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ABSTRACT

Cationic frontal polymerization broadens the potential application of frontal polymerization by
allowing for use of monomers such as epoxies and vinyl ethers. In this work, the effects of
monomer and initiator composition and additives including fillers on front kinetics, along with
applications of cationic frontal polymerization were investigated.

Using a radical-induced cationic frontal polymerization (RICFP) method with a superacid
generating salt and a thermal radical initiator, the addition of vinyl ethers to epoxy formulations
was studied, where an increase of front velocity was seen with increase of divinyl ether to epoxy
ratio. Other aspects of vinyl ether systems, such as pot life and functionality, were also
investigated. With promising results of vinyl ethers, synthesis of novel vinyl ethers for frontal
polymerization was attempted in Chapter 3. In Chapter 4, a hybrid system with the addition of
acrylates, which have been well-studied in frontal polymerization, to epoxies and vinyl ethers
was investigated, and it was demonstrated that the ratio of monomers can affect the material
properties of polymers formed. The acrylates do not copolymerize with the epoxy or vinyl ether,
resulting in a concave dependence of front velocity on acrylate percentage.

Adding fillers to formulations can improve mechanical properties, lower overall cost, and
affect front velocity. In Chapter 5, clay minerals added to RICFP systems were found to reduce
front velocity. Causes of this reduction were investigated, as were the effects of the fillers on
mechanical and thermal properties of the polymer composites and clay dispersion in the polymer
matrix. Drying the clays in an oven increased the front velocity, indicating water content
inhibiting the cationic polymerization.

In a modification of RICFP presented in Chapter 6, it was found that a front was

supported for epoxies and vinyl ethers in absence of a primary radical source and only addition

viii



of the superacid generator. The superacid generating salt acts as a source of radicals, as indicated
by the addition of radical inhibitor. Potential applications investigated for RICFP are shown in

Chapter 7, which includes additive manufacturing, coatings, and use of bio-derived monomers.



CHAPTER 1. OVERVIEW OF FRONTAL POLYMERIZATION

1.1. Brief History of Frontal Polymerization

Frontal polymerization (FP) was discovered by Chechilo and Enikolopyan, who observed the
spreading of methyl methacrylate polymerization in reactors under pressure. ! Studies of the
frontal process were continued in Russia by both their group and others through the 1970s and
80s, involving characterization, curing of epoxies and acrylates, and analysis and simulations of
FP. 2 FP was finally rediscovered by Pojman in 1991 and thoroughly studied during the 1990568
and has seen recent rapid growth through applications such as composites, ® 1° cure-on demand
materials and adhesives, 1 12 deep-eutectic solvents®® and hydrogels. 1418 Use of FP gives many
advantages versus traditional autoclave or bulk curing methods, like reduced energy input, long
pot lives, one-pot formulations, cure on-demand materials, and faster cure times.

1.2. Frontal Polymerization Process

In FP, an input of energy at a specific area initiates a propagating localized reaction zone that
travels through the entire material, where monomer is converted into polymer as propagation
occurs. 1% 20 A cartoon depicting FP is shown in Figure 1.1. There are two other recognized forms
of FP: photofrontal polymerization which relies upon constant UV irradiation, and isothermal
FP, which relies on the gel effect and a propagation from a solid polymer placed into a solution
of monomer and initiator. ° Thermal FP is the most common method in the literature, which
relies on the coupling of Arrhenius rate kinetics of an exothermic reaction with heat diffusion,
and is the studied FP process throughout this dissertation. The basic requirement of FP is to have
a rate of heat generation that exceeds the rate of heat loss. Additionally, systems must be
unreactive at room temperature and have a high activation energy while resulting in a large heat

release while reacting to exceed heat loss.
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Figure 1.1. lllustration of a frontal polymerization process occurring.
Front-quenching can occur due to buoyancy-driven convection, but this can be avoided by
increasing the viscosity through addition of fillers such as fumed silica. 222 Addition of fumed
silica as an inorganic filler also allows for horizontal frontal polymerization in molds versus
vertically in test tubes. ?* With unfilled, liquid monomers, FP in test tubes can suffer from
convection if the fronts ascend. These conclusions are made based on forming solid product—if
liquid product is formed, convection can mix cold monomer into a propagating front regardless
of the reaction orientation, reducing front temperature. Reactions in test tubes sometimes can
result in destruction of the test tube due to the pressure of any volatiles produced during FP, and
FP of the viscous resin with fumed silica better replicates the practical applications of these cure
on-demand materials. Excessive heat loss can also result in quenching of fronts.

FP Kinetics are characterized by observing the front velocity and the front temperature.
The front velocity is calculated by tracking the propagation of a front and taking the slope of

front position versus time. It can be affected by many different factors, including initiator



concentration, monomer reactivity and functionality, and sources of heat loss in the system.
Front temperature is directly related to the front velocity and can indicate heat loss present due to
factors such as low boiling point monomers, additives that reduce thermal diffusion, or low
reactivity of the system.
1.3. Monomer Systems for Frontal Polymerization
Typically, most monomers capable of supporting fronts proceed by free-radical mechanisms due
to their high rate of reactivity and exothermicity. '* Much of the early fundamental FP work was
done with acrylate-based monomers. & 2° 26 These cure through chain-growth polymerizations
initiated with peroxides such as benzoyl peroxide or Luperox 231, or azo-based initiators like
azobisisobutyronitrile. Systems are usually initiated with a thermal energy source, such as a
soldering iron or heat gun, or UV light, depending on what source is compatible with initiator
decomposition and subsequent radical formation. Acrylate-based systems have been used to
study the effects of functionality, initiator concentration, convection, and layer thickness for
example. " 232729 jijth the use of peroxide-based radical initiators, voids can be an issue in these
formulations as volatile compounds are typically produced upon decomposition of the initiator. 1°
One of the other major classes of monomers in FP are those monomers which can
undergo frontal ring-opening metathesis polymerization (FROMP). % 32 These are mostly
limited to norbornene and dicyclopentadiene-type monomers. Through combination with the
ruthenium-based Grubbs’ catalyst, these monomers will undergo a ring-opening metathesis
polymerization with thermal or light-triggered initiation. Modified catalysts and monomers for
FROMP systems have been studied extensively and demonstrated to successfully generate

composites and be suitable for additive manufacturing. ® Unfortunately, one of the disadvantages



with FROMP systems is their pot life, which have only reached ~30 hours at best. 3 The costs of
Grubbs’ catalysts are also a disadvantage.
1.4. Radical-Induced Cationic Frontal Polymerization (RICFP)
RICFP is a newer development in FP, where polymerization proceeds through a cationic
mechanism rather than the typical free-radical polymerization. This process allows for FP of
epoxies without using amine curing agents that give formulations short pot lives. ** % Epoxies
are commonly used in composites and adhesives. RICFP was developed by Mariani et al. in
2004, *¢ and almost all focus has been on studying epoxy resins and composite materials. 3"

RICFP uses elements from radical FP through the integration of a thermal radical
initiator, typically a peroxide or benzopinacol, *? with a superacid generating salt used in cationic
photopolymerization, typically an antimonate-based iodonium salt. Diaryliodonium salt
photoacid generators were first discovered by Crivello et al. in 1977. * These salts generate acids
upon UV irradiation and have since been shown to photopolymerize both epoxy*** and vinyl
ether monomers. “¢-5! Their good thermal stability in ambient conditions led to increased use as
photoinitiators. Now, the availability of these salts has widened, allowing commercially available
onium salts to be common. When comparing RICFP to bulk photopolymerizations, the main
advantage is the ability to cure thick samples through UV-irradiation, as opposed to only curing
the surface; this is especially the case for filled or composite parts where UV penetration may be
hindered.

Decomposition of onium salts with light begins through heterolytic or homolytic
cleavage of the structure via photolysis, producing radical, cationic and radical-cationic species.
Through proton abstraction, acid is generated that can initiate cationic polymerization. For the

photoacid generator, the properties of the counterion determine the strength of the Brgnsted



superacid formed; antimonium anions result in high strength superacids and higher
polymerization rates due to large anion size and low nucleophilicity. 4 52

The mechanism shown in Figure 1.2 adapted from the original mechanism presented by
Mariani et al. in 2004%¢ displays the application of heat in step 1 rather than UV light.
Throughout this dissertation, the photoacid generator will be referred to as a superacid generator.

In step 1, an input of heat will decompose the thermal radical initiator to form radicals
that decompose and reduce the superacid generator, typically an iodonium hexafluoroantimonate
salt as displayed in the figure, resulting in generation of the superacid in step 2. The superacid
will then react with the monomer, propagating and generating heat to form radicals from the

thermal initiator that cleave the iodonium salt (step 3) to once again form the superacid. This

mechanism cycles as the front propagates, and the monomer is converted.

1. TRI + A —>» R° proton
(thermal radical initiator) (radical) extracted
. . from
[Arl* SbFg] + Ar+ R* | monomer
2. R" + HyCgOArI* SbFy ——— ° —  HSbF,

Arl + Ar* SbFg

3. HSbFg + M —3 HM*SbFy — My (M) M*SbFy + A —3 Step 1
(monomer)

Figure 1.2. RICFP mechanism adapted from Mariani et al. 3

Sulfonium-based salts have also been studied. *> 3 UV-initiated RICFP has been demonstrated

with a combination of sulfonium hexafluoroantimonate salts acting as both thermal and

photoinitiators. > RICFP with sulfonium hexafluoroantimonate salts will not work in some cases

due to the low redox potential of the sulfonium. 425 Salts with aluminate-based counterions have

displayed improvements over antimony-based salts in formulations with thermal radical initiator

and bisphenol A diglycidyl ether (BADGE) and are available commercially at high cost to
5



volume. % ¢ Taschner et al. studied the use of novel bismuthonium and pyrylium-based salts in
RICFP, which had improved pot life over iodonium salts but otherwise performed unfavorably. %’
Peroxides may be used as TRIs, though Bomze et al. discovered it was possible to use
1,1,2,2-tetraphenylethylenediol (benzopinacol, TPED) in lieu of peroxides. *> This compound
contains a labile C-C bond, and reversibly forms radicals; in formulations with BADGE and
IOC-8, the TPED acts as a gas-free initiator. Extensive studies of the kinetic effects and potential
applications of TPED as a bubble-free initiator have been published. 38 54 56.58.5% Bomze et al.

additionally saw that many common TRIs could not support RICFP of BADGE. 4



CHAPTER 2. RADICAL-INDUCED CATIONIC FRONTAL
POLYMERIZATION OF VINYL ETHERS AND EPOXIES
2.1. Introduction to Vinyl Ethers in FP
Vinyl ether monomers are known to be highly reactive in cationic polymerization due to the
contributions of the electron-donating oxygen adjacent to the double bond resulting in a highly
nucleophilic double bond. ®° They typically see applications in coatings due to good adhesion
with metal and wood, fast cure rate due to reactivity, low toxicity, insensitivity to oxygen and the
cationic mechanism allowing for formulations with other comonomers. %> ®* Cationic
photopolymerizations of vinyl ethers have been studied extensively, both as homopolymers and
comonomer systems. 52-68

RICFP has been studied as a method to frontally polymerize mostly epoxide monomers.
37-42,53, 54,36, 69, 70 There has been recent work showing RICFP of pure divinyl ethers and divinyl
ether/epoxy/acrylate hybrid systems with near-infrared sensitizers added to promote front
initiation via near-infrared laser as well. * Use of vinyl ethers in small concentrations with
pyrylium salts as a coinitiator system for photoinduced thermal FP has also been shown. "2
Epoxies are typically found in systems with vinyl ethers for existing photopolymerization
reactions, as they can polymerize through a cationic mechanism like vinyl ether monomers.
Addition of vinyl ether to epoxies has been shown to accelerate the photocuring process of the

resin. #8

This chapter was previously published as B. R. Groce, D. P. Gary, J. K. Cantrell and J. A. Pojman.
Front velocity dependence on vinyl ether and initiator concentration in radical-induced cationic
frontal polymerization of epoxies, Journal of Polymer Science, 2021, 59(15), 1678-1685.
Reprinted with permission from Wiley.



Given that reactivity of photocured resins increases with vinyl ether addition, similar
experiments were carried out with RICFP based resins. Enhancement of reactivity could prove
useful for increasing the front speed with added vinyl ether. Likewise, the dependence of the
front kinetics in respect to initiator concentration was studied to determine the best options
towards optimization of RICFP resins.

2.2. Materials and Methods for RICFP

Trimethylolpropane triglycidyl ether (TMPTE), tri(ethylene glycol) divinyl ether (TEGDVE),
1,4-cyclohexanedimethanol divinyl ether (DVE-1,4) and 1,1-Bis(tert-butylperoxy)-3,3,5-
trimethylcyclohexane (Luperox 231) were purchased from Sigma-Aldrich. 1,4-butanediol vinyl
ether (BVE-1,4), and ethylene glycol vinyl ether (EGVE) were purchased from Beantown
Chemical (Hudson, NH). p-(octyloxyphenyl)phenyliodonium hexafluoroantimonate (10C-8)
was purchased from abcr (Karlsruhe, Germany). All chemicals were used as received. Chemical

structures of the monomers and initiators used are shown in Figure 2.1.
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Figure 2.1. Chemical structures for all reagents used in vinyl ether kinetics studies.
Solutions were made for each formulation containing varying ratios of TMPTE (25-100 wt%)
and vinyl ether (TEGDVE, DVE-1,4, BVE-1,4 or EGVE; 0-75 wt%) and varying concentrations
in phr (parts per hundred resin) of Luperox 231 (0.50-1.50 phr) and 10C-8 (0.50-1.50 phr). Parts
per hundred resin is a term meaning 1 gram of material for every 100 g of resin. Luperox 231
and 10C-8 were first added to and mixed with TMPTE for 1 hour to achieve near-complete
dissolution of 10C-8 before the addition of vinyl ether. The solutions were then stirred overnight
to ensure homogeneity. The system chosen for front kinetics studies utilizes TMPTE as the
chosen epoxy comonomer. Low-viscosity TMPTE allows for easy solvation of the solid
iodonium salt in addition to providing structural benefits such as the long glycidyl ether chains
giving increased flexibility to the polymer.

To prepare samples for fronts, 15 g aliquots were taken from a formulation solution and

10 wt% fumed silica (Aerosil 200, Evonik Industries (Parsippany, NJ)) was added to form a



moldable putty. The putty was loaded into a wooden mold (13.5 cm x 2 cm x 0.6 cm) lined with
wax paper for easy removal. A thermocouple connected to Logger Lite software from Vernier
was then placed 2 cm into the length of the sample and approximately halfway into the sample
depth to record front temperature. A soldering iron heated to approximately 200 °C (confirmed
with an infrared thermometer) was used to initiate the fronts by brief contact with the sample.
The fronts were tracked using a video camera placed directly above the sample. Front velocity
was calculated from the slope of front position versus time. The mold was cooled to room
temperature prior to subsequent experiments. Triplicate experiments were performed for each
formulation from the same solution.

Thermal analysis of three samples was attempted using a TA Instruments Q100
differential scanning calorimeter (DSC). Samples of pure Bisphenol-A diglycidyl ether
(BADGE), pure DVE-1,4 and a 1:1 ratio of both BADGE and DVE-1,4 were frontally
polymerized with 0.50 phr IOC-8 and 1.00 phr Luperox 231 and 10 wt% fumed silica. A
temperature ramp procedure of -40 °C to 400 °C with 2 cycles was utilized for each sample with
differing heating rates depending on the sample. Infrared spectroscopy was performed with a
Bruker FTIR and diamond ATR accessory for structural characterization and conversion
determination. Parameters of 4 cm™ resolution, 32 sample scans, and 16 background scans were
used. The resin was placed directly on the ATR diamond. Polymer samples were instead ground
into a powder using a mortar and pestle to place onto the ATR platform. By using a large amount
of sample, the probe created a film on the platform. Triplicates of every IR spectrum were taken,

and a background was taken before every measurement.
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2.3. Effects of Vinyl Ethers in Epoxy RICFP
The vinyl ethers were first mixed in formulations with TMPTE to test the viability of front
propagation. The initiator system consisted of 0.50 phr I0C-8 and 1.00 phr Luperox 231, which
is approximately 1 mol% of the superacid generator and thermal initiator, previously reported by
Bomze et al. to be sufficient to support fronts for epoxy-based RICFP systems. 424

Of the chosen vinyl ethers, DVE-1,4, TEGDVE and BVE-1,4 supported front
propagation. When EVGE was added to formulations, no front was initiated but only local
polymerization at the contact point of the soldering iron occurred. The polymers produced by
TEGDVE-containing formulations were dark brown in color, soft, and flexible; those produced
by DVE-1,4-containing formulations were lighter brown or orange; and less flexible. In DVE-
1,4-containing polymers, a sharp decrease in flexibility was noted as the amount of vinyl ether
was increased.

