucleophile used. 

Some thiol nucleophiles reached greater than 90% yield in just 10 minutes.  

The second and more relevant case to this manuscript is the report of choline 

chloride affecting the decomposition of a free-radical initiator.61 Itaconic acid DESs were 

shown by the same group to be able to be polymerized using redox-initiated FRP, 

These itaconic acid-choline chloride DESs were able to be crosslinked and produce 

hydrogels.34 The interesting thing is that in the aqueous solution polymerization, choline 

chloride was shown to activate the redox decomposition of the ammonium persulfate 

initiator (seen in Figure 1.1).61 This activation led to a higher molecular weight of the 

resulting polymer but also a larger polydispersity. The activation also led to the oxidation 

of the choline cation to form an aldehyde as can be seen in Figure 1.5. 

 

Figure 1.5. One proposed route for the oxidation of choline to betaine aldehyde during 
the redox FRP of itaconic acid. 
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II. FRONTAL POLYMERIZATION OF AN ACID-MONOMER-CONTAINING 
DEEP EUTECTIC SOLVENT1 

2.1 INTRODUCTION 

Frontal polymerization (FP) is a polymerization method during which the site of 

reaction is localized and propagates through the monomer. FP falls into three 

categories: thermal, isothermal, and photofrontal; with each relying on a different 

phenomenon to allow the front to propagate. Thermal frontal polymerization—the focus 

of this manuscript—relies on the Arrhenius dependence of an exothermic reaction 

coupled with heat transport in the system.62 Isothermal frontal polymerization occurs 

when the Trommsdorff-Norrish gel effect creates a localized area of low termination that 

propagates through the system.63-65  The front in a photofrontal polymerization 

propagates due to a continuous flux of radiation (most commonly UV light).66, 67 FP was 

first studied by Soviet scientists Chechlio, et al. in the mid-1970s using benzoyl peroxide 

initiated methyl methacrylate polymerization.68 In the case of that particular system, 

pressure was needed to ensure that the front occurred,69 but there are many monomers 

that can be polymerized using FP under ambient conditions. Since then, research on FP 

has expanded significantly to include cure-on-demand materials,70, 71 synthesis of gels34, 

72-78 and gradient materials,79-81 and epoxide polymerizations,82-85 composite 

materials,59, 86-89 and many other applications.  

One of the most commonly studied types of FP (and the focus of this work) is 

thermal free-radical frontal polymerization of acrylic monomers. Acrylic (also called 

                                            
A portion of this chapter has been previously published as Fazende, K. F.; 
Phachansitthi, M.; Mota-Morales, J. D.; Pojman, J. A. J. Polym. Sci. A Polym. Chem. 
2017, 55, (24), 4046-4050. Permission for the reproduction of this article can be found 
in Appendix A. 
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acrylate) FP is typically performed via free-radical polymerization, but many other types 

of polymerizations have also been applied in FP including cationic90-93, ROMP94, 95, 

controlled free radical96, and thiol-ene.65, 97, 98 Multifunctional monomers are especially 

popular in FP studies70, 99-102 due to their increased reactivity and crosslinked nature 

which makes the polymerization less susceptible to convective instabilities. The type of 

polymerization and its corresponding initiator typically dictates whether the reaction is 

classified as thermal, isothermal, or photofrontal. Monomers that can be polymerized 

using a free-radical mechanism, such as acrylates, can be thermal or photofrontal, as 

the corresponding initiator can be obtained in both thermally initiated and photoinitiated 

varieties. This work utilizes peroxide, thermal initiators. 

Two major values are used to determine the usefulness of a frontal reaction: front 

temperature (FT) and front velocity (FV); these two values give the ability to 

quantitatively compare one frontal system to another as long as factors that affect the 

values are taken into account. Front temperature is the maximum temperature recorded 

during front propagation. As will be seen in the section 2.3.4 (as well as Appendix B), 

the temperature profile in a thermal FP system is well defined; for any specific point in 

the monomer mixture, the temperature does not drastically change until the front 

propagates through and then FT is reached. Front velocity is the determination of how 

quickly the front propagates through a system. Section 2.3.4 will provide details on how 

this is determined using video recording and the position versus time graphs that are 

obtained to determine FV. 

All types of FP have certain requirements to allow the front to propagate, but as 

this work focuses on thermal FP (from this point forward, “FP”), those requirements are 
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the most pertinent. The polymerization reaction must be exothermic, and its rate of 

reaction must exhibit an Arrhenius dependence as well as being drastically larger at the 

front temperature than at ambient temperature (or storage temperature if not stored at 

ambient conditions).  Zero reaction at ambient temperature is ideal, but any reaction 

with a sufficiently low reaction rate at ambient temperature can produce a front. 

Sufficiently high viscosity is also desired so that convection does not decrease the 

amount of heat at the front to the point that propagation ceases. 

These requirements for FP create limitations for the utility of frontal systems. 

Oftentimes, due to the need for such a drastic increase in reaction rate, front temperatures 

are very high, some reaching over 200 ºC,62 too high to be used in many biological 

systems and many other applications. (Though Totaro et al. have found ways to decrease 

FT by using thiol-ene comonomer systems.71) Due to these high temperatures (as well 

as viscosity limitations that will be discussed further on), solvent selection for solution FP 

is very limited. High boiling point solvents such as dimethyl sulfoxide (DMSO)103, 104 and 

dimethyl formamide (DMF)104 are some of the  organic solvents that have been 

successfully used in FP, but even these have limitations due to viscosity. Diluting a 

monomer for FP can be advantageous because it can decrease front temperature,105 but 

it can also decrease solution viscosity and front velocity.104  The front velocity is 

decreased by the dilution of the reactants and by the absorption of heat. If the monomer 

solution viscosity is too low, an inert viscosity modifier must be added to inhibit convection, 

which can quench the front.70  

Two types of convection are commonly observed in FP: buoyancy-driven and 

surface-tension-induced. Buoyancy-driven convection typically occurs when a front is not 
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propagating directly downward, hence why all fronts in this work are descending.  

Surface-tension-induced convection (also known as Marangoni convection) occurs due 

to localized changes in surface tension. Of the two types of convection, Marangoni 

convection limits the utility of FP more drastically. In thin layers, buoyancy-driven 

convection is quite minimal, but heat loss due to the Marangoni effect can be devastating 

to the front.106 As mentioned above, inert fillers can be used to overcome convection and 

other limitations of FP. 

Fillers can cause some systems to meet requirements for frontal polymerization 

when they normally would not. Fumed silica, for example, is an excellent viscosity 

modifier for frontal polymerization; while kaolin or talc can act as both viscosity modifier 

and heat sink. The disadvantage to adding viscosity modifier is that, oftentimes, this 

addition slows the front even further.100 A low vapor pressure, high viscosity, and high 

temperature stable solvent is therefore ideal for FP, and ILs easily meet these criteria.107, 

108 ILs are oftentimes, and rather unfortunately, expensive and difficult to synthesize. An 

alternative to traditional ILs is a similar but fundamentally different system known as deep 

eutectic solvents. 