The front velocity increased monotonically with increasing fractions of DVE-1,4
to TMPTE, to a maximum front velocity of 26.3 cm min™ at 75 wt% DVE-1,4 as shown in
Figure 2.2. Front velocity increased sharply in DVE-1,4 formulations as a function of the amount
of vinyl ether. In the same comparison, TEGDVE caused a small (1 cm mint) decrease in front
velocity at 25 wt% compared but once again increased as the amount of vinyl ether increased in
the formulation to a maximum of 29.2 cm min* at 75 wt% TEGDVE. The fraction of vinyl ether
was limited to 75 wt% due to solubility issues initially encountered with 10C-8 and pure vinyl

ether.
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Figure 2.2. Front velocities for all front-supporting vinyl ethers as a function of vinyl ether
percentage by weight, with a constant initiator concentration of 0.50 phr I0C-8 and 1.00 phr
Luperox 231. Error bars are present in each formulation.

The formulations containing BVE-1,4 exhibited a minimal difference in front velocity (0.3 cm
mint) at 25 wt% BVE-1,4, then the front velocity decreased as the amount of vinyl ether
increased in the formulation. Propagating chains in cationic polymerization systems are known
to undergo chain transfer reactions. © BVE-1,4 and EGVE are possible chain transfer agents in
the epoxy system due to the presence of the hydroxyl group. The decrease in front velocity as
the percentage of BVE-1,4 is increased is because the chain transfer reactions from the

propagating chain end to the hydroxyl group of the monomer terminates the chain and results in

the quenching of the front. In addition, there was observed boiling of the BVE-1,4 monomer as

12



the front propagated which will give a lower front velocity. According to the supplier, the boiling
point of BVE-1,4 is 95 °C at 20 mmHg, and the boiling point at atmospheric pressure is
unknown. The hypothesis for the inability for EGVE-containing systems to support a front is the
chain transfer reactions, as there was no observed boiling of the monomer.

An increase of maximum front temperature was seen with increasing vinyl ether content
and increasing concentration of IOC-8. As shown in Figure 2.3, at the constant concentration of
initiators seen above (0.50 phr 10C-8 and 1.00 phr Luperox 231), for both DVE-1,4 and
TEGDVE the front temperature increased as the percentage of the vinyl ether increased. The
TEGDVE formulations experienced greater differences in front temperature than DVE-1,4
formulations. Inversely, formulations with BVE-1,4 showed a decrease in front temperature as
the amount of vinyl ether increased, due to heat loss from the monomer boiling. The decrease in

front temperature is consistent with the decrease in front velocity seen in these fronts.
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Figure 2.3. Maximum front temperature recorded for front-supporting vinyl ethers with constant
initiator concentrations of 0.50 phr IOC-8 and 1.00 phr Luperox 231 as a function of vinyl ether
percentage by weight.

In addition to increases in vinyl ether content, increases in IOC-8 concentration while keeping
Luperox 231 concentration constant showed an overall increase in maximum front temperature.
This is consistent with the increases in front velocity as IOC-8 concentration increased. An
example of such is shown below in Figure 2.4 with 50 wt% DVE-1,4. Temperatures plateaued
around 300°C at all percentages of vinyl ether. Formulations containing 75 wt% DVE-1,4 had

higher maximum front temperatures with lower concentrations of 10C-8 compared to the other

vinyl ether percentages and experienced the smallest difference as the IOC-8 concentration
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increased. No discernable trend in temperature was seen with increasing Luperox 231

concentration.
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Figure 2.4. Maximum front temperatures observed for formulations of 50 wt% DVE-1,4 and 50
wt% TMPTE with constant Luperox 231 concentrations in legend, shown as a function of 10C-8
concentration.

2.4. Kinetic Effects of Initiators in RICFP with Vinyl Ethers

In typical frontal polymerizations, increasing initiator concentrations have been shown to
increase front velocities. " 1% 23 73 Studies have shown the same dependencies in RICFP. %4 ¢

Concentrations of initiators were varied in formulations containing a ratio of 25-100 wt%

TMPTE and 0-75 wt% DVE-1,4. A range of 0.50, 1.00 and 1.50 phr was studied for both 10C-8
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and Luperox 231 with initiator ratios ranging from 1:3 to 3:1. The physical properties, other than
a darker color with increasing 10C-8 shown in Figure 2.5, did not visibly change with variations

in initiator concentrations.

Figure 2.5. Range of colors seen for DVE-1,4-containing formulations. (a-c) show increases in
I0C-8 concentration from 0.5 to 1.5 phr for 50 wt% DVE-1,4. (d-g) are formulations with 1.5
phr I0OC-8 and Luperox 231 and increasing vinyl ether percentages.

As the concentration of both initiators increased in formulations, the front velocity increased for
both vinyl ether systems. This is to be expected with regards to previous literature. 754 5°

The kinetic effects of each initiator on the front velocity were also studied. It was found
that, similar to results seen by Bomze et al. for RICFP-cured epoxy resins, > the concentration of
10C-8 has a larger effect on front velocity at all vinyl ether percentages than the concentration of
Luperox 231, which can be seen in Figure 2.6. Increases in 0.50 phr increments of 10C-8 showed
average increases of 29-36 % in front velocity while the equivalent increments in Luperox 231

concentration resulted in average increases of 14-17 % in front velocity.
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Figure 2.6. Front velocities versus Luperox 231 and 10C-8 concentrations from 0.5 to 1.5 phr,
increasing on the bottom left axis from right to left for Luperox 231 and on the bottom right axis
from left to right for IOC-8. Shown in increasing vinyl ether content from (a) to (d) with a

maximum of 75 wt% DVE-1 4.

2.5. Pot Life of RICFP Samples
Since FP is carried out with one-pot formulations, pot life is a crucial parameter for formulations

to be developed into commercial materials but also to maintain the possibility of FP over time.
Thus, the pot life of the vinyl ether/epoxy formulations were studied. It was seen that samples

would remain in the dark unreacted for months, with increasing vinyl ether content generally
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reducing the time for spontaneous curing to occur. At room temperature, samples containing a
high percentage of DVE-1,4 were found to suffer from pot life issues. Samples with pure DVE-
1,4 and both 0.5 phr I0C-8 and 1.0 phr Luperox 231 would violently react within hours
regardless of light exposure. Increasing the IOC-8 and Luperox 231 concentrations to 1.50 phr
with DVE-1,4 resulted in a pot life of approximately 2 hours which resulted in a violent,
exothermic polymerization of a dark, brittle material. Other formulations containing different
concentrations of IOC-8 and Luperox 231 with pure DVE-1,4 all reacted at room temperature
with stirring in less than 24 hours, even if stored in the dark. However, formulations containing
at least 25 wt% TMPTE had a much longer pot life ranging from approximately 2 to 3 months.

At 90% DVE-1,4 and 10% TMPTE, small gel-like particles would be formed rapidly
after dissolution of I0OC-8 but remain stable up to approximately 60 days. The formation of small
particles was more pronounced in those solutions containing 1.50 phr 10C-8. Solid 10C-8 was
found to be only mildly soluble in vinyl ether, which presents issues of homogeneity at higher
concentrations of superacid generator.

Inhibitors are frequently added to commercial monomers to prevent curing of the product
from exposure to light or heat. Some vinyl ethers are shipped with added KOH as an inhibitor.
Addition of 0.5 wt% KOH was found to increase the pot life to just under a week for pure DVE-
1,4 with I0OC-8 and Luperox 231 present.

To study the pot life with front kinetics on an accelerated time scale, solutions were
placed into an oven at 50 °C. Initially, samples containing 0.5 phr IOC-8 and 1.0 phr Luperox
231 of 50 wt% TMPTE/50 wt% TEGDVE or 25 wt% TEGDVE/75 wt% TMPTE would react
overnight in the oven, even with their long pot lives at room temperature. With the promising

results of KOH addition with DVE-1,4 samples, 0.1 wt% KOH was added to the 50 wt%
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TEGDVE/50 wt% TMPTE sample, but it still reacted overnight. Instead of KOH, 300 ppm 4-
methoxyphenol (MeHQ), an inhibitor of free-radicals, was added to the 50 wt% TEGDVE/50
wt% TMPTE formulation which successfully stabilized the sample in the oven unlike KOH.
The addition of MeHQ does reduce the initial front velocity of the 50/50 formulation (11.5 cm
min’t without and 7 cm min with), highlighting the tradeoff of front velocity for increased pot
life. Since the MeHQ was found to enhance the pot life through radical inhibition, similar
samples were tested in the oven without Luperox 231 and MeHQ, with Luperox 231 being the
primary radical source, and the formulation still polymerized after 3 days, indicating there is
decomposition of 10C-8 resulting in the initiation of cationic polymerization. Samples with no
I0C-8 would not polymerize. Additionally, samples containing no vinyl ether and only epoxy
with the initiators and no MeHQ had pot lives of at least 35 days, indicating the vinyl ether
reactivity is playing a significant role in the pot life. The viscosity over time was studied using a
Brookfield viscometer in Figure 2.7, to displaying the spontaneous polymerization occurring

slowly over time through an increase in viscosity.
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Figure 2.7. Viscosity over time of a 50 wt% TEGDVE/50 wt% TMPTE sample with 0.5 phr
IOC-8 and 1 phr Luperox 231 with 300 ppm MeHQ kept in an oven at 50 °C.

The front velocity of samples containing MeHQ in the accelerated pot life study are shown in

Figure 2.8 for 50 wt% TEGDVE/50 wt% TMPTE and Figure 2.9 for 100% TMPTE. It is shown

that for both samples with and without vinyl ether, the front velocity decreases over time, likely

due to the decomposition of the Luperox 231 and subsequent inhibition of radicals that would

support decomposition of 10C-8.
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Figure 2.8. Front velocity over time of 50 wt% TEGDVE/50 wt% TMPTE with 0.5 phr IOC-8
and 1 phr Luperox 231 and 300 ppm MeHQ kept in an oven at 50 °C.
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Figure 2.9. Front velocity over time of TMPTE with 0.5 phr 10C-8 and 1 phr Luperox 231 and
300 ppm MeHQ kept in an oven at 50 °C.

2.6. Fast Fronts with Pure Vinyl Ethers

Despite the inhomogeneity of small particles present in pure DVE-1,4 solutions as described
above, fronts were achieved with adding 0.50 phr and 1 phr 10C-8, with 1 phr Luperox 231 in
each formulation. An average front velocity of 74.5 cm/min was observed for both these
formulations.

Fronts with pure TEGDVE were also attempted. This monomer also suffered the same
issues in pot life as DVE-1,4, which could be remedied through the addition of 3000 ppm MeHQ
allowing for dissolution via sonication of the IOC-8 in TEGDVE. However, it was found that
I0C-8 was readily soluble (approximately 1:1 by weight) in propylene carbonate, an inert aprotic

solvent with a boiling point of 242 °C. This allowed for the addition of a predissolved solution of
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IOC-8 in propylene carbonate to the vinyl ether to rapidly prepare samples and reduce risk of
spontaneous polymerization which occasionally occurred with IOC-8 dissolution into TEGDVE,
even with MeHQ. The propylene carbonate will not interact with the propagation, and the high
boiling point lessens the risk of heat loss to vaporization. There still exists an issue with the short
pot life with this method but the timescale of sample preparation is much shorter.

Formulations with either 1 phr I0C-8 and 1 phr Luperox 231 or 2 phr IOC-8 and 2 phr
Luperox 231 were carried out with TEGDVE. These had very fast front velocities of 110 cm
mint and 256 cm min‘t, however there was a large volume of fumes during FP that blocked
visibility of the front propagating. So, the values above were calculated by dividing the total
length of the uncured resin by the time for the front to propagate through the material. This is
different to the typical method for determining front velocity by taking the slope of front position
over time. One possibility to still observe the front is by using a thermal camera, however this
would likely capture the temperature of the fumes produced by the reaction. Instead, the fronts
were carried out as normal but with air from a hose in the fume hood blowing over the mold to
blow away most of the fumes so that the front is visible. This led to a much slower front (55 cm
mint and 105 cm min for 1 and 2 phr of the initiators, respectively) due to the cooling of the
polymerization, but it allowed for viewing of the front propagation and calculation of front
velocity via the slope of position versus time. The front velocities for these TEGDVE
experiments are shown in Figure 2.10 for individual samples. In both pure TEGDVE and DVE-
1,4 formulations, the resulting materials are weak and not ideal for practical applications. This
could be improved with addition of fillers, but regardless the possibility of extremely fast fronts

would widen the scope of applications that need rapid cure times.
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Figure 2.10. Front with pure TEGDVE formulations containing either 1 phr 10C-8 and 1 phr
Luperox 231 or 2 phr 10C-8 and 2 phr Luperox 231. Formulations that were air cooled had air
blowing over them with a hose to better witness front propagation.

2.7. Conversion of Epoxy-Vinyl Ether Polymers Produced via RICFP and Determination of
Copolymerization

Due to the resulting thermoset materials with the studied monomers, the available
characterization methods are limited. The polymers cannot be dissolved for use in nuclear
magnetic resonance, and there are irregularities present such as voids that will affect results from
dynamic mechanical analysis. A major motivator to characterization of the polymer is to
determine whether the monomers are copolymerizing or generating interpenetrating polymer

networks.
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In the literature, there are a few conclusions drawn for epoxy-vinyl ether
copolymerization. First, for the determination of copolymerization versus interpenetrating
polymer networks from separate homopolymers using acrylates and epoxies, it was found that a
minimum would occur in the front velocity when changing the ratio of one monomer to another
when there is no copolymerization. * ™ There is no observed minimum in the increase of vinyl
ether to epoxy for the results shown above. In photopolymerization studies of epoxies and vinyl
ethers, it was concluded that epoxies and vinyl ethers do not copolymerize due to conversion of
protonated vinyl ether species converting to protonated epoxide species which cannot initiate
vinyl ether polymerization. ¢ ® Another study of photopolymerization kinetics reached different
conclusions. In this paper, initially they concluded that there was no copolymerization between
BADGE and TEGDVE initiated by a sulfonium salt due to the difference in each monomers
polymerization profile when mixed. ’” However, with a more reactive cycloaliphatic epoxy and
TEGDVE initiated with a sulfonium salt, they found similar polymerization profiles for the two
monomers and an enhancement of the epoxide cure, which indicated that copolymerization was
occurring. Therefore, the literature seems to give conflicting results on the occurrence of
homopolymerization versus copolymerization.

One of the first attempts at determining copolymerization was to mix high functionality
monomers that would give crosslinked materials, with monofunctional monomers that would
result in linear polymers. If the monomers do not copolymerize, then after placing the polymer
into solvent, the linear polymer should dissolve out leaving the crosslinked polymer.
Dichloromethane (DCM) was used as solvent with two mixtures: 50 wt% TMPTE and 50 wt%
dodecyl vinyl ether, and 50 wt% TEGDVE and 50 wt% p-tert butylphenyl glycidyl ether. With

DCM, it seemed that the crosslinked network was partially dissolving as the polymer in either
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case broke into many different pieces as opposed to just swelling with controls of pure TMPTE
and TEGDVE. This could be due to low conversion of the functional group on the
multifunctional monomer. The polymer consisting of TEGDVE and p-tert-butylphenyl glycidyl
ether had to be filtered after dissolution, and the weight loss was 78.5%. In the case of TMPTE
and dodecyl vinyl ether, 34.7% weight was lost. Unless a solvent which would preferentially
dissolve the linear polymer without affecting the crosslinked network can be found, this method
is unreliable for epoxy-vinyl ether copolymer determination currently.

Infrared spectroscopy (IR) was used to identify the effects of epoxy vinyl ether ratios on
the conversion of the functional groups in RICFP systems. This could potentially give some idea
whether copolymerization is occurring between the epoxy and vinyl ether. Unfortunately, given
the similarity in repeat units of both poly(glycidyl ether) and poly(vinyl ether), which both
produce ethers, IR cannot differentiate between homopolymers and potential copolymers.

In the literature, conversion of epoxy and vinyl ethers during photopolymerization has
been studied. This is done through a few different methods, but mostly by either calculating the
ratio of the area of peaks in the cured and uncured spectra, ’® ® or a ratio of the absorbance value
of peaks in the cured and uncured spectra. “® 77 In this work, the conversion percentage was
calculated as the area of the cured peak divided by the area of the uncured peak, as it seemed
more accurate to include the broadness of the peaks in the calculation. Following similar results
in the literature, the C=C peak centered at ~1618 cm™ was studied for conversion of TEGDVE.
For TMPTE, there are a few peaks which correspond to epoxy ring structural features at ~950-
815 cm* and 880-750 cm™. 7°- 8% The peak centered at 755 cm™ for the epoxy ring was chosen to
study as it did not overlap with any peaks from TEGDVE. The maximum of this peak slightly

shifts from 745 cm™ to 755 cm™ after curing and the left and right bounds for the integration of
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the peak shift by 5 cm™. Spectra for the TMPTE, TEGDVE, and 50 wt% TEGDVE/50 wt%
TMPTE samples are shown below in Figures 2.11, 2.12, and 2.13. The ether peaks from the
monomer structure and repeat unit are prominent in every spectrum at ~1090 cm™. The peak at

~471 cm, which corresponds to fumed silica, is also visible.
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Figure 2.11. IR spectrum from 1800 to 400 cm™ of TMPTE with 1 phr I0C-8 and 1 phr Luperox
231, with 10 wt% fumed silica. The orange spectrum is uncured while the blue spectrum is
cured. The epoxy ring peak at 755 cm™ is highlighted.
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Figure 2.12. IR spectrum from 1800 to 400 cm™ of TEGDVE with 1 phr IOC-8 and 1 phr
Luperox 231, with 10 wt% fumed silica. The orange spectrum is uncured while the blue
spectrum is cured. The vinyl ether peak at 1618 cm™ is highlighted.
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Figure 2.13. IR spectrum from 1800 to 400 cm™ of a 50 wt% TEGDVE/50 wt% TMPTE mixture
with 1 phr IOC-8 and 1 phr Luperox 231, with 10 wt% fumed silica. The orange spectrum is
uncured while the blue spectrum is cured. The epoxy ring peak at 755 cm™ and vinyl ether peak
at 1618 cm™ are highlighted.

Notably, there was a peak at 1715 cm™ that appeared after curing in every spectrum. This is
attributed to acetone that is generated during the decomposition of Luperox 231. Comparing the
spectra of pure Luperox 231, where some small amounts of acetone is expected based on the
smell of the compound, to the cured TEGDVE samples confirms this as shown in Figure 2.14.

Additionally, there was a peak at ~3420 cm™ that appeared in every spectrum but most intensely

for formulations with vinyl ether. This is likely some termination, generating hydroxyl chain
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ends or in the case of TMPTE the -OH chain ends from the initiation of the epoxy by the

superacid. ¢

100

90

80
1

70

o}
i O—1tBu

mmmm | yperox 231 alone 1,1-Bis(tert-butylperoxy)-3,3 5-
[r— Cured TEGDVE trimethylcyclohexane

(Luperox 231, L231)

/\o{'\/o%

Tri(ethylene glycol) divinyl
ether (TEGDVE)

Transmittance [%)]

80
1

50

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 2.14. Spectra of pure Luperox 231 and cured TEGDVE with 1 phr 10C-8 and 1 phr
Luperox 231, where the peak at 1715 cm™ of acetone is visible in the spectra.

Initially, using the polymer sample placed directly resulted in a very low intensity spectrum and
inhomogeneity. Grinding the polymer sample resulted in a more homogeneous sample and
higher intensity, but the baseline of the polymer sample was at a lower transmittance than the
uncured sample and suffered from some drift. This could be due to some inhomogeneity from the
grinding of the polymer. An example of the difference in baselines between the resin and

polymer of TMPTE is shown below in Figure 2.15. Since the conversion is calculated using the
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area of the peaks, the difference in baseline will result in slightly different values than expected.
Baseline correction using a rubber band correction method in OPUS software was used to make
the baselines equal. One other error that may arise when calculating the conversion is the
variance in the intensity of the same sample which could be caused by sample preparation. An
example in Figure 2.16 shows three spectra for equivalent samples of 50 wt% TEGDVE/50 wt%

TMPTE where the intensity of the peaks is shown to differ across the three samples.
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Figure 2.15. Spectra of TMPTE with 1 phr IOC-8 and 1 phr Luperox 231 before baseline
correction. The orange spectrum is the uncured resin, and the blue spectrum is the polymer.

31



100

a0

80
I

1:1 ratio [J

7

Ao Mo A

Trimethylolpropane triglycidyl
ether (TMPTE)

SopOF

Tri(ethylene glycol) divinyl
ether (TEGDVE)

Transmittance [%)]
70
|

50
1

40

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 2.16. Spectra of three equivalent samples of cured 50 wt% TEGDVE/50 wt% TMPTE
with 1 phr IOC-8 and 1 phr Luperox 231 to highlight the difference in peak intensity.

The area under the curves for the spectra of the uncured resin were averaged, and the ratio of the
area of the indicated peaks for the three cured to the average of the uncured area was calculated
as the conversion, which allowed for a standard deviation to be determined for the samples.
OPUS software has an included plugin that integrates the area under the curve of a peak which
was used. The results for conversion and limits of integration are shown in Table 2.1. Conversion
was very similar for pure TMPTE and pure TEGDVE at 78.7% and 77.0%. When mixed 1:1, the
vinyl ether conversion increased by ~10% to 84.7%, with epoxy conversion decreasing

substantially to 57.3%. Decker et al. studied photopolymerizations of TEGDVE and BADGE
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and saw TEGDVE polymerization inhibited BADGE polymerization and reduced epoxy
conversion through rapid crosslinking of vinyl ethers restricting epoxy mobility, reduction of
protons available for epoxy initiation, and preferential reactivity of vinyl ether carbocations with
other vinyl ether carbocations. ’” The reduction in TMPTE conversion when mixed with
TEGDVE seems to support this conclusion by Decker et al.; however, the increase in conversion
of the TEGDVE instead indicates that a catalytic process may be occurring that involves the
interaction of TMPTE and TEGDVE resulting in copolymerization. More studies to confirm the
increase in conversion of TEGDVE are needed, in addition to structural identification of
copolymers of TMPTE and TEGDVE versus homopolymers.

Table 2.1. Results from IR study of conversion with epoxy/vinyl ether resins.

100% TMPTE 787112 772 — 723 (uncured)
767 — 723 (cured)

50% TMPTE, 50% TEGDVE 57.3 + 4.1 (epoxy) 772 — 723 (uncured)
767 — 723 (cured)

84.7 £ 2.3 (vinyl ether) 1703 — 15662

100% TEGDVE 77.0+£1.2 1703 — 1566
3A baseline point of 1836 cm™ was used with cured vinyl ether samples.

Thermal analysis was attempted for polymer samples containing BADGE and DVE-1,4 both as
separate homopolymers and varying ratios of the two monomers. The hypothesis was that if
copolymerization was occurring, one glass transition temperature would be present in a mixture
as an average of the two homopolymers, while interpenetrating polymer networks would instead
give two separate Tg. BADGE was chosen, as the rigid structure of the monomer was
hypothesized to produce a much higher glass transition temperature than DVE-1,4, which would
allow for easier determination of copolymerization. A strong glass transition peak in the DSC

curve was observed for BADGE at ~105 °C, with a weak step change for the 1:1 mixture at ~71
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°C and finally a broad, weak change observed in the pure DVE-1,4 sample centered around 73

°C. The DSC curves for DVE-1,4 are shown in Figure 2.17 and the 100% DVE-1,4, 100%

BADGE, and 50/50 systems in Figure 2.18. A heating rate of 20 °C min™ was chosen for the

DVE-1,4 sample as it gave a stronger signal than 10 °C min™.
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Figure 2.17. DSC curves of a polymerized 100% DVE-1,4 sample with 0.5 phr IOC-8 and 1.0
phr Luperox 231 with 10 wt% fumed silica, with increasing heating rates from 10 °C min™ to 25

°C min™.
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Figure 2.18. DSC curves of polymerized 100% DVE-1,4, 100% BADGE, and 50 wt%
BADGE/50 wt% DVE-1,4 samples with 0.5 phr I0C-8 and 1.0 phr Luperox 231 with 10 wt%
fumed silica, with a heating rate of 20 °C min™* for the 100% DVE-1,4 sample, and 10 °C min™
for the 100% BADGE and 50 wt% BADGE/50 wt% DVE-1,4 samples.

The results obtained from DSC were inconclusive in determining any presence of
copolymerization between vinyl ether and epoxy monomers in RICFP, due to the weak and low
temperature shift observed for the system containing both polymerized monomers. It was
hypothesized that copolymerization would reveal itself through an average of the glass transition
shifts appearing, while non-interactions between monomers or an interpenetrating polymer
network of two homopolymers would be present as two separate glass transitions for the system.
Even observing DSC curves of increasing wt% of DVE-1,4 below in Figure 2.19 shows that the

glass transition appears to decrease to a near equivalent amount with mixtures. The

homopolymers have higher glass transitions. This could be a result of increased chain mobility
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due to a lack of crosslinking between the vinyl ether and epoxy groups.

crosslinking with the homopolymers.

There may be more
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Figure 2.19. DSC curves of polymerized samples of differing ratios of BADGE:DVE-1,4 with
0.5 phr 10C-8 and 1.0 phr Luperox 231 with 10 wt% fumed silica, with a heating rate of 20 °C
min! for the 100% DVE-1,4 sample and 10 °C min* for all other samples.

With regards to front Kinetics, it has previously been shown that binary independent monomer

systems in FP can exhibit a convex curve of front velocity with a minimum value as a function of

monomer content due to dilution of one monomer system by the other. ”* " It is hypothesized

that as the front velocity increases in vinyl ether and epoxy systems with increase of vinyl ether,

that the monomers are not reacting independently but instead copolymerizing. However, the

systems used by Pojman et al. utilized polymerized via free-radical and cationic mechanisms,

while the RICFP systems in this work instead operate under identical cationic mechanisms.
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For photopolymerization systems containing vinyl ethers and aromatic epoxides,
arguments have been made against copolymerization, mostly on the basis of oxonium stability. %
76,77 1t has been proposed that due to the higher stability of oxonium ions in comparison to
alkoxycarbenium ions, vinyl ethers would preferentially react with the carbenium ions formed
from initiation of the vinyl ether monomer, leading to independent polymers. Rajaraman et al. 48
argue this is due to an equilibrium existing between alkoxycarbenium ions and oxonium ions,
which are formed from interactions between carbenium ions and epoxide monomers. However, it
is believed that the same arguments cannot be made for the RICFP system, as the
photopolymerization studies are based on systems that polymerize at room temperature rather
than high temperatures seen in RICFP. The high temperatures could affect the equilibrium
explained above. For the studies of conversion in TMPTE and TEGDVE systems presented in
this dissertation, a reduction in conversion of TMPTE when the monomers are mixed seems to
indicate no copolymerization, though the increase of TEGDVE conversion indicates otherwise.
2.8. Effects of Functionality in RICFP Systems
The kinetic effects of functionality in acrylate-based free-radical FP systems have been
previously published. 2’ It was found that in formulations with increasing functionality of
monomers, the front velocity increased. This was attributed to the gel effect, where rapidly
increasing crosslinking density leads to a reduction in radical termination rates causing an
increase in polymerization rate. To mimic this for cationic FP, three epoxy monomers were
chosen which had nearly identical equivalent molecular weight per functional group, so that the
specific heat release per gram was not the cause of any kinetic effects. Tetrafunctional epoxies
are not commercially available, so this study was limited to trifunctional monomers at most.

Results did not follow the same trend seen in free-radical FP. Instead, there existed a maximum
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with difunctional 1,4-butanediol diglycidyl ether (DGE), shown in Figure 2.20. As a comparison
of another difunctional monomer, DER 332, a bisphenol A diglycidyl ether based resin, has a
50% higher equivalent molecular weight per functional group, which is the likely cause of its
much lower front velocity than DGE; in addition, the initiator loading for DER 332 was half that

of the other monomers, which could be a cause for the reduction.
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Figure 2.20. Front velocity and temperature for different glycidyl ether monomers with 2 phr
10C-8 and 2 phr Luperox 231 with 10 wt% fumed silica added.

One possible variable that could be affecting these results is the concentration of epoxy groups in
the formulation. While the equivalent molecular weight per functional group is nearly identical
for monofunctional ethyl glycidyl ether (EGE), DGE, and TMPTE, the concentration of epoxy

groups is different mostly due to density differences. Using equation 1, the concentration of
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epoxy groups in molarity can be calculated and are tabulated in Table 2.2. It is seen that the
concentration of epoxy groups goes down as the functionality decreases. This still unfortunately
does not explain the trend seen with the comparison of front velocities of the monomers. The
epoxy group concentration can be equalized by dilution of the monomer. Propylene carbonate
was chosen to dilute the monomers as it is inert to cationic systems and has a high boiling point.
After dilution of the monomers to equal epoxy concentrations based on the epoxy group
concentration of EGE, it was found in Figure 2.21 that the front velocity increases with
increasing functionality, much like free-radical FP.

Density x MW x 1000 = Mepoxy Equation 2.1

Table 2.2. Density, molecular weight per functional group, concentration of epoxy groups for
different monomers, and wt% propylene carbonate added to equalize concentration.

TMPTE 1.16 100.8 115 25.7
DGE 1.10 101.1 10.9 19.9
EGE 0.90 (20°C)  102.1 9.2 -
DER 332 1.16 170.2 6.82 -
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Figure 2.21. Front velocity and temperature of glycidyl ether monomers with increasing
functionality that have been diluted to equal epoxy group concentrations using propylene
carbonate, with 2 phr I0C-8 and 2 phr Luperox 231.

It is possible that crosslink density is affecting the front velocity. In photopolymerizations of
epoxies, it has been shown that increasing crosslink density results in lower polymerization rate
due to lower active center mobility that are responsible for propagation. & Just based on
functionality, in the neat fronts difunctional DGE would have a lower crosslink density than
TMPTE and the maximum in front velocity was with DGE. This changed with dilution, where
potentially the crosslink density of TMPTE was lower than DGE even though the concentration
of epoxy groups was equalized which led to the maximum front velocity of TMPTE. Outside of
this hypothesis, it is not certain the cause of these results in functionality. For

photopolymerization of epoxies, the rate of termination is so low that cationic centers are thought
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to be non-terminating. 828 Instead, the main mechanism of termination is chain transfer events
to water or other impurities. 8 This is unlike free-radical polymerization, and thus the gel effect
argument is not entirely analogous for cationic FP.
2.9. Conclusions and Future Outlooks
The radical-induced cationic frontal polymerization of vinyl ethers added to epoxies was studied.
Using four separate vinyl ethers of varying structure with an epoxy (TMPTE) and through use of
a superacid generator (I0C-8) with a radical thermal initiator (Luperox 231), a front was
supported in three out of four vinyl ethers: BVE-1,4, DVE-1,4 and TEGDVE. With increasing
increments of DVE-1,4 to epoxy, large increases in front velocity and front temperature were
seen. The same trend occurred for TEGDVE, with an initial unexplained drop in front velocity at
25 wt%. Formulations with BVE-1,4 and EGVE, both hydroxy-functionalized monovinyl ethers,
were unsuccessful in increasing the front velocity. BVE-1,4 reduced the front velocity with
increasing addition, while EGVE did not support a front at any percentage. This is due to chain
transfer to the hydroxyl for both monomers, and in the case of BVE-1,4, boiling also occurred
which contributes to heat loss. TEGDVE-containing formulations produced soft and flexible
materials, while DVE-1,4 formulations instead produced rigid materials at higher vinyl ether
percentage.

The effects of the initiators on the front kinetics was studied with DVE-1,4 and TMPTE.
It was found that IOC-8 had a larger effect on the front velocity than Luperox 231. This is
hypothesized to be due to the I0C-8 being the generator of the superacid initiating species, while
Luperox 231 exists to only decompose the iodonium salt into radical species that are reduced to

the superacid.
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Formulations containing pure DVE-1,4 successfully support a very fast front, but had a
very short pot life in comparison to formulations containing at least 25% epoxy, experienced
solubility issues with IOC-8, and presented inhomogeneity in the solution. Initially, a solution to
these issues with pure TEGDVE was to add MeHQ, a radical inhibitor, which appeared to
lengthen the pot life. A better solution was found by using propylene carbonate to dissolve the
IOC-8 ina 1:1 ratio before adding to the monomer which allowed enough time to work with the
resin. With 1 phr 10C-8 and 1 phr Luperox or 2 phr IOC-8 and 2 phr Luperox, extremely fast
front velocities of 110 cm min™ and 256 cm min™* were found for TEGDVE. The materials
produced from pure TEGDVE and DVE-1,4 are weak and impractical for applications. However,
an optimal selection of fillers or addition of small amounts of another monomer could possibly
strengthen these polymers.

Pot life of the formulations was also studied. It was found that even 10 wt% TMPTE
added to DVE-1,4 resulted in a much longer pot life than pure DVE-1,4 which only would set at
room temperature for a few hours before polymerizing violently. Addition of 0.5 wt% KOH
increased this pot life to a little under a week. To instead study the pot life on an accelerated time
scale, formulations were placed in an oven at 50 °C. Samples of TMPTE and TEGDVE were
polymerizing overnight, but with addition of 300 ppm MeHQ the polymerization was inhibited.
The addition of MeHQ increases the pot life at the cost of the reduction of front velocity.
Formulations of 50 wt% TEGDVE/50 wt% TMPTE were studied up to 66 days and formulations
of pure TMPTE were studied for 61 days where it was found that the front velocity decreases by
approximately 42 % and 47 %, respectively. This is due to the generation of radicals by Luperox
231 and subsequent inhibition of the radicals by MeHQ, which then cannot decompose the 10C-

8 to generate superacid. Formulations of TMPTE with no MeHQ did have a pot life of 35 days,
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indicating the vinyl ether reactivity is partly responsible for the short pot life. Additionally, it
was found that samples of 50 wt% TEGDVE/50 wt% TMPTE would react after 3 days without
Luperox 231 and MeHQ and only 10C-8.