 First reported by Abbott less than two decades ago, DESs are greener, cheaper, 

and, in many cases, easier to synthesize than traditional ILs. Several excellent reviews 

have been published on DESs in recent years.9-11 The fundamental difference between 

DESs and ILs lies in the type of interactions that occur within the liquid. DESs contain 

hydrogen bond interactions while ILs contain short lived ion pair interactions. By 

employing these hydrogen bond interactions—instead of ionic interactions—DES 

components are usually easier to obtain commercially than IL components.  
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DESs consist of a hydrogen bond donor (HBD) and hydrogen bond acceptor 

(HBA). The HBD can be a variety of molecules, including chlorometalate salts,109 amides,8 

and carboxylic acids.18, 19 These HBDs can also be polymerizable molecules such as 

acrylic acid45, 58, 59 and acrylamide.58 The HBA is usually a halogen-containing, ammonium 

salt. The most common HBA is choline chloride (ChCl). Because of its provitamin status 

in several European countries as well as its being a common animal food additive, ChCl 

is produced on a very large industrial scale making it an inexpensive and easily accessible 

DES component.10  

 Frontal polymerization of DESs, i.e., one of the DES components is the monomer, 

has been reported previously,45, 58, 59 but little research has been done into why or how 

the presence of the DES affects the behavior of the front. Herein we do just that by 

examining the FP behavior of DESs as well as the FP behavior of systems that contain 

analogs of ChCl to mimic the non-chemical effects that the ChCl may impart on the 

polymerization. Specifically, we added talc to mimic the effect of the heat absorption by 

ChCl, or a solvent (DMSO) to mimic the dilution and heat absorption by ChCl and added 

stearic acid or lauric acid to mimic the effect of heat absorption and hydrogen bonding. 

The effect of initiator concentration on the front velocity and front temperature was also 

studied. 

2.2 MATERIALS AND METHODS 

2.2.1 Materials  

Acrylic acid (AA), methacrylic acid (MAA), Luperox® 231 (L231), stearic acid 

(SA), and lauric acid (LA) were all obtained from Sigma Aldrich. Dimethylsulfoxide 

(DMSO) was obtained from Fisher Scientific, and Acros Organics supplied ChCl. Talc 
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and fumed silica were supplied by U. S. Composites. All reagents and components 

were used as received. Chemical structures for all DES components and nonreactive 

analogs can be seen in Figure 2.1. 

 
 

Figure 2.1. Chemical structures (clockwise from top left) acrylic acid, methacrylic acid, 
Luperox® 231, lauric acid, stearic acid, and DMSO. 

 
2.2.2 DES Synthesis 

DESs were formulated in molar ratios of 1.6:1 and 2:1 (HBD:HBA) for acrylic acid 

and methacrylic acid, respectively. As reported by Mota-Morales,58 acrylic acid-choline 

chloride DESs have the highest viscosity at the 1.6:1 ratio making this ratio most 

suitable for frontal polymerization. DES synthesis was done by mixing the HBD and 

HBA, (the HBD is always added to the container first to minimize water absorption by 

the HBA) and then placing the mixture in a 70 °C oven until no solid was visible. Once 

the DES was fully synthesized, it was removed from the oven and prepared for frontal 

polymerization 

2.2.3 Frontal Polymerization Sample Preparation 

 Once the DESs were fully formed, they could be used for FP. The thermal radical 

initiator chosen was Luperox® 231 (1,1-bis(tert-butylperoxy)-3,3,5-

trimethylcyclohexane) and was always added to the DES first in the sample preparation. 
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Due to the small amounts of initiator added, a syringe and 23G needle were used to add 

the initiator, and it was mixed in using magnetic stirring. The stirring of the initiator and 

silica into the DES, in some cases, acted as a nucleation source and caused small 

crystals to form in the DES (Figure 2.2A)—if a stir bar is left in a DES for a long enough 

period, crystals will grow without stirring (Figure 2.2B). 

 
Figure 2.2. Crystallization of a DES by A) stirring and B) after sitting with a stir bar 

present. 
 

After removing the DES from the oven, it was allowed to cool for ~15 minutes to 

ensure that homopolymerization would not occur upon addition of initiator. Initiator was 

added as mol% initiator relative to double bonds present in the monomer. Fumed silica 

was added at 1% w/w to ensure high enough viscosity was achieved to allow the front 

to propagate. (It is important to note that the overall macroscopic viscosity increase 

caused by fumed silica has been reported to have no impact on the final results of the 

polymerization in relation to molecular weight or conversion.)110, 111 Once all 

components were stirred in, the contents of each vial was placed into a 15 cm x 1.6 cm 

unsealed, borosilicate glass test tube and polymerized as a descending front. 

In all samples, polymerization was initiated with a butane-fueled soldering torch 

without a soldering tip. The torch was applied to the exterior of the tube until the 

polymer covered the entire top of the monomer mixture. For the front to be considered 
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successful, it must have propagated without the addition of external heat for a minimum 

of 60 mm; though, this constraint was not necessary. The fronts examined in this work 

clearly did or did not exhibit frontal behavior. 

2.2.4 Measurement of Frontal Properties 

Front temperatures were measured by placing a wire K type thermocouple into 

the sample with the exposed portion of the wire approximately 2 cm from the bottom of 

the test tube and not touching the glass of the tube. The thermocouple was connected 

to a computer via a Vernier Go!Link detector, and data was recorded by Logger Pro® 

software. An example of a temperature profile obtained by this system can be seen in 

Figure 2.3 and all FT profiles can be found in Appendix B. The front temperature was 

taken as the maximum temperature recorded during the polymerization.  

 
 

Figure 2.3. Recorded front temperature profiles for AA-ChCl samples. 
  

 To determine FV, video of each polymerization reaction was recorded. (It is 

important to note that samples were used for either FT or FV determination, not both, as 
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the presence of the thermocouple can, in some cases, alter the front velocity.) The tube 

was placed on a stand next to a ruler while the FP was recorded as video (see Figure 

2.4 for a photograph of the setup). Analysis of the video yielded time data recorded in 

correlation to the front’s position as measured by the ruler. Time data points were 

recorded every 5 mm during the polymerization. These time and position data points 

produce a position vs. time plot, an example of which can be seen in Figure 2.5, and all 

of which can be found in Appendix C. A linear regression was performed using 

Microsoft Excel, and the slope of the resulting line was taken as the front velocity.  
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Figure 2.4. FP setup during initiation (left) and polymerization (right). 
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Figure 2.5. Position vs. time graph produced from video analysis of front propagation. 
 

2.3 VARIED INITIATOR CONCENTRATION EXPERIMENTS 

Initiator concentrations of 0.2%, 0.3%, 0.8%, 1.7%, 2.5%, and 3.3% were 

measured for frontal properties (FV and FT). Figures 2.6 and 2.7 show the frontal 

properties of AA-ChCl and MAA-ChCl, respectively, as a function of initiator 

concentration. The corresponding temperature profiles (FT) position versus time graphs 

(FV) that were obtained experimentally can be found in Appendices B and C, 

respectively.  

2.3.1 Acrylic Acid DESs Polymerized Using Various Initiator Concentrations 

 The velocity data in Figure 2.6 for AA indicated that ~0.7% initiator is the 

solubility limit for the initiator. The opacity caused by crystal formation made the exact 

limit difficult to identify, but the decrease in the data between 0.7% and 1.3% indicated 
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that heterogeneity in initiator dispersion is likely. The second increase in velocity beyond 

the solubility limit was most likely due to a decrease in distance between heterogeneous 

areas of high initiator concentration, thus creating a more “pseudo-homogeneous” 

system. The FT data shows similar trends. 

 
Figure 2.6. AA-ChCl front properties. 

 
2.3.2 Methacrylic Acid DESs Polymerized Using Various Initiator Concentrations 

 The frontal behavior and trends for MAA-ChCl varied initiator systems were 

similar to the AA-ChCl samples but with lower overall values. The decrease in values 

between AA and MAA was expected, as MAA is inherently less reactive. Due to the 

similarity in the frontal behavior of these systems, further study into monomer containing 

DESs and their impact on polymerization was performed.   
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Figure 2.7. MAA-ChCl front properties. 