Studies to discern copolymerization of the resulting polymer using mixtures of linear and
crosslinked epoxy-vinyl ether systems were unsuccessful, and studies with DSC were
inconclusive in determining copolymerization. However, IR spectroscopy to determine
conversion of the epoxy and vinyl ether groups showed a decrease in epoxy conversion from
78.7 % with only TMPTE to 57.3 % when mixed 1:1 with TEGDVE. Combined with reports in
the literature of cationic epoxy-vinyl ether photopolymerization, this initially suggests that the
two monomers are not copolymerizing. But there was also an increase of conversion of
TEGDVE when mixed 1:1 with TMPTE, which indicates otherwise.

Regarding future outlooks for the addition of vinyl ethers to epoxies in radical-induced
cationic frontal polymerization, detailed study into the variables affecting pot lives of these
systems needs to be carried out. Initiator concentration, reactivity of the monomer, ambient
temperature, and inhibitor choice and loading will all affect the pot life, and their study can
optimize formulations especially in the case of practical applications. Analysis of mechanical
properties and thermal properties of polymers produced by RICFP of vinyl ethers and epoxies
will also be useful in optimization. Detailed analysis of monomer conversion and structural
characterization to determine the presence of copolymerization is needed. Finally, the effects of
the monomer functionality on front Kinetics was studied, but requires more investigation to

determine the mechanisms and causes of the results that were observed with thermal cationic FP.
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CHAPTER 3. SYNTHESIS OF NOVEL VINYL ETHERS FOR FP

There are not many commercially available vinyl ethers. Moreover, vinyl ethers with greater
than difunctionality are not available which makes direct comparisons of functionality and
investigations of increasing crosslink density impossible. Therefore, there is an advantage to
synthesize novel vinyl ethers that contain high functionality or other interesting structure-
property relationships.

3.1. Solid Vinyl Ethers Based on Urethanes

The first attempt at synthesis of novel vinyl ethers was a solid vinyl ether based on urethane
chemistry. Urethanes are formed from the alcoholysis of isocyanates. 6% 8 Solid monomers for
FP could be useful for powder coatings, but there exists a major issue that the endothermic
melting process can hinder front propagation through heat loss. A diisocyanate, 4,4’-
methylenebis-(phenyl isocyanate) (MBPDI), a flaky white solid, was mixed with 1,4-butanediol
vinyl ether (BVE-1,4) in a 1:2 molar ratio (MBPDI:BVE-1,4) in acetone. MBPDI was chosen so
that the monomer produced by the reaction would give a crosslinked system rather than linear
polymers that would be produced if the vinyl ether product was monofunctional. BVE-1,4 was in

excess as it only has 1 hydroxyl group. The overall reaction is shown in Figure 3.1.
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Figure 3.1. Reaction of BVE-1,4 with MBPDI to produce solid vinyl ether, DVE-BDU.

Upon mixing, there was some visible precipitation, likely to be the dissolved MBPDI, but the
solution stayed light yellow with stirring. After ~30 minutes, there was sudden precipitation of a
pale-yellow material. The material was extracted, and vacuum filtration was used to pull most of
the acetone off, which left a white powder with a yield of ~84%. The product was analyzed using
IR, which confirmed that urethane peaks were formed, and the hydroxyl groups of the vinyl ether

reacted with the isocyanate. The IR spectra for the reagents and product is shown in Figure 3.2.
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Figure 3.2. Combined IR spectra of MBDPI (red), BVE-1,4 (blue), and DVE-BDU (pink).
The most telling peak to confirm the product is the disappearance of the large peak around ~2200
cmt in the diisocyanate spectrum, which corresponds to the -N=C=0 group. The peak is almost
completely gone in the product spectrum, meaning the -N=C=0 group has been converted to a
urethane. Another peak associated with the urethane group is the sharp peak around ~3300 cm™
in the product spectrum, which corresponds to an -NH that is present in the product but not the
diisocyanate. Likewise, the disappearance of the broad peak in the hydroxy vinyl ether spectrum
at ~3300 cm indicates conversion of the hydroxyl groups to a urethane.

A liquid diisocyanate, isophorone diisocyanate, was also mixed with BVE-1,4. The liquid

reagents were miscible, but nothing occurred as far as color changes or an exotherm upon
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addition and stirring unlike the previous reaction. The solution stayed clear, even with external
heating up to 70°C. The physical observations of this reaction including a lack of precipitate
concluded no product was formed.

Another attempted synthesis of a solid vinyl ether was based on EGVE. Synthesis of this
divinyl ether was very similar to the BVE-1,4-based vinyl ether. The overall reaction is shown in
Figure 3.3. A 2:1 molar ratio of EGVE to MBPDI was used to balance out the functionality of
the two reagents. To make the vinyl ether with initiators already integrated, approximately 2 phr
IOC and 3 phr L231 was added to a solution of liquid EGVE. An appropriate amount of MBPDI
(to achieve the 2:1 ratio) was dissolved in nearly double its mass in acetone. With stirring, the
MBPDI solution was added to the EGVE solution. An immediate exothermic reaction occurred,
with the solution bubbling for a couple seconds before settling down. The solution, originally
yellow, also turned orange. Within 5 minutes an off-white solid was formed. The solid was left

in a Buchner funnel overnight to eliminate all solvent. A yield of 64% was obtained.

2 HO/\O/\

EGVE
+
O:C:NN:C:O
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. ° °
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DVE-EDU

Figure 3.3. Synthesis of DVE-EDU by reaction of EGDVE and MBPDI.
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Like the other solid vinyl ether, IR was used to confirm the product. The IR spectrum for the
DVE-EDU product is shown below in Figure 3.4. This spectrum is similar to the one shown for
the DVE-BDU, as expected. Similarly, the appearance of a sharp amine peak at ~3300 cm™ in
the spectrum with the absence of any broad -OH peaks or -N=C=0 peaks at ~3500 cm™* and
~2200 cm™, respectively, confirm the product was formed. The near complete absence of the -
N=C=0 peak may also indicate that the purity is adequate and minimal amounts of unreacted

isocyanate remain.
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Figure 3.4. IR spectrum of DVE-EDU product from reaction of EGVE and MBPDI.

48



There was also an attempt to synthesize DVE-BDU with the initiator system already integrated.
Following a similar synthesis method, the diisocyanate was dissolved in acetone and added to a
solution of excess BVE-1,4 that contained approximately 1.0 phr 10C-8 and 2.0 phr Luperox
231. The 10C-8 readily dissolved with stirring. A reaction visibly occurred as the solution turned
from a pale-yellow solution to orange with some moderate bubbling after about 5 minutes. The
solution was placed on ice to suppress thermal decomposition of the Luperox 231 and after 10
minutes more of stirring, a white solid formed rather suddenly, like before. Vacuum filtration
was used to pull off the acetone from the solid and what resulted was a white powder much like
the pure DVE-BDU synthesized before. However, the potential issue is that the exothermic
reaction that occurred caused the Luperox 231 to completely decompose, rendering it useless.

Frontal polymerization of these solid vinyl ethers was attempted. Three formulations
were used: first, DVE-BDU with the initiator system added during synthesis as above. The next
formulation contained DVE-BDU but the solid was dissolved in acetone and 1 phr IOC-8 and 10
phr Luperox 231 were added while in solution, then the solvent was evaporated. Both
formulations did not support a front but did polymerize locally with heat after melting of the
solid. The confirmation of polymerization was shown by heating the solid vinyl ether with
absence of initiator, which did not result in any change. Additionally, I0C-8 and Luperox 231
were mixed with the DVE-BDU as a powder instead of in solution in acetone as above—it
polymerized but also did not support a front. The final formulation contained DVE-EDU as
described above. This formulation melted to form a brown liquid which then hardened upon
cooling. It is likely that this material polymerized given the color and property changes.

A MelTemp device was used to analyze the melting points of DVE-BDU, the DVE-BDU

that was synthesized with initiator, and DVE-EDU. For fronts with solid monomer, it is
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important to have a low melting point so that less heat loss occurs from melting of the solid. It
was found that the melting point of DVE-BDU without initiator was a wide range, where the
appearance of a phase change started around 150 °C, and the solid had completely melted at 219
°C. This shows some impurity in the solid, likely being unreacted vinyl ether, as the diisocyanate
was the limiting reagent. The DVE-BDU with initiator had a narrower melting point of 102.9-
105 °C, as did the DVE-EDU, which had a melting point of 126.8-129.4 °C. The hypothesis for
the lower melting point of the DVE-BDU with initiator is perhaps the initiator also acts as an
impurity which lowers the melting point. This analysis shows how low of a temperature is
required for the localized reaction zone during FP to melt the material ahead of it.

Finally, as an attempt to initiate FP with these monomers, DVE-BDU and DVE-EDU,
both with initiator added during synthesis, were packed into a test tube and heated using a
soldering iron. This did not support a front and only localized reactions occurred in both cases.
DVE-BDU with initiator that was integrated during synthesis was added to TMPTE to act as a
reactive filler. ~40 wt% DVE-BDU was added to TMPTE and mixed to form a slightly viscous,
but spreadable material. This mixture did not support a front. The material only lowered in
viscosity with heat and polymerized around the soldering iron tip. Addition of another ~1 phr
IOC-8 and Luperox 231 was added to this solution and mixed. Addition of 1 wt% fumed silica to
this to increase viscosity gave the same localized polymerization as before. Using a heat gun on
the surface of the material formed a brown, weak, but very flexible film, only on the surface.
Another 2 wt% fumed silica was added to the remaining unpolymerized solution until it became
viscous—this also did not support a front and produced the same brown film when a heat gun

was used.
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One possibility for why FP with these materials is unsuccessful is that there is boiling
once the solid melts due to the soldering iron. There is also boiling when the TMPTE was added
along with fumed silica. Perhaps more initiator needs to be added or integrated into the solids. It
could be very possible that decomposition of the Luperox 231 is occurring with the exothermic
isocyanate-hydroxyl reaction, though the solid vinyl ethers will polymerize locally without
adding additional Luperox 231. It also could be possible that the exotherm from the initial
reaction is not sufficient to melt the solid ahead of the localized reaction zone. Another
explanation for the suppression of FP is the urea group of the urethane linkage interfering with
the cationic polymerization. The urea group is basic and could be neutralizing the acid formed
from 10C-8 decomposition. Regardless, to form solid vinyl ethers in the future, different
reagents must be chosen that are compatible with cationic polymerization.

3.2. High Boiling Point Vinyl Ethers Based on Esterification of Carboxylic and Fatty Acids
Propagating fronts can be quenched by boiling of monomer, as it leads to heat loss in the system.
This is evident in the previously mentioned studies of hydroxy-functionalized vinyl ethers, which
had lower boiling points than the studied divinyl ethers and resulted in decreasing front velocities
and temperatures as they were increasingly added to epoxies. Therefore, synthesis of a
monofunctional vinyl ether based on fatty acids was attempted as a means of increasing the
boiling point of these monomers. This synthesis followed a Steglich esterification reaction
shown below in Figure 3.5, where the hydroxy functionalized vinyl ether reacts with oleic acid
and dicyclohexylcarbodiimide (DCC) with 4-dimethylaminopyridine (DMAP) as a catalyst.

Using oleic acid results in a liquid product due to the unsaturation or the long aliphatic chain.
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Figure 3.5. Synthesis of vinyl ether (OAVE) through esterification, based on oleic acid and
BVE-14.

In a flask, 1 equivalent of BVE-1,4 was dissolved in chloroform, then 1 equivalent oleic acid
(OA) was added along with 1.1 equivalents of DCC. After 5 minutes, a stable intermediate
would form. 0.1 equivalents of 4-dimethylaminopyridine (DMAP) was then added as a catalyst.
The reaction was left to stir overnight where a white solid had precipitated. The solid, a urea
byproduct, was filtered off and the aqueous layer was extracted with chloroform and remaining
organic layer was washed with saturated NaHCO3 twice to remove acid, then saturated NaCl
once to remove water. It was dried over MgSQO4 to remove any remaining water. The remaining
solvent was evaporated off with a rotovap.

FP of the product after extraction, a viscous yellow liquid, was attempted with 1 phr IOC-
8 and 1 phr Luperox 231. The 10C-8 dissolved readily in the liquid. Polymerization was first
tested of the liquid monomer using a heat gun, where the yellow solution turned black and
slightly more viscous after boiling. The boiling was likely to be leftover solvent. FP was

attempted with fumed silica added to make a viscous putty, but no visible front was observed. A
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control sample with equivalent initiator amounts but 50/50 BVE-1,4 and oleic acid was then
tested to confirm that the product was formed. Upon heating this sample, a similar product, a
brown viscous liquid, was observed.

Fronts of 50/50 TMPTE/OAVE, 50/50 TEGDVE/OAVE and 80/20 TEGDVE/OAVE
were attempted with no success. These were all formulations with 1 phr of both IOC-8 and
Luperox 231. It may be possible that OAVE must be added in small amounts as a flexibility
promoter rather than a monomer all its own, since it has almost triple the equivalent weight per
vinyl ether group as TEGDVE, which will lead to lower reactivity. Basic impurities such as
DMAP or the urea byproduct could be inhibiting the cationic polymerization and not allowing a
front to propagate. The product was dissolved in cold ethyl acetate to extract any remaining urea
byproduct, but this did not result in any additional precipitation. There could also be an inherent
flaw with the monomer such as low heat production, but a system of 80/20 TEGDVE/OAVE
also would not support a front. This problem warrants more investigation as a high ratio of
TEGDVE would be expected to still support FP unless the OAVE was actively inhibiting
cationic polymerization.

Analysis of the pure OAVE, the polymerized OAVE, and the control sample of BVE-1,4

with oleic acid with IR gave the following spectra in Figure 3.6.
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Figure 3.6. Spectra of OAVE, polymerized OAVE, and a control of BVE-1,4 with oleic acid.
The spectra seem very similar save for the broad -OH peak shown in the BVE-1,4/oleic acid
control sample that was to be expected due to the hydroxy functionalization of BVE-1,4, and a
sharp peak in the unpolymerized OAVE at ~2100 cm™. It is not certain what structural feature is
shown by this peak. Typically in this range is alkynes (C=C) and allenes (X=X=X). The only
possibility is that this is residual DCC left in the product. No other structural features of the
OAVE, BVE-1,4, oleic acid, DCM or DMAP match the functional groups presented in this
range. The issue is that remains is why the DCC peak would show in the unpolymerized product
but not the polymerized product nor BVE-1,4/oleic acid control.

There were also attempts to synthesize a divinyl ether based on an esterification product
of PEG-600 diacid and BVE-1,4, which is shown in Figure 3.7. This is a dicarboxylic acid that is

liquid at room temperature. The synthesis method followed a similar procedure to the DCC
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coupling (esterification) with oleic acid but used a 2:1 molar excess of BVE-1,4 to the PEGDCA
(PEG dicarboxylic acid) due to the difunctionality of the PEGDCA. After a similar workup as
above, the product was a clear, slightly yellow liquid with a viscosity higher than water. The

product was analyzed using IR, shown below in Figure 3.8.

HO o\)J\ |
ﬂo /\%/ o \N /
0 " | 0.1 equiv DMAP
PEGDCA (PEG-600 diacid) :

+
C/N
2 Ho/\/\/ O\/ QN/
1,4-butanediol vinyl ether DCC

—_— /\O/WO\H/\{O/\%O\)J\O/\/\/OV/

vinyl ether (PEGDVE)

+ 2H,0

Figure 3.7. Synthesis of PEGDVE monomer from BVE-1,4 and PEGDCA.
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Figure 3.8. Spectra of BVE-1,4 (pink), PEGDCA (blue), and the synthesized PEGDVE vinyl
ether (red).

The promising feature of the spectrum that would indicate conversion to a divinyl ether is the
absence of an -OH stretch at ~3400 cm™ for the product, PEGDVE. However, carboxylic acids
appear at 1100 cm™ and this peak is still present in the PEGDVE indicating there is residual
diacid left in the solution. The other impurity present is DCC, which is likely the sharp peak at
2100 cm™,

Polymerization of the material in a test tube with 1 phr 10C-8 and Luperox 231 was
attempted first with a heat gun. This resulted a very viscous brown liquid after a few minutes of
heating. The problem with this outcome is that the expected difunctional monomer would
produce a solid crosslinked thermoset and not a viscous liquid. Next, 10 wt% fumed silica was
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added to a solution also containing 1 phr of both I0C-8 and Luperox 231 and FP was attempted,
to no avail. Some changes in the material that was on the tip of the soldering iron were observed
though. It is believed that there are unconverted carboxylic acid groups in the product, and this
could be affecting the relative heat production by having only monofunctionality. This would
also lead to the production of a liquid rather than a solid polymer. Future work into this synthesis
would need to detailed characterization of the product to confirm the conversion of both
carboxylic acid groups to vinyl ether groups. If the conversion is low then the reaction may need
to be modified. The resulting divinyl ether, if achieved, could be beneficial to producing
materials with a high degree of flexibility due to the long chain present in the PEG, while
maintaining higher reactivity than equivalent epoxies because of the vinyl ether group.