 
2.4 CHOLINE CHLORIDE REPLACEMENT 

 In order to ascertain what kind of effect the presence of choline chloride (and 

therefore the DES) in the front has on the properties of the FP, analogs were used to 

replace the ChCl and mimic several common nonchemical effects including heat loss, 

dilution, and crystalline melting. The frontal properties of these analog systems can be 

seen in Figures 2.8 and 2.9. 
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Figure 2.8. Front temperatures of monomers with ChCl analogs.  

 

 
Figure 2.9. Front velocities of monomers with ChCl analogs.  
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2.4.1 Talc Substitution 

For the talc experiments, one large batch of the talc mixture was made because 

the high viscosity of the mixture caused for a large amount of the mixture to stick to the 

sides of the container in which the mixture was prepared and therefore not be usable for 

the actual experimentation. The large batch was a much more effective way of producing 

the mixture with minimal waste. The talc samples, which were to simulate the heat 

absorption effect by the ChCl, behaved more similarly to the pure AA polymerization than 

to the AA-DES polymerization with violent bubbling and popping throughout the 

propagation of the front. However, the front velocity was slightly higher with talc as with 

ChCl.  This is consistent with talc acting only as a heat sink but not as diluent.  However, 

the methacrylic acid samples would not polymerize frontally with talc.   

2.4.2 Inert Phase Change Material (iPCM) Substitution 

Due to the crystallization of DES seen in mixing, it was realized that a 

comparison needed to be made to an inert filler that would also melt during the 

propagation of the front. Stearic acid (SA) was selected as the inert phase change 

material (iPCM), based on the work of Viner, et al.112  The SA was added to the 

monomer and placed in a 90 ºC oven until all solid was no longer visible. Because the 

SA mixtures solidified upon cooling, as soon as the SA was completely melted, the vials 

were moved to the 60 ºC oven to keep them warm while minimizing the risk of 

homopolymerization. The lower temperature allowed the cooling time to be shortened to 

~5 minutes before adding the silica and initiator. Once all components were mixed, the 

monomer-stearic acid mixture including silica and initiator was placed into a test tube 

where it was allowed to cool completely and solidify completely before being 
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polymerized. The high melting point of the SA made the samples solidify, and this 

prevented the frontal polymerization because the heat required to melt the stearic acid 

suppresses front propagation.  It is important to note that even when samples were 

initiated before complete solidification, solidification still occurred during the initiation 

process and fronts would not propagate. 

2.4.3 Solvent Substitution 

 To verify that dilution was not the sole mechanism by which the front temperature 

was lowered, ChCl was replaced with dimethylsulfoxide (DMSO) and lauric acid (LA). 

Lauric acid was originally chosen as an iPCM for its relatively low melting point, but as it 

was found to be soluble in both acid monomers, the lauric acid acted as a hydrogen 

bond capable diluent instead. The lauric acid samples were treated the same as the 

ChCl: mixed into the monomer, placed in the oven, removed from the oven when no 

solid was visible, allowed to cool, and stirred with silica and initiator before being placed 

into the tubes.  DMSO and monomer were mixed for ~10 minutes then L231 was added. 

In the cases of both LA and DMSO, the fumed silica concentration had to be increased 

approximately five-fold to ensure high enough viscosity to minimize convective 

instabilities; these samples with increased silica are denoted with * in Figure 2.8 and 

Figure 2.9. 

DMSO was an inert diluent while LA will dilute the monomers and hydrogen bond 

with them in a similar fashion to the ChCl. Again, the MAA samples did not polymerize. 

The AA samples would produce a front that was much slower than the AA-DES, and the 

dilute analog fronts did also require a much higher silica content. DMSO lowered the front 

velocity of acrylic acid below that with talc or ChCl and prevents methacrylic acid from 
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supporting frontal polymerization.  DMSO had a greater effect than talc because the 

DMSO not only absorbs heat, it diluted the reactants, reduced the rate of reaction beyond 

that caused by the reduction in front temperature. Lauric acid reduced the front velocity 

with acrylic acid compared to ChCl, talc and DMSO and suppressed front propagation 

with methacrylic acid. The decrease in front velocity was greater for the LA than the 

DMSO relative to the AA-DES because of the hydrogen bonding capability of LA.  The 

formation of the AA-LA solution was clearly endothermic, as the samples become cold to 

the touch. The dissolving of the solid LA and breaking of the hydrogen bonds already 

present in the pure LA required more energy than is released by the formation of the 

hydrogen bonds between the monomer and LA. A portion of the heat of the polymerization 

was absorbed by the solution to break the large number of already present hydrogen 

bonds. It is interesting to note, however, that while the DES formation was also 

endothermic, the same type of large decrease in the front velocity is not seen in the AA-

DES polymerization.  This fact strongly indicated that the reactivity of the acrylic acid and 

methacrylic acid are enhanced by the ChCl. 

2.5 CONCLUSIONS 

Acrylic acid and methacrylic acid will easily form polymerizable DESs that sustain 

a front with a range of initiator concentrations. This ability to perform a free-radical 

polymerization in a DES allows for a wide range of useful monomers and systems to be 

applied to DESs, and the ability to use FP in conjunction with a DES increases their 

usefulness even further. By replacing ChCl with nonreactive analogs that mimic various, 

common phenomena that can impact the behavior of FP in a DES made with a 

polymerizable HBD, it was clear that the DES has an overall positive impact on the FP 
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of the system. AA-DESs polymerized in a more controlled fashion than acrylic acid 

alone, and MAA-DESs polymerized as fronts while the samples that contained MAA and 

the analogs would not sustain a front. While the exact mechanism behind this impact is 

yet to be determined, the current hypothesis is that the DES altered the reactivity of the 

monomers within the DES. Future work will be performed to determine in more detail 

how this change in polymerization behavior happens. 
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III. KINETIC STUDIES OF PHOTOPOLYMERIZATION OF MONOMER-
CONTAINING DEEP EUTECTIC SOLVENTS 

3.1 INTRODUCTION 

3.1.1 Free-radical Photopolymerization Kinetics 

 In order to understand the factors that could alter the rate of a 

photopolymerization, the kinetics must be examined. The equations below show the 

rates of the respective steps of the polymerization and show the factors that can 

influence the actual rate of a polymerization. Generally speaking, FRP rates are based 

on the disappearance of the monomer (M) (equation 3.1) 

(3.1)                                                 −
𝑑[𝑀]

𝑑𝑡
= 𝑅𝑖 + 𝑅𝑝 

where Ri is the rate of initiation and Rp is the rate of propagation. Because Rp is 

significantly higher, equation 3.1 is approximated and seen in the approximated form in 

equation 3.2. 

(3.2)                                                 −
𝑑[𝑀]

𝑑𝑡
= 𝑅𝑝 

Rp is dependent on three main factors, the concentration of propagating radicals [Mr], 

the concentration of monomer [M], and the propagation rate constant (kp). Equation 3.3 

shows the relationship of these to the polymerization rate. 

(3.3)                                                 𝑅𝑝 = 𝑘𝑝[𝑀𝑟][𝑀] 

Because the radical concentration remains very low, the steady-state approximation is 

used which assumes that upon initiation of the polymerization system, the radical 

concentration instantaneously increases to a steady, constant value. This assumption 

leads to the equivalence of the rates of initiation Ri and termination Rt. Equation 3.4 

shows this equivalence and defines Rt, where kt is the termination rate constant, and 



35 
 

rearrangement to equation 3.5 gives the ability to eliminate [Mr] in calculating Rp 

(equation 3.6). 