3.3. Vinyl Ethers of Alcohols using Calcium Carbide

There are reactions in literature which describe vinylation of alcohols using calcium carbide. 8 In
these processes, calcium carbide generates acetylene in situ through a reaction with water. This
could be utilized to generate multifunctional vinyl ethers based on readily available alcohols,
such as pentaerythritol or glycerol shown in Figure 3.9. Collaborators in the Garcia-Lo6pez group
at LSU carried out this reaction, with some success and quantitative yields, but purification of

the product is difficult to its volatility.
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Figure 3.9. Synthesis of tri and tetrafunctional vinyl ethers based on commercially available
alcohols pentaerythritol (A) and glycerol (B), using calcium carbide.

Vinyl ethers are traditionally synthesized using acetylene gas, therefore there is promise with
using calcium carbide which is easier to handle. However, the reaction still is dangerous with the
production of acetylene in situ which will make scaling up difficult. Nonetheless, future work
with this reaction requires optimization and careful consideration of the properties of the product
to generate desirable multifunctional vinyl ethers.

3.4. Conclusions and Future Work

Overall, it is shown that synthesis of novel vinyl ethers will require more careful planning of
compatibility with cationic polymerization and synthetic optimization. The volatility of
monomers remains an issue, in addition to obtaining desired conversion of reagent functional
groups when synthesizing vinyl ethers with high functionality. Structural features, such as urea
linkages, can interfere with cationic polymerization and should be avoided. Obtaining vinyl
ethers with greater than difunctionality could prove useful to increasing crosslink density to
potentially improve mechanical properties of pure vinyl ether systems, which are typically weak

and brittle. Additionally, modification of the polymer backbone through synthesis of novel
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monomers can also produce poly(vinyl ether) materials that are comparable in material

properties to existing epoxy systems.
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CHAPTER 4. HYBRID RICFP SYSTEMS WITH ACRYLATES

4.1. Background and Significance

Acrylates are very common in FP, due to their high reactivity, commercial availability, and
generally low cost. 1 However, the physical properties of the polymers produced from acrylates
can be poor. In addition, free-radical polymerization can suffer from oxygen inhibition, unlike
cationic polymerization, and epoxides encounter less shrinkage than acrylates due to the ring
opening process. An example of a polymer produced by FP of trimethylolpropane triacrylate
(TMPTA) with only fumed silica added as a filler versus TMPTE with only fumed silica is
shown below in Figure 4.1; in contrast to TMPTE, the TMPTA polymer is very brittle, and the
material is unusable. While material properties of acrylate-based systems can be improved with
addition of filler, 228887 jt is desirable to have systems that need the least components as
possible. One solution is to add epoxy or vinyl ether to acrylate systems to tune the material
properties with properties of the cationically-curing monomers. Epoxies and acrylates will

polymerize via different mechanisms and will not copolymerize.
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Figure 4.1. Comparison of polymer properties between formulations containing (a) TMPTE with
1 phr I0C-8 and 1 phr L231 with 10 wt% fumed silica and (b) TMPTA with 1 phr L231 and 10
wt% fumed silica, both with an ongoing front.

Hybrid epoxy-acrylate systems have been previously studied in FP. 7 "8 Crivello studied the
thermal FP of hybrid films generated by photopolymerization. 8 The epoxy/acrylate formulation,
which contained an iodonium salt and 2,2-dimethoxy-2-phenylacetophenone as radical initiator,
was photopolymerized with suppression of the cationic polymerization to generate a film based
only on the acrylate, which then was thermally ignited to undergo FP of the epoxy. They found
that FP was only supported with low concentration of TMPTA ina TMPTE/TMPTA system. It
is important to note that in these systems, there is a sequential polymerization of the acrylate
followed by FP of the epoxy aided by generation of cationic species through irradiation.
Therefore, this study is not entirely analogous to the work shown in this dissertation.

A formulation studied by Pojman et al. used a bisphenol A diglycidyl ether resin cured by

a combination of an alkyl amine and BCl3-NR3s complex mixed with triethylene glycol
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dimethacrylate that polymerized via a peroxide, Luperox 231. ”® The alkyl amine cures epoxy via
a step-growth mechanism, while the boron trichloride-amine complex acts as a cationic initiator.
It was found that the two polymerizations occur independently generating an interpenetrating
polymer network (IPN), indicated through a concave dependence of front velocity on the
monomer ratio. The concave dependence indicates an IPN, since if only one monomer were
reactive a monotonic increase in front velocity with an increase in the ratio of that monomer
would be expected. Further studies using ethylene glycol dimethacrylate and bisphenol F
diglycidyl ether with BCl3-NR3 and Luperox 231 instead indicated that BClz-NR3 could be
interacting with the decomposition of peroxide and did not exhibit the same concave dependence
on monomer ratio. " The two monomers cured with an alkyl amine and Luperox 231 did
however exhibit the concave dependence. The overall conclusion from both studies was that a
minimum in front velocity will appear if two polymerizations are independent of one another and
simultaneously occurring. It is assumed that if copolymerization is occurring in a binary system,
the dependence of front velocity on monomer ratio will be convex, with a maximum appearing at
the optimal ratio of the two monomers.

4.2. Materials and Methods of Frontal Polymerization of Hybrid Systems
Trimethylolpropane triglycidyl ether (TMPTE), tri(ethylene glycol) divinyl ether (TEGDVE),
and trimethylolpropane triacrylate (TMPTA) were studied as the monomer systems. For the
gravimetric studies of copolymerization, hexyl acrylate (HA), p-tert butylphenyl glycidyl ether
(PTBGE), and dodecyl vinyl ether (D12VE) were used as monofunctional monomers. 1,1-
Bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (Luperox 231) and p-

(octyloxyphenyl)phenyliodonium hexafluoroantimonate (I0OC-8) were used as the initiating
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system. All chemicals were used as received. Chemical structures of the monomers and initiators
used are shown in Figure 4.2.
O /\’40
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Figure 4.2. Structures of chemicals used in hybrid studies of acrylate and epoxy or vinyl ether
systems.

Formulations were prepared with different ratios of TMPTA to TEGDVE or TMPTE, and
different ratios of IOC-8 and L231. First, IOC-8 was dissolved in TMPTA using a heated
sonicator at approximately 30 °C. TMPTE or TEGDVE and L231 was then added. The mixture
was stirred using a vortex mixer to ensure homogeneity. 10 wt% Aerosil E805 fumed silica was
then added to increase viscosity and hand mixed.

The putty was loaded into a wooden mold (13.5 cm x 2 cm x 0.6 cm) lined with wax
paper for easy removal. Fronts were initiated by brief contact with the resin using a soldering
iron heated to 200 °C. A Seek Thermal CompactPRO FF infrared camera was used to observe

the evolving thermal field as the front propagated. The fronts were tracked using a video camera,
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and front velocity was calculated from the slope of a position versus time plot. Expansion-
corrected front velocity was calculated by multiplying the front velocity by a ratio of initial resin
length to final resin length. Triplicate experiments from the same batch of resin were conducted.
Infrared spectroscopy was performed with a Bruker FTIR and diamond ATR accessory for
structural characterization and conversion determination. The technique used was equivalent to
Section 2.7. Parameters of 4 cm™ resolution, 32 sample scans, and 16 background scans were
used. The resin was placed directly on the ATR diamond. Polymer samples were instead ground
into a powder using a mortar and pestle to place onto the ATR platform. By using a large amount
of sample, the probe created a film on the platform. Triplicates of every IR spectrum were taken,
and a background was taken before every measurement.

4.3. Frontal Polymerization of Hybrid Epoxy/Acrylate Systems

TMPTE and TMPTA were chosen as monomers to study with IOC-8 and Luperox 231 acting as
the initiating system. Shown in Figure 4.3, it was found that increasing the percentage of TMPTE
to TMPTA resulted in a decrease in front velocity with a minimum at 10 wt% TMPTE. This
indicates that the TMPTE is much less reactive than the TMPTA with two independent

polymerizations occurring, forming an IPN similar to previous FP literature. ™
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Figure 4.3. Front velocity, expansion corrected front velocity, and temperature as a function of
epoxy percentage in a hybrid TMPTE/TMPTA system with 1 phr I0OC-8 and 1 phr L231 with 10
wit% fumed silica.

There have been many studies of photopolymerization of hybrid epoxy-acrylate systems, 46 89-91
These studies give some insight into the kinetics, but FP occurs at much higher temperatures and
the trends in kinetics may be affected by this. It is suggested that addition of acrylate can
accelerate the slower curing of epoxy. % A thesis by Dillman®® saw that in photopolymerization
of hybrid cycloaliphatic epoxy-acrylate systems using an iodonium salt and radical

photoinitiator, similar epoxy conversion was achieved with or without radical initiator which

implies that there is no copolymerization occurring.
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By increasing the 10C-8 concentration in this system, the minimum in front velocity
shifts to a lower TMPTE percentage as seen in Figure 4.4. This is because TMPTA is the more
reactive monomer, but with more 10C-8 the TMPTE polymerization becomes more reactive as it
proceeds by cationic polymerization, which is evidenced by the higher front velocity of 100%
TMPTE versus 100% TMPTA with 5 phr IOC-8 and 1 phr Luperox 231. At 1 phr IOC-8 and 1
phr Luperox 231, the TMPTA reaction is dominant. It can also be seen that the front velocity for
100% TMPTA is lowered as the IOC-8 concentration is increased, which is due to the
consumption of radical species to induce decomposition of IOC-8 and generate superacid for

TMPTE polymerization.
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Figure 4.4. Front velocity versus increasing TMPTE to TMPTA ratio, with an increasing 10C-8
concentration.

Infrared spectroscopy (IR) was used in this study to try to examine the conversion of both the
epoxy and acrylate components in the formulation for comparison with the results seen in the
thesis by Dillman. * There are peaks unique to either the double bond in the acrylate or
stretching of the epoxy ring. The epoxy peak at 755 cm™ and acrylate peak at 1635 cm™ were
chosen to compare for conversion. However, every attempt to obtain an IR spectrum for
polymers containing acrylate was unsuccessful. In each case, the spectrum for the polymer was
much lower in intensity than the uncured spectrum, which can be seen by comparing the group

of peaks associated with alkane C-H in Figure 4.5. The alkane peaks are much lower in intensity
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for the cured spectrum, which should be largely unaffected as seen in previous IR studies in

Chapter 2. This will affect the area of the peak and the calculation of the conversion. Many

different adjustments were attempted to solve this, including grinding the polymer to a finer

powder, increasing the resolution, increasing the scan rate, and using less sample on the diamond

plate of the ATR. The issue with attempting another method such as KBr pellet is that the

intensity could be affected which would change the calculated conversion.
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Figure 4.5. IR spectra of 50 wt% TMPTE/50 wt% TMPTA with 1 phr I0C-8 and 1 phr Luperox
231, with 10 wt% fumed silica. The orange spectrum is uncured while the blue spectrum is
cured. The carbonyl peak at 1715 cm™ and alkane peaks at ~2900 cm™ is highlighted.
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4.4. Frontal Polymerization of Hybrid Vinyl Ether/Acrylate Systems

Vinyl ethers involve more interesting phenomena than epoxies in hybrid formulations. They are
known to be unable to homopolymerize radically. 8 This is because there is no potential for
resonance stabilization of the radical, leading it to be a very unstable radical that undergoes many
side reactions that can terminate polymerization. Compare this below to acrylates, which have

resonance stabilization shown in Figure 4.6.
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Figure 4.6. Resonance stabilization of radicals in acrylates versus vinyl ethers.

However, it has been proposed that vinyl ethers will copolymerize radically with acrylates, ¢
though there are studies that indicate the contrary. %% Thus, there exists a need to investigate
the resulting polymers of vinyl ether-acrylate blends produced via FP and the kinetic trends of
these systems. Once again, the introduction of vinyl ethers, which produce typically rubbery, soft
materials, can alter the mechanical properties of the acrylate.

Using a system of TEGDVE and TMPTA with 1 phr IOC-8 and 1 phr L231, with 10 wt%
fumed silica, the front kinetics with increasing vinyl ether percentage were analyzed. It was
found that a minimum in front velocity is present in this system at only 10 wt% TEGDVE,
shown in Figure 4.7. This indicates that there are two separate polymerizations occurring rather

than copolymerization.
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Figure 4.7. Front kinetics as a function of TEGDVE percentage in a TEGDVE/TMPTA system
containing 1 phr IOC-8 and 1 phr L231 with 10 wt% fumed silica as a filler.

There are a few options to confirm the suspicions of simultaneous independent polymerizations
considering previous indications of copolymerization. First, removal of 10C-8 in the system will
show whether radical copolymerization is occurring between the vinyl ether and acrylate
moieties. Using the same system but in absence of IOC-8 in Figure 4.8 shows a monotonic
decrease in front velocity as the percentage of TEGDVE is increased, until a front is not
supported at 100% TEGDVE. The monotonic decrease in front velocity indicates that TEGDVE

is acting as an inert diluent in the system that cannot participate in the reaction. The decrease in
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front temperature also supports this conclusion, given that the TEGDVE would be acting as a

factor in heat loss.
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Figure 4.8. Front kinetics as a function of TEGDVE in a TEGDVE/TMPTA system with only 1
phr L231 and 10 wt% fumed silica added.

Comparing the front velocities of the TEGDVE/TMPTA system with and without 10C-8 results
in the Figure 4.9 below. It can be seen there is a clear divergence in the trends as the vinyl ether

percentage increases.
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Figure 4.9. Comparison of front velocities and expansion corrected front velocities with a
TEGDVE/TMPTA system with 10 wt% fumed silica and 1 phr L231 with and without 10C-8.

Unlike conversion determination with IR spectroscopy as shown for the epoxy-vinyl ether
formulations, it is difficult for the vinyl ether-acrylate formulations. This is due to the overlap of
the primary C=C peak from the acrylate and vinyl ether at 1635 cm™ and 1617 cm™,
respectively. Spectra comparing pure TMPTA, pure TEGDVE, and a 50 wt% TMPTA/50 wt%

TEGDVE mixture are shown in Figure 4.10 with this peak annotated.
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Figure 4.10. IR spectra from 1800 to 400 cm™ of uncured TMPTA, TEGDVE, and 50 wt%
TMPTA/50 wt% TEGDVE with 1 phr 10C-8 and 1 phr Luperox 231, with 10 wt% fumed silica.
The overlapped C=C peak from TMPTA and TEGDVE at ~1617 cm is highlighted.

Another experiment was to swap monomers out for propylene carbonate (PC), an inert solvent

with a high boiling point. Using propylene carbonate can give insight into the behavior of the

monomers with inert components mixed in

. Initial studies were to determine the potential for

front propagation when mixing with propylene carbonate and various combinations of initiators,

shown in Table 4.1 as Y or N.



Table 4.1. Feasibility of front propagation with TMPTA, TEGDVE, or PC mixtures and pure
monomers with a 1 phr I0C-8 and/or 1 phr L231 system. Mixtures were 50/50 by weight.

Binary TMPTA  TMPTA/PC TMPTA/TEGDVE PC/TEGDVE TEGDVE
Systems

I0C-8 N N N Y Y

L231 Y Y Y N N

Both Y Y Y Y Y

Table 4.2 indicates many expected results, such as the inability of TEGDVE to polymerize via
free-radicals or TMPTA to polymerize via IOC-8. Interestingly, it is found that 50/50
TEGDVE/PC with 10C-8 and no L231 will support a front, while 50/50 TMPTA/TEGDVE will
not. This implies that the PC is acting as an inert diluent while the TMPTA is actively inhibiting
the cationic polymerization of TEGDVE. The front velocities of 100% TMPTA with and without
IOC-8 are similar, which does not explain this phenomenon. On the contrary, 50/50
TMPTA/TEGDVE with only L231, the initiator responsible for free-radical FP, will support a
front alongside a 50/50 TMPTA/PC system containing only L231. Analyzing the front kinetics
with PC mixtures in Figure 4.11 shows that the front velocity is much lower with PC added in
place of either monomer. This could simply be due to the independent polymerizations occurring
and removal of a monomer that contributes to the overall front speed. The front velocity with
TMPTA/PC is also half that of TEGDVE/PC, which can also be explained with the higher
reactivity of TEGDVE or perhaps a difference in heat capacity of the two monomers. There is a
negligible difference in front velocity for a system with TMPTA/PC and 1 phr L231, with and
without 10C-8: 1.63 cm min! without 10C-8 and 1.50 cm min with I0C-8 similar to what is

seen with the undiluted system.
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Figure 4.11. Front Kinetics of formulations with 50/50 mixtures of the indicated components,
along with 1 phr 10C-8 and 1 phr L231 with 10 wt% fumed silica.

4.5. Determination of Copolymerization Gravimetrically Through Generation and
Dissolution of Linear and Crosslinked Networks

It was previously stated that due to the appearance of the front velocity dependence on ratio of
monomers that copolymerization is not occurring with the hybrid systems, but rather an
interpenetrating polymer network of homopolymers is forming. As another method to try and
confirm that copolymerization is not present in the case of either acrylate-epoxy or acrylate-vinyl
ether blends, combinations of monofunctional and higher functionality monomers were frontally
polymerized. With these 1:1 mixtures, linear polymers are formed from the monofunctional

monomers that could be dissolved from the non-dissolvable crosslinked network formed from
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the higher functionality monomer. If copolymerization were to happen, it would be expected that
very little to no weight loss would occur with dissolution as the network would be crosslinked.
Conversely, approximately 50% of the weight should be lost from the polymer in the case of two

independent polymerizations. The monomers used in this study are shown in Figure 4.12 below.
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Figure 4.12. Structures of high functionality and monofunctional epoxies, acrylates, and vinyl
ethers used in gravimetric dissolution study.