(3.4)                                                 𝑅𝑖 = 𝑅𝑡 = 2𝑘𝑡[𝑀𝑟]2 

(3.5)                                                 𝑀𝑟 = (
𝑅𝑖

2𝑘𝑡
)

0.5
 

(3.6)                                                 𝑅𝑝 = 𝑘𝑝 (
𝑅𝑖

2𝑘𝑡
)

0.5
[𝑀] 

At this point it is necessary to address Ri and the factors within a photopolymerization 

specifically that affect rate; the first being not initiator concentration as seen in other 

types of FRP, but rather light intensity (I). (Because of this, it often much easier to alter 

light intensity as opposed to initiator concentration within photopolymerization systems 

as will be seen in this work.) Equation 3.7 shows the simplest form of the equation for Ri 

as a function of light intensity where Iabs is the intensity of light absorbed by the initiator 

and ɸi is the quantum yield or the number of propagating chains that are actually 

produced per photon of light absorbed. 

(3.7)                                                  𝑅𝑖 = 2𝐼𝑎𝑏𝑠ɸ𝑖 

Because the amount of light absorbed is difficult to determine Iabs must be presented in 

a way that can be measured which is the intensity of the incident light Io. This is 

accomplished by incorporating the Beer-Lambert law (equation 3.8) 

(3.8)                                                  𝐼𝑎𝑏𝑠
′ = 𝐼0 − 𝐼0𝑒−2.3𝜀𝐷𝑐 

where ε is the molar extinction coefficient, D is the penetration depth within sample, and 

c is the concentration of the photoinitiator. It is important to note that in samples with 

large D values, the differences in light absorbance at different D must be taken into 

account because I’abs and Iabs are not equivalent in that case. For the purposes of this 
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manuscript, D is sufficiently small that the two are taken to be equivalent. Combining 

equations 3.7 and 3.8 gives  

(3.9)                                                  𝑅𝑖 = 2ɸ𝑖𝐼0(1 − 𝑒−2.3𝜀𝐷𝑐) 

which when incorporated into equation 3.6 gives 

(3.10)                                                 𝑅𝑝 = 𝑘𝑝 (
2ɸ𝑖𝐼0(1−𝑒−2.3𝜀𝐷𝑐)

2𝑘𝑡
)

0.5

[𝑀] 

which shows that a photopolymerization is affected by three main factors when the 

concentrations of monomer and initiator are kept constant: kp, kt, and I0. In the next 

section, some examples of enhancement to kp in ionic liquids will be discussed. 

Viscosity and the related Trommsdorff-Norrish effect are often the most effective way to 

decrease kt in a traditional FRP thus increasing polymerization rate. 

3.1.2 Free-radical Polymerization Kinetics in Ionic Liquids 

 Ionic liquids, like DESs, can be used as solvents for polymerization reactions and 

have been for a much longer time period. Kubisa’s review on the subject is an excellent 

overview,6 but for the purposes of this chapter, the focus will be on kinetics of 

polymerization in ionic liquids.   

 Free-radical polymerization in ILs tends to behave unlike solution polymerizations 

performed in organic solvents or in the bulk. In 2006, Strehmel and coworkers reported 

thermally-initiated polymerizations of n-butyl methacrylate using AIBN as the initiator in 

both ILS and toluene.113 A plethora of ILs were used including imidazolium, pyridinium, 

and alkylammonium cations each coupled with multiple anions. In some cases, the 

polymer was produced in higher yield in the IL than in the bulk. One interesting point the 

authors make is that in the cursory kinetic studies they performed, no Trommsdorff–

Norrish effect is observed as would be observed in typical bulk polymerization. Such an 
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effect gives a distinctive S shape (Figure 3.1) to the resulting conversion versus time 

plot for the polymerization. It is also stated that increased conversions and molecular 

weights are obtained for the polymerizations performed in the ILs. These increases are 

attributed to a combination of the decrease of the termination rate, and an increase of 

the propagation rate. The authors claim this combination because the increases in 

molecular weight do not follow increases in viscosity of the ILs in which they are 

polymerized indicating more than one impact on the reaction kinetics. In the specific 

case of the n-butyl methacrylate monomer, imidazolium ILs were found to have the 

greatest positive impact on the polymerization and final polymer properties.   

 
Figure 3.1. The distinct shape of a conversion versus time graph when the 

Trommsdorff–Norrish effect is present. 
 
 Another highly interesting example of kinetic work using pulsed-laser initiated 

polymerization (PLP), performed in ILs comes from a group of German scientists in 

2007.114 The authors claim that the presence of the highly polar imidazolium salt causes 

a decrease in the activation energy of the two monomers tested (glycidal methacrylate 

and methyl methacrylate) compared to the bulk polymerization. They also state that this 
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decrease in activation energy leads to increases of the kp by factors of two and four, 

respectively, when compared to a bulk polymerization.  

 Another instance where PLP was used and propagation rate constants were 

reported to be enhanced was that of the polymerization of hydroxypropylmethacrylate in 

imidazolium and pyridinium ILs.115 In solution polymerization using benzyl alcohol or 

toluene as the solvent, the kp for the polymerization was the same as the kp for the bulk 

polymerization, while most of the ILs used resulted in an increased kp. In this case as 

well, the polarity of the solvent that increases monomer solvent interaction is attributed 

to the increased kp.  

3.2 MATERIALS AND METHODS 

3.2.1 Materials  

AA and methyl methacrylate (MMA) were supplied by Sigma Aldrich. 

Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO), propionic acid (PA), choline 

bromide (ChBr), choline bitartrate (ChBT), tetramethylammonium chloride (TMACl), and 

MAA were obtained from TCI America. Acros Organics supplied ChCl, isobutyric acid 

(IBA), methyl acrylate (MeA). All reagents and components were used as received.  

3.2.2 Real-Time Infrared Spectroscopy  

 All spectra were obtained on a Bruker Tensor 27 Fourier transform-infrared 

spectrometer (FTIR) equipped with a Peak Miracle single-bounce diamond attenuated 

total reflectance (ATR) cell using real-time infrared spectroscopy (RTIR). The spectral 

range for all spectra was 4000 – 650 cm-1, and all spectra were recorded at a resolution 

of 4 cm-1. All experimental and background spectra consisted of 16 scans. The FTIR 

was set to take a spectrum after a specified interval of time until a total number of 
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spectra were taken. The total number of spectra (and therefore total time) was 

determined by how long it takes the reaction to reach a conversion plateau as can be 

seen in Figure 3.2. Table 3.1 shows all sample sets that will be discussed in the coming 

sections and their respective interval times and total times. (For a complete list of all 

sample sets tested broken down by light intensity with intervals and times, see 

Appendix D.) All spectra were subjected to a 9 point smooth and baseline correction 

using the concave rubberband method with 64 baseline points and 16 iterations using 

the Bruker OPUS software.  

Table 3.1. RTIR sample sets with interval and total times. 