The monomers were mixed 1:1 with 1 phr IOC-8 and 1 phr Luperox 231. After adding fumed
silica, they were frontally polymerized similar to previous methods, and a piece from the center
of 3 to 4 cm length was removed. The polymer was placed into DCM and soaked for 4 hours,
then dried overnight. Controls of only TMPTE, TMPTA, or TEGDVE were also made to make
sure that weight was not lost from the crosslinked networks due to impurities or unreacted
starting material dissolving. To calculate weight loss, Equation 4.1 was used.

Weight loss % = [(Starting weight — Final weight) x Starting weight™*] x 100 Equation 4.1
The gravimetric results of weights are shown below in Table 4.2. All the vinyl ether containing

formulations resulted in solutions that were dark brown and dark yellow. The rest of the acrylate
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and epoxy based formulations gave colorless solutions. Pictures of polymers in DCM are shown

in Figure 4.13, where the color of solutions is visible.

Figure 4.13. Hybrid acrylate and epoxy or vinyl ether polymers of mixed functionality produced
by FP submerged in DCM to dissolve linear components. Solutions shown are a) TMPTE/HA; b)
TMPTA/PTBGE; ¢) TEGDVE/HA; d) TMPTA/D12VE.

Overall, the polymers did not lose 50% weight but they still all lost significant amounts after
sitting in the DCM. The <50% weight loss could be a kinetic effect where more time is needed to
completely dissolve out the linear polymer. This might be related to chains being entangled in
the crosslinked network. Alternatively, perhaps there is a very small portion of the monomer that
is copolymerized. TMPTE and TMPTA swelled with DCM resulting in a negative weight loss,

which is a much different result from the formulations that contained either monomer with

monofunctional monomers. On the other hand, TEGDVE lost 10.5% weight. Given the yellow
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color of the solution after polymerization versus colorless TMPTA and TMPTE solutions, this
could be unreacted starting material. This is still less than the 35.8% loss from the TEGDVE/HA
formulation, which does not confirm but indicates that it is possible that linear polymer was
dissolved.

Table 4.2. Results from dissolution of polymer produced from monofunctional and high
functionality monomers.

Formulation Initial Weight of Final Weight of  Weight Loss
Polymer (g) Polymer (g) (wWt%)
TMPTE/HA 2.63 2.13 19.0
TMPTA/PTBGE 2.10 1.34 36.2
TEGDVE/HA 2.43 1.56 35.8
TMPTA/D12VE 3.46 2.31 33.2
TMPTE 4.35 4.48 -3.0
TMPTA 3.49 3.72 -6.6
TEGDVE 2.48 2.22 10.5

IR was used to analyze the solution and the polymer generated for evidence of peaks attributed to
either monomer. The distinguishing feature that can be used to identify compounds in the
solution and polymer is the peak at ~1730 cm™, which is the carbonyl peak that is only present in
acrylate. Unfortunately, it seems that in the IR spectra of every hybrid mixture, this peak is
present. This means that there is some quantity of acrylate present in both the solution and
polymer. For the formulations having TMPTE or TEGDVE in Figures 4.14 and 4.15, this could
indicate either some degree of acrylate copolymerization or inadequate dissolution of the linear

polymer.
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Figure 4.14. IR spectra of 50 wt% TMPTE/50 wt% HA with 1 phr IOC-8 and 1 phr Luperox

231, with 10 wt% fumed silica. The C=0 peak from the acrylate functional group at ~1730 cm™
is highlighted.
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Figure 4.15. IR spectra of 50 wt% TEGDVE/50 wt% HA with 1 phr I0C-8 and 1 phr Luperox
231, with 10 wt% fumed silica. The C=0 peak from the acrylate functional group at ~1730 cm™
is highlighted.

For the formulations of TMPTA, the presence of the carbonyl in the solution would mean that
unreacted starting material is dissolved into the DCM solution. The spectra of formulations
containing TMPTA are shown below, in Figure 4.16 and Figure 4.17. Once again, the overlap in
vinyl ether and acrylate peaks makes identification difficult in the spectra shown for
TMPTA/D12VE. For the spectra of TMPTA/PTBGE, there are many peaks in the range

associated with epoxy rings, 750 cm™* to 950 cm, which would only confirm that PTBGE is

present in the DCM solution.
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Figure 4.16. IR spectra of 50 wt% TMPTA/50 wt% D12VE with 1 phr IOC-8 and 1 phr Luperox
231, with 10 wt% fumed silica. The C=0 peak from the acrylate functional group at ~1730 cm™
is highlighted.
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Figure 4.17. IR spectra of 50 wt% TMPTA/50 wt% PTBGE with 1 phr IOC-8 and 1 phr Luperox
231, with 10 wt% fumed silica. The C=0 peak from the acrylate functional group at ~1730 cm™
is highlighted.

With the results from the IR data, the conclusion of linear polymer dissolved into the DCM is
uncertain. As mentioned before, it could be possible that small amounts of linear polymer did not
dissolve, or that unreacted starting material is in solution. The similarity in structure of the HA to
TMPTE and TEGDVE, all three being aliphatic in structure, does not aid in the identification of
each monomer. Another possibility is that acetone formation from the decomposition of the

Luperox 231 is present in the 1730 cm™ peak, though the peak has a high intensity in all but the

spectra of TMPTA/PTBGE.
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4.6. Conclusions and Outlook

Hybrid systems allow for adjustment of advantageous properties of each monomer while
balancing the reactivity of each system. It was shown through analysis of front Kinetics that
epoxy and vinyl ether will not copolymerize with acrylates during frontal polymerization. A
minimum in front velocity exists as the ratio of epoxy or vinyl ether to acrylate is increased.
There was an attempt at discerning copolymerization through dissolution of a linear polymer
from a crosslinked polymer, which was unsuccessful. This was partly due to the chosen
monomers being similar in structure. With monomers that have unique structural features, this
method could be used in combination with IR spectroscopy. More detailed study needs to be
conducted into analyzing the conversion of these systems, which was difficult due to issues with
IR spectroscopy of acrylates. Knowing the kinetics of hybrid systems allows for more careful
optimization of resins. There are reports that have looked at photopolymerization of monomers
containing both acrylate and epoxy functionality to generate grafted polymer networks that are
both entangled and covalently bonded. * These monomers could be advantageous to add in
binary FP systems to enhance strength of the polymer and potentially affect the kinetics of front

propagation.
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CHAPTER 5. EFFECTS OF CLAYS AND OTHER FILLERS IN RADICAL-
INDUCED CATIONIC FRONTAL POLYMERIZATION

5.1. Introduction to Fillers and Frontal Polymerization

A phenomenon that can quench a propagating front is convection. Buoyancy-driven convection
is always present in fronts carried out horizontally due to the large gradients of temperature and
concentration. 1° An increase of viscosity can suppress the effects of convection. 8 1% 27.95-9% Thg
addition of fumed silica is a simple way to raise the viscosity. Fumed silica has been applied to
both free-radically and cationically-curing resins to stop convection. 22 % The addition of fillers
can suppress convection, enhance mechanical properties, modify rheological properties, and
reduce cost through a reduction of resin needed. 1% 101

Gary et al. have previously studied the effects on acrylate free-radical FP. 22 They found
that kaolin, talc, and calcium carbonate behaved similarly and were chemically inert, while
bentonite reduced the front velocity due to both a lower thermal diffusivity and presence of water
contributing to heat loss. In addition, it was found that acid-activated clays such as
montmorillonite K10 inhibit free-radical FP.

As mentioned before, the minimum requirement for any FP process, irrespective of the
mechanism of polymerization, is that heat generation sufficiently exceeds heat loss to both the
system and the surroundings. 1° One source of heat loss can be added fillers, which act as a heat
sink. 8 Evaporation of water in swelling clays during FP absorbs heat generated from the system,

also contributing to heat loss. Drying clays can eliminate the water present and increase front

This chapter was previously published as B. R. Groce, E. E. Lane, D. P. Gary, D. T. Ngo, D. T.
Ngo, F. Shaon, et al. Kinetic and Chemical Effects of Clays and Other Fillers in the Preparation
of Epoxy—Vinyl Ether Composites Using Radical-Induced Cationic Frontal Polymerization, ACS
Applied Materials & Interfaces, 2023, 15, 19403-19413. Reprinted with permission from ACS.
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velocity. 22 However, removing water from clays opens acidic sites that can act as radical
inhibitors or catalyze cationic polymerizations. 1%2 1% Two forms of bentonite (Na-bentonite and
Ca-bentonite) were found by Gary et al. to affect the front velocity differently through this
phenomenon, with the Ca-bentonite likely being more acidic and resulting in a lower front
velocity. 22

For RICFP, there have been few studies that examined the addition of fillers. Bomze et
al. looked at the addition of mica to prove that RICFP is applicable in UV-initiated fronts with
filler added. °>* One of the problems with adding filler to systems is that fillers reduce UV light
penetration. 194-1% Bomze et al. found that up to 15 phr of mica could be added to BADGE resins
with sensitizer added and still support a front. The front velocity did decrease with increasing
loadings of mica, explained by the heat absorbed by the filler and the decreased fraction of
monomer present. Thermal initiation allowed FP of the epoxy with 15 phr mica and no
sensitizer. Klikovits et al. saw reductions in front velocity as SiO, nanopowder was added to
BADGE, up to a 10% reduction with 3 phr SiO.. ® They attributed the inhibition to the low
thermal conductivity of the filler, while the insulating properties of the SiO, made initiation of
the front quicker. Finally, Tran et al. carried out large studies of fillers with varying thermal
properties. 3 Using BADGE resins with reactive diluent added, they successfully used RICFP to
cure polymers with high volume percentages, including 74 vol% glass microspheres. They saw
that adding thermally conductive fillers, such as aluminum, short carbon fibers, and graphite,
resulted in a smaller front velocity reduction than mica, a mineral which is less conductive.
These results are similar what has been seen for free-radical FP, where milled carbon fibers are
shown to increase front velocity as loading increases. 2> Adding graphite and aluminum to

acrylate systems has been shown to reduce the front velocity due to radical scavenging. 2

85



With the mechanistic differences between RICFP and free-radical FP, plus the desire to
develop practical materials using RICFP, there exists a need to explore more effects of clays on
front reactivity with cationic systems. In addition to the differences in thermal characteristics
between clays, there are variations in chemistries of clays that could affect propagating cations
but not free-radical polymerization. For this study, a monomer system of trimethylolpropane
triglycidyl ether and tri(ethylene glycol) divinyl ether was used. Vinyl ethers have been shown to
significantly increase front velocity in RICFP systems and were chosen for this purpose. % Using
fumed silica as an inert viscosity enhancer allowed controlled amounts of clays to be added to
systems. Zoltek® milled carbon fibers and pine wood flour were used to study the effect of
differing thermal properties. Drying the clays to increase Lewis acidity and addition of acid-
activated clays were investigated to see any possible chemical effects with the RICFP
mechanism.

5.2. Materials and Methods of RICFP with Clays

5.2.1. Materials

Trimethylolpropane triglycidyl ether (TMPTE) and tri(ethylene glycol) divinyl ether (TEGDVE)
were the monomers used, and 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (Luperox®
231) with (4-(octyloxy)phenyl)(phenyl)iodonium hexafluorostibate(V) (I0C-8) was the initiator
system. All chemicals were used as received. Chemical structures of the components used in the
resin are shown in Figure 5.1. The clay fillers studied were talc, Hectalite® 200 (hectorite),
bentonite HPM-20 (Na-bentonite), Bentolite L10 (Ca-bentonite), and Polygloss® 90 (kaolin).
Hubercarb® Q3 (calcium carbonate) was also studied. Fulcat® 435 and montmorillonite K10
were studied as acid-treated clay fillers. Zoltek® PX35 milled carbon fiber and wood flour (60

mesh pine flour) were also used. For studies of surface area and aspect ratio, Nyad® G, 10 ES
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Wollastocoat®, Nyad® 1215 from Imerys Performance Additives and Fibertec 520S, Microglass
7204, Microglass 9114 and FRM provided by Fibertec, Inc. were used, along with samples of

untreated wollastonite from Imerys Performance Additives.

O FFE

\)\ F,
2 o )0 A SRSV

p-(octyloxyphenyl)phenyliodonium

Trimethylolpropane triglycidyl hexafluoroantlmonate (l10C-8)
ether (TMPTE)
,tBu
0-0
Q
3
Tri(ethylene glycol) divinyl 1,1-Bis(tert-butylperoxy)-3,3,5-
ether (TEGDVE) trimethylcyclohexane

(Luperox 231, L231)

Figure 5.1. Chemical structures of monomers and initiators used in this study.
5.2.2. Formulation Preparation and Frontal Polymerization
Typical formulations consisted of 75 wt% TMPTE and 25 wt% TEGDVE, along with 1 phr
(parts per hundred resin) of I0C-8 and 1 phr of Luperox® 231, unless otherwise indicated. 10C-
8 was first mixed with TMPTE and sonicated for approximately 15 minutes to fully dissolve the
IOC-8, before addition of TEGDVE and Luperox® 231. The solution was then mixed using a
vortex mixer for approximately 30 seconds to ensure homogeneity.

To prepare samples for FP, aliquots were taken from a stock formulation solution and
typically 5 wt% fumed silica (Aerosil® 200, Evonik Industries (Parsippany, NJ)) and 30 wt% of
the other filler were added to form a moldable putty when hand mixed. Other separate filler

loadings were hand mixed with the appropriate amount of filler added as described. Where
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specified, some formulations were mixed using a FlackTek DAC 515-200 SE speed mixer. The
putty was loaded into a wooden mold (13.5 cm x 2 cm x 0.6 cm) lined with wax paper for easy
removal of the polymer. A type K thermocouple connected to a handheld thermometer device
(Benetech® GM1312, purchased from Amazon) was then placed 2 cm into the length of the
sample and approximately halfway into the sample depth to record the front temperature. A
soldering iron heated to approximately 200 °C (confirmed with an infrared thermometer) was
used to initiate the fronts by making brief contact with the sample. The fronts were tracked using
a video camera placed directly above the sample. Front velocity was calculated from the slope
of front position versus time. The front velocity after expansion, shown in the manuscript as
“Exp. Corrected Front Velocity” was calculated by first taking the initial length of the resin in
the mold and dividing by the final length of the cured material. The front velocity from the slope
of front position versus time was then multiplied by this factor to result in the “Exp. Corrected
Front Velocity.” The mold was cooled to room temperature prior to subsequent experiments.
Triplicate experiments from the same stock were performed for each formulation.

5.2.3. Drying Clays

To dry clays, the clays were placed in an oven containing desiccant at 200°C for 3 hours before
being removed and added to samples once cooled to approximately 30°C to prevent spontaneous
polymerization. The water loss percentage was measured both gravimetrically with a lab balance
after the 3 hour heating period and using a TA Instruments TGA 550 thermogravimetric analyzer
and a Hi-Res™ heating method.

5.2.4. Instrumental Characterization of Resin and Polymer

Uncured sample viscosity was determined using a TA Discovery HR-2 rheometer. Initially, the

plate height was set to 550 pm, excess sample was removed, and then reduced to 500 um to
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ensure total probe coverage. The viscosity (Pa‘s) measurements were performed at low (1 Hz)
and high (10 Hz) shear rates. The first step was at 1 Hz for 60 s, followed by an increase to 10
Hz for 60 s, and returning to 1 Hz for 60 s. Recovery percent was calculated by comparing the
viscosities of the first (1Hz) and last steps (1Hz) for all formulations. Three replicates were
evaluated for each formulation and the data are presented as the mean + SD.

Samples of the cured composites for scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) to determine filler distribution were analyzed with a
Thermo Scientific Helios G4 PFIB CXe electron microscope. A TA Instruments DSC Q100
differential scanning calorimeter (DSC) was used to determine the glass transition temperature of
the cured composite, using a scan rate of 10 °C min™ from -40 °C to 150 °C and 3 scan cycles. A
sample size of approximately 5.5 — 9.5 mg was used.

Flexural testing was performed on an Instron 5969 universal testing machine. Samples
for testing were cut from sheets perpendicular to the direction of front propagation with sizes
according to ASTM D790. Crosshead speed was calculated based on the ASTM standard and the
thickness and width of each sample. Support span length was set from 78 — 85 mm based upon
the sample length.