Sample set Interval time (s) Number of spectra Total time (min) 

AA-TPO 300 120 600 

AA-ChCl-TPO 45 120 90 

MAA-TPO 300 120 600 

MAA-ChCl-TPO 45 120 90 

MeA-TPO 30 60 30 

MeA-TPO-PA-ChCl 30 60 30 

MMA-TPO 30 120 60 

MMA-TPO-IBA-ChCl 30 60 30 

 
3.2.3 Kinetic Analysis of RTIR Spectra 

 Kinetic analysis of all spectral data was performed using a spectral difference 

approach (integration method K of the OPUS software) using the acrylate peaks at 1625 

cm-1 (C=C stretching vibration) and 810 cm-1 (C=C-H out of plane bending). The bounds 

for the integration of each sample were determined by visual analysis. The integration 

method is applied to the spectra using a premade macro kindly provided by Bruker to 

ensure that all spectra for a sample are analyzed using the same integration parameters 

and compiled into a single document. Which of the two aforementioned peaks is best 

suited to each sample set is specific to the sample set and monomer system in question 

and is indicated each respective section. All samples within a given monomer system 
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are analyzed using the same peak. The spectral differences were used to calculate 

conversion data for the polymerization using equation 3.11. M0 is the initial monomer 

concentration at time = 0 (before irradiation), and Mt is the monomer concentration at 

time = t as determined by the spectral difference analysis. 

(3.11)                                        % 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑀0−𝑀𝑡

𝑀0
∗ 100 

The slope of the initial portion of the polymerization (~0 - 30% conversion) allows for 

rate determination.  

 
Figure 3.2. Conversion versus time plot for acrylic acid DES photopolymerization. 

In many cases, the polymerization occurs too quickly to obtain enough data 

points to calculate an initial rate. Any sample with an increase in conversion greater 

than 15% in one spectral interval is considered too fast. An example of this can be seen 

in the spectra seen in Figure 3.3 (keeping in mind that the spectral interval for this 

samples was 30 s) and the green data set of Figure 3.2, while the purple data set in 

Figure 3.2 and the spectra seen in Figure 3.4 show data from which a rate can be 

calculated. These high rates were the reason that the initiator concentration was 

decreased to 0.1%, and the neutral density filter was used. 
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Figure 3.3. The spectra of a sample too fast for rate determination. 

 

 
Figure 3.4. Spectra of a sample for which a rate can be calculated. 
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3.2.4 Photopolymerization of DESs 

 In order to ensure measurable polymerization on the ATR cell, a room-

temperature photopolymerization was used. Initially, camphorquinone (CQ, Figure 1.1) 

was chosen as the radical photoinitiator but was found to be too inefficient to initiate 

some of the polymerizations within a reasonable time frame for RTIR measurement. 

Typically, CQ is used in conjunction with an amine activator to increase the initiation 

efficiency. This was attempted using trimethylamine, but acid-base reactions between 

the amine and the HBD of the DES eliminated any activation of the CQ. Ultimately, the 

photopolymerization was performed using diphenyl(2,4,6-trimethylbenzoyl) phosphine 

oxide (TPO, Figure 3.5) as the photoinitiator. In all samples, the concentration of TPO 

relative to monomer double bonds is 0.1 mol% for the HDB monomer systems and 1% 

for the methyl ester monomer systems. Initially, a concentration of 1% was used for the 

HBD monomers as well, but all samples polymerized too quickly—even at the low limit 

of light intensity produced by the light source—to obtain a quantifiable rate. 

 

Figure 3.5.The α-cleavage initiation mechanism of TPO. 
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 Figures 3.6 and 3.7 shows the coupling of the Thor Labs Broadband Halogen 

Fiber Optic Illuminator (also called the light source) and the FTIR instrument. The light 

source emits across the visible light spectrum using a 150 W high-output halogen lamp 

coupled with a variable intensity controller and fiber bundle that allows for the direction 

of the light onto the sample and ATR crystal. The fiber is mounted directly above the 

ATR crystal at a height of 1.2 cm giving an illumination area of 1.9 cm2. By using an 

optical power meter also supplied by Thor Labs, the intensity of light emitted through the 

fiber bundle can be measured at a specified wavelength—light intensities for this work 

were measured at either 365 nm (methyl ester monomers) or 400 nm (HBD monomers).   

 

Figure 3.6. The light source fiber mounted above the ATR crystal while irradiating a 
sample.
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Figure 3.7. The photopolymerization-FTIR setup cross-section. 
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 The sample was applied to the ATR crystal while the room was darkened using a 

plastic sample applicator and covered with a glass slide cover to minimize oxygen 

inhibition and, in the case of the pure monomers, sample evaporation. As can be seen 

in Figures 3.6 and 3.7, a black polyethylene cover was placed on the fiber and used to 

cover the sample cell and ensure that no outside light would interfere with the 

photopolymerization. The lighting of the room was not seen to have a significant impact 

on the photopolymerization as long as the blackout cover was properly in place.  

 In order to further decrease the intensity of the light beyond the low limit of the 

light source, a neutral density filter (NDF) was employed for the AA-ChCl and MAA-

ChCl DESs. The NDF obtained from Thor Labs is a variable optical density filter with a 

spectral range of 240 nm – 1200 nm and contains stepped, distinct optical densities of 

0.04, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1.0. The formula for optical density can be seen in 

equation 3.12 where OD is the optical density, and T is the % transmission of the light at 

a specified wavelength. Thor Labs reports all ODs at 633 nm.  

(3.12)                                                𝑂𝐷 =  log10 (
1

𝑇
)  

Figure 3.8 shows the transmission spectra of the optical densities used. The reported 

optical densities used for this work were 0.1, 0.2, and 0.4 which correspond to 

decreases in 400 nm light of 21%, 37%, and 65% or ODs of 0.1, 0.2, and 0.5, 

respectively, at 400 nm. 
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Figure 3.8. The transmission spectra for the respective optical densities used.  

3.2.5 IR Sample Preparation  

3.2.5.1 Polymerizable DESs 

The process of DES preparation for photopolymerization was very similar to the 

procedure discussed in Chapter 2. The main difference is that since TPO is a solid 

initiator and not heat sensitive, a stock solution of monomer HBD and TPO was made 

first. This stock solution was then used in the same way as the pure HBD would be, 

being mixed with the ChCl and placed in the oven until DES formation is complete. All 

stock solutions were stored in amber vials and wrapped in foil. Due to size constraints of 

the amber vials available, DESs are produced in colorless vials but were wrapped in foil 

to ensure no exposure to light. Samples for RTIR analysis were transferred to 2 mL 

amber vials to minimize light contamination. All stock solutions and DESs were made in 

a darkened room under red LED light.  
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3.2.5.2 Nonpolymerizable DESs 

In the case of the DESs used for the methyl ester monomer polymerization, the 

DESs were made using analogs of the HBD monomers without the C=C bond: propionic 

acid in the place of acrylic acid and isobutyric acid in the place of methacrylic acid 

(Figure 3.9). The DESs were made first and then a stock solution of methyl ester 

monomer containing 1 mol% TPO was added to the DES and mixed in. When not in 

use, the stock solutions and DES-methyl ester monomer systems were stored in a 

freezer in amber vials. 

 
Figure 3.9. Nonpolymerizable DES systems containing methyl ester monomers. 

 
3.3 PHOTOPOLYMERIZATION OF ACID-MONOMER-CONTAINING DESS 

The photopolymerization of the DESs and the pure monomers were polymerized 

and rates determined. Initially samples were polymerized at measured intensities of 14 

mW*cm-2, 35 mW*cm-2, 70 mW*cm-2, 105 mW*cm-2, and 140 mW*cm-2, but due to the 

fact that only the 14 mW*cm-2 (measured at 400 nm) exhibited a slow enough 

polymerization to calculate a rate, the neutral density filter was employed for the DESs. 

For both AA and MAA DESs, the 810 cm-1 peak was used as the analysis peak 
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because in these samples, the 1625 cm-1 peak tends to overlap with (and eventually 

disappear underneath) the carbonyl peak at ~1700 cm-1 making the spectral difference 

and therefore conversion artificially inflated. 

3.3.1 Photopolymerization of Acrylic Acid DESs 

3.3.1.1 AA-ChCl DES Photopolymerization at Varying Light Intensities 

 Table 3.2 shows the rates of polymerization for the acrylic acid DESs and pure 

acrylic acid polymerization. It is clear that the increase in rate seen in Chapter 2 is 

reflected in a photopolymerization system as well as an FP system. An important note is 

that the conversions listed in Table 3.2 are the maximum conversions achieved during 

the polymerization. Should the conversion at 90 min (the final time for the DES 

samples) be compared between DES and pure monomer (80% and 4%, respectively) 

the difference is much larger.  

Table 3.2. Rate and conversion data for AA-TPO and AA-ChCl-TPO. 

Sample Set 
Intensity 

(mW*cm-2) 
Initial Rate 

(min-1) 
Maximum 

conversion (%) 

AA-TPO 14 0.03 ± 0.06 41 ± 29 

AA-ChCl-TPO 14 13.0 ± 6.0 79 ± 7 

AA-ChCl-TPO 11 9.5 ± 1.3 71 ± 4 

AA-ChCl-TPO 9 5.4 ± 2.2 69 ± 5 

AA-ChCl-TPO 5 2.0 ± 1.0 43 ± 11 

 
There is a difference in viscosity between pure AA (1.2 cP116) and the AA-ChCl 

DES (171 cP, measured using a Brookfield viscometer), but this does not solely account 

for the increase in rate. This viscosity increase may increase rate somewhat, but the 

increase is not significant enough to cause gel effect like autoacceleration. Based on 

Kuroda’s36 statement regarding heterogeneities within DES systems, it is possible that 

heterogeneous domains exist in the DES where the monomer concentration is higher 

which could lead to an increased localized rate. Such a heterogeneous system would 



49 
 

lead one to compare these systems to emulsion polymerizations during which polymers 

grow inside a particle that is monomer rich, and the polymer is typically insoluble in the 

solution outside the particle. Because of this, emulsion has very distinct intervals during 

the polymerization during which the rate behavior is very predictable. Interval I 

corresponds to rapid increase in rate followed by a much slower increase or a plateau in 

rate in interval II, and finally during interval III the rate quickly decreases due to 

decreasing monomer concentration at the end of the reaction. Figure 3.10 shows rate 

versus conversion plots for all of the AA-ChCl samples. In the case of the AA-ChCl 

samples, some broadening at the maximum of the plot occurs but not enough and not 

consistently enough to conclude that this system polymerizes in the same way as an 

emulsion. The 5 mW*cm-2 samples do seem to broaden more than the others with the 

slowing of the polymerization. With a further decrease in polymerization rate (by 

decreasing light intensity), interval II behavior might be observable, but it is doubtful.  
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Figure 3.10. Rate versus time plots for AA-ChCl samples measured at intensities of 14 mW*cm-2 (A), 11 mW*cm-2 (B), 9 

mW*cm-2 (C), 5 mW*cm-2 (D).
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Another factor that is seen in polymerization in ILs (and within acrylate bulk 

polymerizations when comparing various monomer structures117) is the hydrogen 

bonding within the system. It is known that hydrogen bonding can cause 

preorganization that increases polymerization rate.117 With the increased hydrogen 

bonding network seen in DESs, this is most likely the main factor that increases the 

rate. 

3.3.1.2 Other HBAs for AA DES Photopolymerization 

 In order to test the idea of heterogeneous domains within the DES, a different 

HBA was desired for the polymerization. Three HBAs were attempted, but none were 

successful. Figure 3.11 shows the structures of the three.  

 
Figure 3.11. Top left: choline bromide, top right: tetramethylammonium chloride,  

Bottom: choline bitartrate. 
 

ChBr was the only HBA of the three to form a DES under the standard DES formation 

conditions at the 1.6:1 ratio, and the AA-ChBr samples all crystallized almost 

instantaneously after removal from the oven and formed a semi-solid material that could 

not be melted back to a pure liquid state. 
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3.3.2 Photopolymerization of Methacrylic Acid DESs 

 Just as is the case for the AA samples, the MAA samples show orders of 

magnitude increase in rate between the DES and pure monomer. Also, the 90 minute 

conversion between the two—55% and 4%— is larger, though not as drastic a 

difference as seen in the AA.  

Table 3.3. Rate and conversion data for MAA-TPO and MAA-ChCl-TPO. 

Sample Set 
Intensity 

(mW*cm-2) 
Initial Rate 

(min-1) 
Maximum 

conversion (%) 

MAA-TPO 14 0.02 ± 0.02 11 ± 8 

MAA-ChCl-TPO 14 3.9 ± 1.1 55 ± 5 

MAA-ChCl-TPO 11 1.4 ± 0.6 46 ± 17 

MAA-ChCl-TPO 9 1.5 ± 0.4 55 ± 10 

MAA-ChCl-TPO 5 0.7 ± 0.3 33 ± 12 

 
The slower rates and lower conversions are to be expected with the less reactive 

MAA monomer.  Again, it seems that viscosity plays some role in the rate enhancement 

of these samples with the MAA DES viscosity measuring 73 cP, and the pure MAA’s 

viscosity being 1.3 cP,118 but as was the case with the AA samples as well, it is likely 

that viscosity is not the main factor to play a role in the rate enhancement. By plotting 

the rate versus time (Figure 3.12), we can see that the MAA samples do have broader 

and slightly more emulsion like plots—which is reasonable because of the slightly more 

hydrophobic nature of MAA compared to AA—but still do not exhibit enough of an 

interval II behavior to be considered emulsion like. This leads to the conclusion that 

once again, the increased hydrogen bonding network around the monomer cause the 

increase in rate.  
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Figure 3.12. Rate versus time plots for MAA-ChCl samples measured at intensities of 14 mW*cm-2 (A), 11 mW*cm-2 (B), 9 

mW*cm-2 (C), 5 mW*cm-2 (D).
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3.4 PHOTOPOLYMERIZATION OF ACID DESS CONTAINING METHYL ESTER MONOMERS 

 In order to determine if the monomer has to be part of the DES to see the rate 

enhancement, DESs were made using nonreactive analogs of AA and MAA (see Figure 

3.9) and the corresponding methyl ester monomer was polymerized, MeA and MMA, 

respectively. In most MeA samples (both pure and DES), the increases in conversion 

exceeded the aforementioned limit. The few samples at the lowest measured light 

intensity (measured at 365 nm) that potentially would exhibit measurable rates with pure 

MeA evaporated before polymerization was complete enough to calculate a rate—even 

after use of the glass slide covers. Because of this, slowing the rate further to study the 

MeA system with the NDF did not seem plausible.  

The MMA-TPO and MMA-TPO-IBA-ChCl systems (Figures 3.13 and 3.14), 

however, gave consistent results to what was seen in the AA and MAA DESs. There is 

a definite rate enhancement in the samples that contain DES even though the monomer 

is not part of the DES. This indicates that the environment of the DES, even without the 

additional hydrogen bonding between the monomer and the HBA, is conducive to 

increased polymerization rate. Viscosity almost certainly does play some role, here, but 

the increased polarity of the DES versus bulk MMA cannot be ignored. As was shown 

for the ILs mentioned in section 3.2.2, the polarity of the system can play a role as well. 