5.3. Comparison of Clays

Clays were first tested for their effects on front kinetics in RICFP systems. Talc, hectorite, Na-
bentonite, Ca-bentonite, kaolin, and calcium carbonate were added in 30 phr amounts to
formulations containing the resin system along with 5 phr fumed silica as an additive to increase
viscosity and suppress convection. Formulations with clays added are shown in Figure 5.2 placed
in molds with propagating fronts in each sample. The differences in color can be seen in Figure

5.2.
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Calcium Hectorite Ca- Na- Talc Fumed
Carbonate Bentonite Bentonite Silica

Kaolin

Figure 5.2. Resin mixtures with clay fillers added and placed in molds, with an actively
propagating front, except in the case of Na-bentonite, which would not support a front. The
actively propagating front is seen to have a darker color than the uncured resin.

It was found that all clay fillers tested supported a front except Na-bentonite. Compared to a
control containing only 5 phr fumed silica, all clays reduced the front velocity of the system

shown in Figure 5.3. Calcium carbonate, while not a clay, was used for comparison, and it also

reduced the front velocity. These reductions were partially due to heat absorbed by the filler.
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Figure 5.3. Comparison of front velocities and maximum front temperatures for four clays and
calcium carbonate tested with RICFP.

The clays all showed differing effects on front velocity. Ca-bentonite was found to reduce the
front velocity and front temperature the most, while talc resulted in the least deviation from the
control sample for velocity and temperature. Examining talc and kaolin shows a near 230%
difference in front velocity, while the thermal diffusivities, heat capacities and thermal
conductivities of the two clays are similar as shown in Table 5.1. The thermal properties for
hectorite are not available, though it is proposed that they are similar to the thermal properties of
bentonite, as both clays are smectites. Likewise, calcium carbonate is known to have a thermal
diffusivity an order of magnitude higher than talc or kaolin, yet the front velocity found lies

within the values observed for kaolin and talc.
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It is likely that the differences in front velocity and temperature among the clays are due
to chemical effects, such as interaction of the clays with propagating cations or the superacid, or
water content rather than thermal properties. Some clays, such as kaolinites, carry a net negative
charge that could be a source of inhibition for RICFP. 1°7-1% |t has been reported that cationic
dyes can adsorb to kaolinites, which supports inhibitory interactions with superacid cations. 1%
Adsorption is shown to be related to high cation exchange capacity or surface area. Cationic
exchange capacity is a measurement of the number of cations available to exchange with other
cationic species in the environment onto a clay’s surface. 1 Each clay possesses a different
cationic exchange capacity. If protons of the superacid were to exchange with ions present in the
structure of the clay or adsorb onto the clay, this could give rise to inhibitory effects. The
structures and compositions of most clays are complicated and occur as sheets, but most clays
have hydroxyl sites which could also be contributing to chain transfer and front velocity

decrease. 110

92



Table 5.1. Physical and thermal properties of fillers used in this study.

Density Heat Capacity  Conductivity Thermal
(g cm?®) Qgtkh (WcemtK? Diffusivity
(cm?s?)
Kaolin® 22 2.6 0.92 2.0x107?2 82x107°
Calcium 2.7 0.87 2.5x107?2 1.1 x107?2
carbonate® 22
Talc® 22 2.8 0.87 2.1 x107?2 8.6x107°
Bentonite® 22 2.6 1.30 1.0x 1072 3.0x10°%—
1.3x1072 3.9x107°
Wood flour 111 04-1.35 1.75 0.25% 1072 3.6x10°—
1.1 x10°%
Milled carbon 1.8 0.60 6.4x1072 5.9%x 1072
fiber® 22
Fumed silica® 22 2.2 0.79 1.5x107 8.6x107°

8Provided by manufacturer
The results shown in this work are contrary to previous studies of clays added to free-radical FP
systems, where calcium carbonate, kaolin, and talc all behaved similarly. Calcium carbonate was
initially hypothesized to not support FP due to its basic character. This was proven otherwise and
attributed to the calcium carbonate being mixed into the system as a suspension and not
dissolved. Therefore, the basic character of the filler was unable to quench the cationic
polymerization. It could still inhibit cationic FP, as it has a lower front velocity than talc while
having a higher thermal diffusivity. Some clay fillers have also been shown to act as radical
scavengers. The mechanism for RICFP dictates a radical-producing step, which could be
inhibited by potential radical scavenging by the clay, resulting in a reduction in front velocity.
The effects of adding increasing amounts of talc and hectorite were investigated. It was
found that for both talc and hectorite, adding more clay filler resulted in decreasing front velocity

and front temperature as shown in Figure 5.4 for talc. A loading of up to 120 phr of talc was
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tested, and the front was still viable. However, at only 32 phr hectorite, the front would quench
after a few centimeters of propagation as seen in Figure 5.5. Overall, adding hectorite resulted in
much lower front velocities than adding talc. The differences in maximum possible loadings and
lower front velocities with hectorite are attributed again to water content and chemical effects.
Decreasing front temperature and front velocity points to both the water content and the clays
acting as heat sinks, leading to decreased reactivity. The trend of decreasing front velocity with
increasing filler loadings has been previously reported by Tran et al. for RICFP systems and

Scognamillo et al. for a BFs-amine cured epoxy system, 34 38
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Figure 5.4. Front kinetics and temperature versus talc loading for the resin.
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Figure 5.5. Front kinetics and temperature versus hectorite loading for the resin.

5.4. Characterization of Resin and Polymer Composite

SEM-EDS was used to identify the distribution of the filler in the polymer matrix. Analysis of
the cured resins by examining characteristic elements with EDS maps showed that dispersion of
the fillers varied with the selected filler. EDS allowed for an easier determination of the filler
within the polymer composite, compared to just the SEM image. An example SEM image of a 30
phr talc, 5 phr fumed silica composite is shown in Figure 5.6 where the brighter portions are

particles of talc.
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Figure 5.6. SEM image of the composite with 5 phr fumed silica and 30 phr talc.

Ca-bentonite, hectorite, and talc had some larger particles remaining in addition to portions of
the unfilled polymer. Calcium carbonate was homogeneously distributed in the system while
kaolin appeared to be distributed only in specific sections of the system. The dispersions of 30
phr Ca-bentonite, hectorite, kaolin, and calcium carbonate are shown in Figure 5.7. In addition,
increasing talc loading was studied and shown in Figure 5.8. There is an expected increase in the
amount of talc seen dispersed in the composite and the particle sizes don’t appear to change

substantially.
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Figure 5.7. EDS map of characteristic elements present in composites containing 5 phr fumed
silica and 30 phr of the indicated filler. The elements studied are shown above the EDS map.
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Figure 5.8. EDS map of Mg present in composite filled with increasing loadings of talc in
addition to 5 phr fumed silica.

Dispersion of clays has been shown to be affected by the environment of the solution, where
increasing pH results in greater dispersion for kaolinites and smectites. *° Flocculation is also
affected, which is the clumping of clays due to attractive forces. Comparing the clay dispersion
in Figures 5.7 and 5.8 to the particle sizes of the clays indicated in Table 5.2 shows that there are
different degrees of clay flocculation occurring in these composites depending on the filler. The
particle sizes are either reported as average or median sizes. Calcium carbonate is dispersed well
while kaolin appears to maintain small particle sizes and was not homogeneously dispersed. Ca-
bentonite and hectorite have larger particles present than the indicated particle sizes of the fillers,
which signals there is some conglomerates of filler happening. For talc, there are much larger
particles than the reported particle sizes, therefore there is poor mixing of the aggregated

particles and a lack of homogeneity in the composite.
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Table 5.2. Average or median particle sizes of clay fillers studied.

Average Particle Size (um) Median Particle Size (um)

Kaolin (Polygloss 90)?2 200 400
Calcium carbonate - 3.2
(Hubercarb Q3)?

Talc*P - 5-9°
Hectorite (Hectalite 200)? 95% < 44 -
Ca-bentonite (Bentolite L10)? 95% < 44 -
Fumed silica (Aerosil 200)? 0.012 -

8Provided by manufacturer.
bTalc particle size measured by Sedigraph and laser light scattering.

The EDS results above were all gathered from formulations where the filler was speed mixed
upon addition. Therefore, the dispersion using a speed mixer versus hand mixing was also
analyzed in Figure 5.9 for Ca-bentonite and 5.10 for talc. In the case of 30 phr talc, large
aggregated particles remained but the filler appeared more homogeneously distributed
throughout the entire system. For all other fillers such as Ca-bentonite as shown, there were

insignificant differences in the distribution when speed mixed.

Al Kol Ca-bentonite Al Kal

Hand mix Speed mix

: 100pm l . 100um !

Figure 5.9. Comparison of Ca-bentonite dispersion in the polymer composite through
observation of Al using EDS.
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Figure 5.10. Comparison of talc dispersion in the polymer composite containing 30 phr talc
through observation of Mg using EDS.

Interestingly, a significant presence of chlorine was also identified through EDS in the polymer
region, which is attributed to impurities present from the production of the epoxy monomer that
involves the reaction of trimethylolpropane and epichlorohydrin. An example EDS map of a
composite containing talc examining Cl and Mg is shown in Figure 5.11. The lack of Cl in the

filler can be clearly seen.

Cl Ka 30 phr Talc Mg Kal,2

-

. 100um ' ' 100um '

Figure 5.11. EDS maps of Cl and Mg present in the same 30 phr talc, 5 phr fumed silica
composite.
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While SEM-EDS is a powerful method for analyzing the homogeneity of the filler dispersion in
the polymer matrix, SEM alone can be useful for analyzing the void content in the polymer
matrix, as seen in Figure 5.12, which is a polymer containing no clays and just 10 phr fumed
silica. There are large voids visible in this crossection of the polymer. With a larger area of
observation via SEM, void content could be estimated for the entire polymer. The other option to
measure the density of voids in composites is ASTM D2734, which uses differences in density to

estimate the void content.

Figure 5.12. SEM image of the polymer with 10 phr fumed silica added, where large voids are
visible.

5.5. Effects of Viscosity on Front Velocity
In the initial kinetics studies, there was an observable difference in viscosity with equivalent

loadings of clays, due to their different densities and properties. Viscosity can be affected by the
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dispersion and flocculation of clay particles, as mentioned in the previous section. The viscosity
profile of each clay formulation was evaluated using a rheometer and shown in Figure 5.13. The
differences in viscosity based upon which clays are added and hand mixed into the formulation
can be quantitatively seen. The viscosity profile is based on a method of low-high-low shear
rates over time, to account for the thixotropic and shear thinning behavior of the resin. The drop
and recovery in the viscosity moving from low to high and high to low shear rates can be seen

which is characteristic of shear thinning.
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Figure 5.13. Viscosity profiles of formulations containing the resin system, along with 30 phr of
the indicated clay with 5 phr fumed silica. The first shear rate was 1 Hz, followed by 10 Hz and 1
Hz, with each shear rate held for 60 s at 25 °C.

Given that the clays all affected front velocities to different degrees and most of them exhibited

varying viscosities upon addition to formulations, to confirm that the differing viscosities were
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not the source of the front kinetics results a study with increasing fumed silica was carried out.
Increasing talc can give increasing viscosity as shown in Figure 5.14, but the front kinetics may
be affected by the talc as shown with the decreasing front velocity with increasing talc. Instead,
fumed silica is inert in the system and serves to isolate the effects of viscosity on front velocity.
The amount of fumed silica was varied from 5 phr to 15 phr in absence of other fillers, which

produces a significant increase in viscosity as shown in Figure 5.15.
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Figure 5.14. Viscosity profile of formulations containing the resin system with 5 phr fumed silica
and increasing talc loading. The first shear rate was 1 Hz, followed by 10 Hz and 1 Hz, with each
shear rate held for 60 s at 25 °C.
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Figure 5.15. Viscosity profile of formulations containing the resin system with increasing fumed
silica loading over the low-high-low shear rate method. The first shear rate was 1 Hz, followed
by 10 Hz and 1 Hz, with each shear rate held for 60 s at 25 °C.

As shown in Figure 5.16, the front velocity decreased from 7.3 cm min with 5 phr fumed silica
to 6.1 cm min with 7.5 phr fumed silica. The front velocity then remained constant with
increasing additions. The higher front velocity with less viscous material is expected with FP,
where previous studies have shown that convection could affect front propagation. 1* %
Correcting for the expansion of the sample as the front propagated gave a weak dependency of
front velocity across all fumed silica loadings tested, which was initially expected. The front
temperature appeared nearly constant with fumed silica loadings of 10 to 15 phr, and the lower

front temperature at 5 and 7 phr loading could be indicative of convection giving rise to heat

loss.
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Figure 5.16. Front velocity, front velocity corrected for expansion, and front temperature as a
function of fumed silica loading.

A system with 30 phr calcium carbonate while varying the fumed silica loading from 5 phr to 7
phr was also tested. The qualitative increase in viscosity resulted in a statistically insignificant
difference in front velocity. 5 phr fumed silica with calcium carbonate gave an expansion-
corrected front velocity of 3.49 + 0.11 cm min™, while 7 phr fumed silica resulted in 3.43 + 0.09
cm min. Calcium carbonate was chosen because it is not a clay, so there are no chemical effects
regarding swelling or acidic sites. With these studies, it was concluded that above a threshold for
eliminating buoyancy-driven convection, the viscosity has no significant effect on the front
velocity. Therefore, it is concluded that the trends observed with increasing clay loadings are not

related to viscosity.
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Since samples for characterization with 3 point bending and SEM were made using a
speed mixer rather than hand mixing, comparisons in the viscosity profile were also examined. It
was found that speed mixed samples containing kaolin and talc have both lower viscosity and
more deviation in their viscosities in Figure 5.17. Notably, speed mixed samples with 30 phr talc
and 5 phr fumed silica were difficult to work with due to their much lower viscosity. In molds
with open ends they would simply flow out of the mold with a high degree of expansion. They
also exhibited a unique phenomenon that appeared to be a phase separation of high and low
viscosity portions after speed mixing. However, comparing front velocities in Figure 5.18 of
hand and speed mixed samples showed that the values overall vary slightly, but the trends remain
the same. Therefore, speed mixing could be useful for applications that require shear thinning,
lower viscosity, or highly filled systems, but for front velocity measurements it can make

measurements more difficult.
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Figure 5.17. Comparisons of the viscosity profile of formulations containing the resin system
with 5 phr fumed silica and either 30 phr kaolin or talc, speed mixed (SM) versus hand mixed.
The first shear rate was 1 Hz, followed by 10 Hz and 1 Hz, with each shear rate held for 60 s at
25 °C.
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Figure 5.18. Front velocity and expansion corrected front velocity of hand-mixed and speed
mixed samples with 5 phr fumed silica and 30 phr of the indicated filler added to the resin
system. Ca-bentonite speed mixed measurements are duplicates, not triplicates like other data
points.

As mentioned, all the formulations exhibited shear thinning thixotropic behavior with a recovery
of viscosity after application of high shear. Recovery of viscosity was calculated, and recovery
appears to decrease as the talc loading is increased. The recovery is a measure of the degree to
which the viscosity returned to the initial viscosity after a higher shear rate. There is no current
explanation for the decreasing recovery. It is important to note that this recovery is on a time

scale of 60 seconds. The recovery could be comparable with the increased talc loading to lower

loadings, but on a longer timescale.
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Figure 5.19. Percent recovery of viscosity after high shear of formulations containing the resin
system of 25 wt% TEGDVE, 75 wt% TMPTE, 1 phr I0C-8 and 1 phr Luperox® 231 with 5 phr
fumed silica and increasing talc loading.

5.6. Effects of Drying Clays

Drying the clays had substantial effects on the front velocity and temperature and produced an
overall increase in front velocity and temperature in all cases, as shown in Figure 5.20a, and
Figure 5.20b for the smectite clays. The differences are attributed to the water content of the
clays, which can be seen as percentage weight change measured gravimetrically and with a

thermogravimetric analyzer (TGA), compared with the manufacturer reported moisture content

in Table 5.3.
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Figure 5.20. Comparison of dried and as-received clays tested for front velocity and front
temperature. Samples contained 30 phr clay and 5 phr fumed silica added to a resin system of 25
wt% TEGDVE, 75 wt% TMPTE, 1 phr I0C-8 and 1 phr Luperox® 231. “Fumed S.” contained
only 5 phr fumed silica added with no clay. Dried fillers are shown with a filled pattern. (a) Front
kinetics comparisons with dry and as-received clays and calcium carbonate. (b) Front kinetics
comparisons with dry and as-received smectite clays. “Hect.” is hectorite and “Bent.” is
bentonite.
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Table 5.3. Water loss after drying measured through gravimetric and thermogravimetric analysis.

wt% Water  wt% Water Loss Reported Moisture

Loss (TGA) Content (wt%)?
Kaolin 1.3 0.74 1.0
Calcium carbonate 0.15 0.32 0.2
Hectorite 8.0 7.1 <12
Ca-bentonite 13.9 114 <8.0
Na-bentonite 8.4 7.2 <12
Talc 0.25 0.61 Not provided

8From manufacturer technical data sheet

A TA Instruments TGA 550 was used to analyze fillers thermogravimetrically. A Hi-Res™
Ramp 50 °C/min to 600 °C method, Resolution 4, Sensitivity 1 was used for each sample with
standard aluminum pans under a nitrogen environment. This ramp method will automatically
modify the ramp rate dynamically depending on the observed weight change.