The IBA-ChCl DES is much more polar than MMA, which almost certainly leads an 

increase in the kp. The intensity of light and initiator concentration used for these 

samples is higher than those used for the original DES polymerizations. Because of 

these higher input values, the rates are approaching what is essentially a maximum for 

the system. Lower intensities should trend similarly to the monomer-containing DESs. 
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Figure 3.13. Initial rates for pure MMA and MMA in an IBA-ChCl DES. 

 

 
Figure 3.14. Final conversions for MMA and MMA in an IBA-ChCl DES. 
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3.5 CONCLUSIONS 

 In order to determine if DESs cause polymerization rate enhancements similar to 

those seen in ILs, photopolymerizations of polymerizable DESs and DESs with 

monomer incorporated into them were performed and monitored via RTIR. Conversion 

and rate data obtained from the RTIR experiments indicate that rate enhancement 

occurs regardless of whether or not the monomer is a component of the DES. Viscosity 

measurements indicate that the enhanced rate is in part due to the increased viscosity 

found in the DES, but rate data indicates that even though DESs are known to be 

heterogeneous, the polymerization does not behave in an emulsion-like manner. This 

leaves the hydrogen bonding and polarity of the DESs versus their pure monomer 

states as the main factor that increases the rate.  
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IV. SUMMARY AND CONCLUSIONS 

 Deep eutectic solvents have a large presence and an even larger future in 

polymerization. In this work, deep eutectic solvents were synthesized using 

(meth)acrylic acid and choline chloride as the hydrogen bond donor and hydrogen bond 

acceptor, respectively. Unlike previous work which used crosslinkers in conjunction with 

the monomer HBD, the DESs in this work were polymerized using only the acid 

monomer HBD. The DESs were able to be polymerized using a range of initiator 

concentrations and exhibited frontal behavior that was unexpected. Due to this unusual 

behavior, a more in-depth study of these systems was performed by replacing the ChCl 

with inert analogs. These analogs were meant to impart typical phenomena that will 

alter the behavior of a frontal polymerization and included talc as a heat sink, stearic 

acid as an inert phase change material, lauric acid as a hydrogen bond capable diluent, 

and DMSO as an inert diluent. None of the analog systems produced results similar to 

the DESs, and methacrylic acid would not sustain a front with any of the analogs. This 

lead to the conclusion that the presence of a DES has a direct impact on the rate of a 

free-radical polymerization. To elucidate more about this rate enhancement, a step 

away from the complexity of frontal polymerization had to be taken.  

 In order to study the DES rate enhancement, DESs were photopolymerized while 

being monitored using real-time FTIR. The rates of the DES samples were much higher 

than those of the pure monomer due to the increased hydrogen bond complexation 

around the monomer. To study whether or not the monomer had to be part of the DES 

in order to experience rate enhancement, molecularly similar systems were employed in 

which the HBD was a nonpolymerizable analog to the monomer HBDs used previously: 

propionic acid in the place of acrylic acid and isobutyric acid in the place of methacrylic 
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acid. The monomers for these systems are methyl ester equivalents to the 

aforementioned monomers, methyl acrylate and methyl methacrylate, respectively. The 

rates from the methyl ester monomer-DES systems were also increased compared to 

their pure monomer counterparts. Placing a monomer that has no hydrogens to 

hydrogen bond into a DES still causes an increase in rate indicating that polarity as well 

as hydrogen bonding plays a role in rate enhancement by a DES.  

 If this work were to be pursued further, the next step would be to use one 

monomer in multiple DESs with the same HBD but differing HBAs to determine if DES 

heterogeneity has an impact on the polymerization. The polymer produced would be 

characterized by gel permeation chromatography so that molecular weight can be 

correlated to the polymerization data. Methyl methacrylate and 

hydroxyethylmethacrylate would both be desirable choices for these experiments. 

Another line of experimentation to pursue would be to test other hydrogen bond capable 

monomers such as hydroxyethylmethacrylate and carboxyethylacrylate to determine if 

monomer DES components with different dipole moments would experience rate 

enhancement to varying degrees. Dilution studies in which the monomer concentration 

is held constant and different nonreactive HBDs are used to tune viscosity would also 

be advantatgeous for understanding the impact of viscosity on polymerization kinetics. 
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APPENDIX B. FRONT TEMPERATURE PROFILES 

This appendix gives all front temperature profiles for the experiments in Chapter 

2. Figures B.1 – B.6 are AA-ChCl, and Figures B.7 – B.12 are MAA-ChCl. Figures B.13 

– B.15 are the AA-Analog samples. MAA-Analog and stearic acid in general have no 

profiles as no fronts were successful. 

B.1 FT PROFILES FOR AA-CHCL VARIED INITIATOR SAMPLES 

 

Figure B.1. FT profiles for 0.2% L231 AA-ChCl FP. 
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Figure B.2. FT profiles for 0.3% L231 AA-ChCl FP. 

 

Figure B.3. FT profiles for 0.8% L231 AA-ChCl FP. 
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Figure B.4. FT profiles for 1.7% L231 AA-ChCl FP. 

 

Figure B.5. FT profiles for 2.5% L231 AA-ChCl FP. 
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Figure B.6. FT profiles for 3.3% L231 AA-ChCl FP. 

B.2 FT PROFILES FOR MAA-CHCL VARIED INITIATOR SAMPLES 

 

Figure B.7. FT profiles for 0.2% L231 MAA-ChCl FP. 
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Figure B.8. FT profiles for 0.3% L231 MAA-ChCl FP. 

 

Figure B.9. FT profiles for 0.8% L231 MAA-ChCl FP. 
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Figure B.10. FT profiles for 1.7% L231 MAA-ChCl FP. 

 

Figure B.11. FT profiles for 2.5% L231 MAA-ChCl FP. 
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Figure B.12. FT profiles for 3.3% L231 MAA-ChCl FP. 

B.3 FT PROFILES FOR AA-ANALOG SAMPLES 

 

Figure B.13. FT profiles for AA-Talc samples. 
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Figure B.14. FT profiles for AA-DMSO samples with increased silica. 

 

 
Figure B.15. FT profiles for AA-LA with increased silica. 
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APPENDIX C. FRONT VELOCITY POSITION VERSUS TIME PLOTS 

For all front velocity plots, the unit of time plotted is seconds due to the method of 

data recording from the video. The conversion to the reported units of cm*min-1 is 

performed after the FV is calculated from the slope of the line. Figures C.1 – C.6 are 

AA-ChCl at the various monomer concentrations, and Figures C.7 – C.12 are MAA-

ChCl. Figures C.13 – C.15 are the AA-Analog samples. Again, MAA-Analog and stearic 

acid in general have no plots as no fronts were successful. 

C.1 FV PROFILES FOR AA-CHCL VARIED INITIATOR SAMPLES 

 

Figure C.1. Position versus time plots for 0.2% L231 AA-ChCl FP. 
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Figure C.2. Position versus time plots for 0.3% L231 AA-ChCl FP. 

 

Figure C.3. Position versus time plots for 0.8% L231 AA-ChCl FP. 
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Figure C.4. Position versus time plots for 1.7% L231 AA-ChCl FP. 

 

Figure C.5. Position versus time plots for 2.5% L231 AA-ChCl FP. 
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Figure C.6. Position versus time plots for 3.3% L231 AA-ChCl FP. 

C.2 FV PROFILES FOR MAA-CHCL VARIES INITIATOR SAMPLES 
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Figure C.8. Position versus time plots for 0.3% L231 MAA-ChCl FP. 

 

Figure C.9. Position versus time plots for 0.8% L231 MAA-ChCl FP. 
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Figure C.10. Position versus time plots for 1.7% L231 MAA-ChCl FP. 

 

Figure C.11. Position versus time plots for 2.5% L231 MAA-ChCl FP. 
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Figure C.12. Position versus time plots for 3.3% L231 MAA-ChCl FP. 

C.3 FV PROFILES FOR AA-ANALOG SAMPLES 

 
Figure C.13. Position versus time plots for AA-Talc samples. 

y = 0.0161x + 13.787

y = 0.0124x + 13.114 y = 0.0128x + 12.456

y = 0.0129x + 13.695

10

12

14

16

18

20

22

24

26

0 200 400 600 800 1000

P
o

s
it

io
n

 (
c
m

)

Time (s)

2.56.1 2-65-2 2-65-3

2-65-4 Linear (2.56.1) Linear (2-65-2)

Linear (2-65-3) Linear (2-65-4)

y = 0.0333x + 12.997

y = 0.0358x + 12.561

y = 0.0366x + 12.09 y = 0.0373x + 11.111

y = 0.0292x + 11.891

14

16

18

20

22

25 75 125 175 225 275

P
o

s
it

io
n

 (
c
m

)

Time (s)

FV-AA-Talc-1L FV-AA-Talc-2L

FV-AA-Talc-3L FV-AA-Talc-4L

FV-AA-Talc-5L Linear (FV-AA-Talc-1L)

Linear (FV-AA-Talc-2L) Linear (FV-AA-Talc-3L)

Linear (FV-AA-Talc-4L) Linear (FV-AA-Talc-5L)



90 
 

 
Figure C.14. FV plots for AA-DMSO samples with increased silica. 

 

 
Figure C.15. FV plots for AA-LA with increased silica. 
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APPENDIX D. RTIR SAMPLE SET INFORMATION  

D.1 CAMPHORQUINONE SAMPLE SETS (365 NM MEASUREMENTS) 

Table D.1 Camphorquinone RTIR parameters. 

Sample set 
Measured 

Intensity (mW) 
Interval 
time (s) 

Number of 
spectra 

Total time 
(min) 

AA-CQ 1180 60 30 30 

AA-ChCl-CQ 1180 60 15 15 

AA-ChCl-CQ 750 60 20 20 

AA-ChCl-CQ-TEA 1180 30 60 30 

MAA-CQ 1180 60 60 60 

MAA-ChCl-CQ 1180 60 60 60 

MAA-ChCl-CQ 750 60 75 75 

MAA-ChCl-CQ-TEA 1180 60 60 60 

MAA-ChCl-CQ-TEA 750 60 75 75 

 
D.2. 1% DESS AND PURE MONOMERS (365 NM MEASUREMENTS) 

Table D.2. RTIR parameters for DES and pure monomer samples with 1% TPO and 
light intensity measured at 365 nm. 

Sample set 
Measured 
Intensity 

(mW) 

Interval 
time (s) 

Number of 
spectra 

Total time 
(min) 

AA-TPO 500 60 60 60 

AA-TPO 375 60 60 60 

AA-TPO 250 60 60 60 

AA-TPO 50 60 60 60 

AA-ChCl-TPO 500 60 30 30 

AA-ChCl-TPO 375 60 30 30 

AA-ChCl-TPO 250 60 30 30 

AA-ChCl-TPO 50 60 30 30 

MAA-TPO 500 60 60 60 

MAA-TPO 375 60 90 90 

MAA-TPO 250 60 90 90 

MAA-TPO 125 60 120 120 

MAA-TPO 50 60 120 120 

MAA-ChCl-TPO 500 60 45 45 

MAA-ChCl-TPO 375 60 90 90 

MAA-ChCl-TPO 250 60 90 90 

MAA-ChCl-TPO 125 60 120 120 

MAA-ChCl-TPO 50 60 120 120 
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D.3. 0.1% DESS AND PURE MONOMERS (365 NM MEASUREMENTS) 

Table D.3. RTIR parameters for DES and pure monomer samples with 0.1% TPO and 
light intensity measured at 365 nm. 

Sample set 
Measured 

Intensity (mW) 
Interval 
time (s) 

Number of 
spectra 

Total time 
(min) 

AA-TPO 500 30 40 20 

AA-TPO 375 30 60 30 

AA-TPO 250 30 120 60 

AA-TPO 125 30 120 60 

AA-TPO 50 30 120 60 

AA-ChCl-TPO 500 30 30 15 

AA-ChCl-TPO 375 30 30 15 

AA-ChCl-TPO 250 30 30 15 

AA-ChCl-TPO 125 30 30 15 

AA-ChCl-TPO 50 30 40 20 

MAA-TPO 500 30 60 30 

MAA-TPO 375 30 120 60 

MAA-TPO 250 30 120 60 

MAA-TPO 125 30 120 60 

MAA-TPO 50 30 120 60 

MAA-ChCl-TPO 500 30 30 15 

MAA-ChCl-TPO 375 30 30 15 

MAA-ChCl-TPO 250 30 30 15 

MAA-ChCl-TPO 125 30 30 15 

MAA-ChCl-TPO 50 30 60 30 
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D.4. 0.1% DESS AND PURE MONOMERS (400 NM MEASUREMENTS) 

Table D.4. RTIR parameters for DES and pure monomer samples with 0.1% TPO and 
light intensity measured at 400 nm. 

Sample set 
Measured 

Intensity (mW) 
Interval time 

(s) 
Number of 

spectra 
Total time 

(min) 

AA-TPO 50 300 120 600 

AA-ChCl-TPO 50 45 120 90 

AA-ChCl-TPO 
(0.1 OD NDF) 

50 45 120 90 

AA-ChCl-TPO 
(0.2 OD NDF) 

50 45 120 90 

AA-ChCl-TPO 
(0.5 OD NDF) 

50 45 120 90 

MAA-TPO 50 300 120 600 

MAA-ChCl-TPO 50 45 120 90 

MAA-ChCl-TPO 
(0.1 OD NDF) 

50 45 120 90 

MAA-ChCl-TPO 
(0.2 OD NDF) 

50 45 120 90 

MAA-ChCl-TPO 
(0.5 OD NDF) 

50 45 120 90 
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D.5. METHYL ESTER MONOMER SAMPLE SETS (365 NM MEASUREMENTS) 

Table D.5. RTIR parameters for DES and pure monomer methyl ester samples with 1% 
TPO and light intensity measured at 365 nm. 

Sample set 
Measured 

Intensity (mW) 
Interval 
time (s) 

Number of 
spectra 

Total time 
(min) 

MeA-TPO 500 30 60 30 

MeA-TPO 375 30 60 30 

MeA-TPO 250 30 120 60 

MeA-TPO 125 30 120 60 

MeA-TPO 50 30 120 60 

MeA-TPO-PA-ChCl 500 30 30 15 

MeA-TPO-PA-ChCl 375 30 30 15 

MeA-TPO-PA-ChCl 250 30 30 15 

MeA-TPO-PA-ChCl 125 30 30 15 

MeA-TPO-PA-ChCl 50 30 30 15 

MMA-TPO 500 30 60 30 

MMA-TPO 375 30 120 60 

MMA-TPO 250 30 120 60 

MMA-TPO 125 30 120 60 

MMA-TPO 50 30 120 60 

MMA-TPO-IBA-ChCl 500 30 60 30 

MMA-TPO-IBA-ChCl 375 30 60 30 

MMA-TPO-IBA-ChCl 250 30 60 30 

MMA-TPO-IBA-ChCl 125 30 60 30 

MMA-TPO-IBA-ChCl 50 30 60 30 
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