The TGA curves for each clay are shown in Figures 5.21-5.26. The water loss observed
with TGA was an average of two runs and analyzed over a range of 25 °C to 200 °C to best
mimic the oven drying process. It was calculated by subtracting the weight at 200 °C from the
initial weight. Both talc and calcium carbonate saw a sudden weight percent increase of
approximately 0.4% and 0.7% from 25 °C to 50 °C, respectively, across two separate runs. Thus,
the water loss calculated from the TGA curve for talc and calcium carbonate used the weight
percentage from 50 °C to 200 °C rather than the initial weight percentage at room temperature.
The cause of this sudden increase is uncertain and the thermal decomposition of the fillers above

the temperatures that fronts would propagate (~300 °C maximum) is not particularly of interest.
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Figure 5.21. Thermogravimetric analysis (TGA) curve of Hectalite® 200 (hectorite)
clay. Weight change calculated from starting temperature of approximately 25°C to 200°C.
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Figure 5.22. Thermogravimetric analysis (TGA) curve of Bentolite L10 (calcium bentonite)
clay. Weight change calculated from starting temperature of approximately 25°C to 200°C.
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Figure 5.23. Thermogravimetric analysis (TGA) curve of bentonite HPM-20 (sodium bentonite)
clay. Weight change calculated from starting temperature of approximately 25°C to 200°C.
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Figure 5.24. Thermogravimetric analysis (TGA) curve of Polygloss® 90 (kaolin) clay. Weight
change calculated from starting temperature of approximately 25°C to 200°C.
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Figure 5.25. Thermogravimetric analysis (TGA) curve of Hubercarb® Q3 (calcium
carbonate). Weight change calculated from starting temperature of approximately 50°C to 200°C.
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Figure 5.26. Thermogravimetric analysis (TGA) curve of talc. Weight change calculated from
starting temperature of approximately 50°C to 200°C.

Hectorite, sodium bentonite, and calcium bentonite exhibited the highest changes upon drying,
which coincides with their much higher water content than the other clays tested and their
swelling characteristics. 2> 1% Notably, Na-bentonite would not support a front until dried.

Drying could result in a few possibilities that would both increase the front velocity.
First, a higher water content could mean more heat loss in the system due to the vaporization of
water. Analyzing the maximum front temperatures reveals that for every clay tested, drying
resulted in a temperature almost identical to that of the fumed silica control, while the non-dried
clays had much lower front temperatures. This supports the hypothesis that heat loss from

vaporization of water is mitigated by drying the clays. Second, drying clays has been associated
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with freeing up acidic sites. 10 103 112 It js possible that this is catalyzing the RICFP rather than
acting as an inhibitor for the process as seen with previous works based on radical FP. Finally,
water could inhibit the cationic propagation reaction. The reduction in front velocity with
calcium carbonate compared to the fumed silica control can be attributed to potential chemical
interaction with propagating cations or the increase in heat capacity of the formulation and heat
losses to the calcium carbonate as shown by the reduction in maximum front temperature
compared to the fumed silica control. The constant front velocity independent of drying of
calcium carbonate is due to a low amount of bound water.

With the clay fillers, the similar front temperatures after drying compared to the control
containing no clay imply that the reduction in front velocity is mostly due to chemical effects or
the vaporization of water during propagation rather than heat loss to the clay itself. If the heat
loss was due to the thermal properties (such as heat capacity) of the fillers themselves rather than
water loss, one would expect the front temperature to be significantly lower than the fumed
silica, irrespective of drying.

5.7. Material Characterization of Clay Filled Composites

To study the effects of the fillers on final material properties, testing with DSC to determine
glass transition temperature (Tg) and flexural testing were undertaken with results in Table 5.4.
Composites containing clays of each type, such as kaolinite, calcium carbonate, talc, smectites,
were chosen for characterization. An increase of talc loading was examined to show the effects

on material properties with increasing filler.
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Table 5.4. Mechanical and thermal properties of composites.

Flexural Flexural Modulus Flexural Strain at Glass
Strength (MPa) Break (mm mm™) Transition
(MPa) Temperature
(°C)
Fumed silica 15.23 1.20 0.110 -3.95
30 phr Talc 8.18 0.55 0.085 -6.16
60 phr Talc 31.20 1.78 0.071 -6.81
120 phr Talc 156.3 4.26 0.035 2.75
Kaolin 43.89 2.73 0.069 -13.05
Calcium carbonate 17.14 0.90 0.062 -12.16
Hectorite N/A N/A N/A -15.40

It was found that the Tg for all studied clay composites was less than 0 °C, except in the case of
120 phr talc with 5 phr fumed silica, which still had a Tg significantly below room temperature
as shown in Table 5.4. The Tg calculation was done in TA Universal Analysis, which finds the
midpoint of the tangent line of the slope of the curve. An example is shown in Figure 5.27. There
was a notable decrease in Tg after addition of clays compared to a system with only fumed silica.
The low Tg values are not unexpected, as the materials are rubbery and flexible in ambient
conditions. The water content of the clay could be playing a role in the low Tg, with hectorite
having the lowest measured Tg and talc the highest. Additionally, a composite with 30 phr dried
talc gave a difference of 4 °C compared to using as-received talc. Calcium carbonate, with the
lowest water content of tested fillers does not follow this trend of water content, however. There
was an increase in Tg from 30 phr talc to 120 phr talc, likely due to the decreased chain mobility
in the system with high filler content. The DSC curves for talc containing composites are shown

in Figure 5.28.
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Figure 5.27. Example of the glass transition temperature calculation using TA Universal
Analysis software for a composite sample containing calcium carbonate.
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Figure 5.28. DSC curves from -40 °C to 150 °C of various talc loadings from 30 to 120 phr, 30
phr dried talc and 15 phr fumed silica at a rate of 10 °C min™.

In most DSC curves shown in Figure 5.28, there appears to be a significant exothermic hook
from -40 °C to -20 °C, which was examined and found to be due to improper matching of the
reference pan weight with the sample pan weight and not related to the thermal properties of the
sample. The hook disappears with a reference pan that is similar in weight to the sample, shown

with a kaolin composite in Figure 5.29.
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Figure 5.29. Exothermic hook in DSC curves of the same kaolin composite sample disappearing
with use of a reference matching the sample weight and evident with a lighter reference pan.

Flexural testing was chosen for mechanical testing due to the inherent homogeneities in these
systems with decomposition of the radical initiator generating voids in addition to the flexible
nature of the composites. Tensile testing would be difficult due to the possibility of cracks
propagating due to voids and the reported strength being much lower than actual. Hectorite was
unable to be studied as there were issues with front propagation in thin sheets for sample
preparation.

Flexural testing on the Instron universal testing machine initially produces load-extension

curves, such as those in Figure 5.30 for various clays. These are converted into flexural stress-
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strain curves shown in Figure 5.31 for increasing talc by Equations 5.1 and 5.2 from ASTM

D790.
6 = 3PL / 2bd? Equation 5.1
g=6Dd/L? Equation 5.2

Where: o is flexural stress (MPa), P is load at a given point (N), L is the support span length
(mm), b is the width of the sample (mm), d is the thickness of the sample (mm), D is the

deflection or extension (mm), and ¢ is the flexural strain (mm/mm or %).
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Figure 5.30. Load extension curve produced by the Instron universal testing machine for flexural

testing of composites containing 5 phr fumed silica and 30 phr indicated clay, or 15 phr fumed
silica.
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Figure 5.31. Flexural stress-strain curve for composites with 30 to 120 phr talc and 5 phr fumed
silica.

It was found that each clay affects the mechanical properties differently, with the highest flexural
strength observed with kaolin and the lowest with 30 phr talc. Only in the case of 30 phr talc
addition was the flexural strength lower than that of fumed silica alone seen in Figure 5.32.
Flexural strength is simply the value of flexural stress at break, or the maximum stress that the
material experiences. This is due to the presence of many voids in this composite compared to
only fumed silica, which aid in the flexibility of the material but negatively affect its strength.

The presence of voids can be seen in Figure 5.33.
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Figure 5.32. Flexural modulus and strength for talc, kaolin, calcium carbonate, and a fumed
silica only sample. 30 phr of the clay with 5 phr fumed silica was added or 15 phr fumed silica
for the fumed silica sample.
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Figure 5.33. Cross section of composite sheets filled with specified filler with noticeable voids in
calcium carbonate and talc.

The flexural modulus results in Figure 5.31 show that the addition of 30 phr talc and calcium

carbonate reduced the stiffness of the composite, which could be due to more voids present in
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these composites compared to the others and fumed silica alone. The flexural modulus was
calculated using Equation 5.3 from ASTM D790.
E =L3m/ 4bd? Equation 5.3
Where: E is the flexural modulus (MPa), L is the support span (mm), b is the width of the sample
(mm), d is the thickness of the sample (mm), and m is the slope of a tangent line for the initial
portion of the load-extension curve that occurs as a straight line (N/mm). These straight portions
of load-extension curves can be seen in Figure 5.30, where for example the straight line portion
for 30 phr talc occurs from 0 to approximately 12.5 extension.

An increase in talc from 30 phr to 120 phr showed significant increases in both the
flexural strength and flexural modulus. This was coupled with a decreasing strain at break when
increasing the talc loading. The results for increasing talc are shown in Figure 5.34. Increasing

filler here results in a stronger material.
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Figure 5.34. Flexural modulus and strength for composites with only fumed silica and
composites with 30 to 120 phr talc.
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5.8. Addition of Fillers with Differing Thermal Properties

Wood flour and milled carbon fibers were tested to determine the effects of thermal properties on
reactivity of the systems. It was found that wood flour, an insulating filler with a higher heat
capacity than the clays and milled carbon fibers tested, lowered the front velocity by 100% and
front temperature by 26 °C, while the addition of carbon fibers gave an increase in front velocity,
as shown in Figure 5.35 with a comparison to the as-received clay fillers studied. It has been
reported for FP that adding carbon fibers and other conductive elements will increase front
velocities. > 22 113 As seen in Table 5.1, carbon fibers have a thermal diffusivity an order of
magnitude higher than wood flour and a higher thermal conductivity. The thermal properties of
the carbon fibers aid in the heat diffusion needed to sustain a front, resulting in higher front
velocity while maintaining a constant front temperature compared to the fumed silica control.
Wood flour’s low thermal diffusivity reduces the front velocity and subsequently, the front

temperature because the slower front allows for more heat loss.
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Figure 5.35. Comparison of fillers with differing thermal properties. Samples contained 30 phr
shown filler and 5 phr fumed silica added to a resin system of 25 wt% TEGDVE, 75 wt%
TMPTE, 1 phr I0C-8 and 1 phr Luperox® 231. “Fumed silica” contained only 5 phr fumed silica
added with no other fillers. Front velocities and temperatures are shown. “Milled CF” is milled
carbon fiber and “Cal Carb.” is calcium carbonate.

5.9. Effect of Filler Dimensions and Sizings

A small study to discern the effects of the aspect ratio and the surface area of fillers was
attempted, which is a variable previously indicated worthy of study in frontal polymerization of
acrylate formulations with fillers. 22 The aspect ratio is the ratio of length to diameter. Initially,
seven fillers were studied: Nyad® G, 10 ES Wollastocoat®, Nyad® 1215 and Fibertec 520S are all
produced from wollastonite, a mineral that occurs as needle-like structures. Microglass 7204 and
Microglass 9114 are milled e-glass filaments, and FRM is made of mineral wool fibers. The
front velocity and temperature results from this study of aspect ratio and surface area are shown
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in Figure 5.36 and Figure 5.37. No obvious trend in front velocity or temperature was found with

the increasing aspect ratio of these fillers.
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Figure 5.36. Front velocity and temperature as a function of filamentous filler aspect ratios.
Resins contained 25 wt% tri(ethylene glycol) divinyl ether and 75 wt% trimethylolpropane
triglycidyl ether, with 1 phr (parts per hundred resin) I0OC-8 and Luperox® 231. 30 phr of each
filamentous filler and 5 phr fumed silica was added (A = Nyad® 1250; B = 10 ES
Wollastocoat®).
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Figure 5.37. Front velocity and temperature as a function of filamentous filler surface area.
Resins contained 25 wt% tri(ethylene glycol) divinyl ether and 75 wt% trimethylolpropane
triglycidyl ether, with 1 phr (parts per hundred resin) 10C-8 and Luperox® 231. 30 phr of each
filamentous filler and 5 phr fumed silica was added (A = Nyad® 1250; B = 10 ES
Wollastocoat®).

There are two issues potentially affecting these results. The surface area of every filler is not
known, but for the known fillers, surface area may play a greater role than aspect ratio. When
arranging the results of fillers with known surface area, it is seen that front velocity decreases as
surface area increases. This could be due to the chemistry of the fillers’ surfaces inhibiting the
cationic polymerization or differences in thermal properties of the filamentous fillers. Many of
these filamentous fillers are surface treated, which could be affecting propagation. The chemical
composition of many surface treatments or sizings is not provided by the manufacturer and the
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fillers with known surface area that were studied have different sizings, as shown in Table 5.5

below which also lists their filamentous physical properties.

Table 5.5. Aspect ratio, surface area and sizing chemistry of filamentous fillers.

Nyad® G?
Nyad® 1250?
10 ES Wollastocoat®?

Fibertec 520S%
Fibertec Microglass 72042
Fibertec Microglass 91142
Fibertec FRM?

8Provided by manufacturer, some data not provided

Aspect Ratio (I:d) Surface Area Sizing (Coating)
(m*g™)

15:1 0.4 None

3:1 3.2 None

3:1 3.2 Surface-modified,

chemistry NP

20:1 2 Aminosilane

17:1 Not provided Cationic

14:1 Not provided Aminosilane

25:1 Not provided None

Due to the potential issues with chemical treatment of the filamentous fillers, six different fillers

were obtained from Imerys S. A. that had no treatment and therefore would not inhibit the

cationic polymerization. The samples all had different surface areas and aspect ratios which can

be found in Table 5.6. These samples are all wollastonites, but the brand names of each are

unknown. The physical properties of the polymers with every wollastonite were similar, however

resins with A, B, C, E had a much higher viscosity than resins with D and F added. Additionally,

to achieve a similar viscosity to formulations with clays, 10 phr fumed silica was added instead

of only 5 phr.

Table 5.6. Aspect ratio and surface area of wollastonite samples tested with RICFP.

Wollastonite Sample Aspect Ratio (l:d)

3:1
8:1
3:1
15:1
3:2
13:1

Mmoo w>
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The front velocity and temperature for each formulation with the wollastonite sample added is
shown with respect to increasing surface area in Figure 5.38. For surface area, the front velocity
decreases as the surface area increases, which is similar to what is seen above for the
wollastonites that have chemical sizings. This implies that the surface chemistry of the
wollastonite is interfering with the polymerization. There is one report which examined
adsorption of poly(methyl methacrylate) and stearic acid onto wollastonite, and found that
adsorption of stearic acid was strong which was hypothesized to be due to hydroxyl groups on
the surface of the wollastonite. 1** If the hydroxyl groups are present as implied, this could
explain the decreasing front velocity due to surface interactions of the growing polymer chain
with the hydroxyl groups—as the surface area increases the number of these interactions would
be increased and hence the front velocity would be lower as shown with previous results of chain

transfer reactions affecting fronts.
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Figure 5.38. Front velocity and temperature as a function of filamentous filler surface area for
untreated wollastonite samples. Resins contained 25 wt% tri(ethylene glycol) divinyl ether and
75 wt% trimethylolpropane triglycidyl ether, with 1 phr (parts per hundred resin) 10C-8 and
Luperox® 231. 30 phr of each wollastonite and 10 phr fumed silica was added. “Exp. Corrected
Front Velocity” is velocity corrected for sample expansion during front propagation.

Regarding the aspect ratio, the front velocity and temperature increased as the aspect ratio
increased in Figure 5.39. Within the range of aspect ratios studied, this also follows similar
results to the previous tests of treated wollastonites, which saw an increase in front velocity from
3 to 15 and decrease from 15 to 25. One hypothesis of the front velocity increase is that the

higher aspect ratio fillers may be large enough to hinder the crosslinked structure and increase

the mobility of active chain ends which results in a higher polymerization rate. 8
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Figure 5.39. Front velocity and temperature as a function of filamentous filler aspect ratio for
untreated wollastonite samples. Resins contained 25 wt% tri(ethylene glycol) divinyl ether and
75 wt% trimethylolpropane triglycidyl ether, with 1 phr (parts per hundred resin) 10C-8 and
Luperox® 231. 30 phr of each wollastonite and 10 phr fumed silica was added. Samples with
aspect ratio of 3 were arranged in increasing surface area.

5.10. Effects of Initiator Concentrations and Vinyl Ether Content

Samples with talc, Ca-bentonite and kaolin were tested with differing amounts of TEGDVE and
initiators. Given the ability for clays to show radical-scavenging behavior, 2 it was suspected
that increasing initiator concentrations in the presence of clay would result in smaller increases in
front velocity than samples with no clay. To study the increases in front velocity, the slope of the

linear trendline for front velocity versus Luperox® 231 concentration was determined for

samples with and without clays. The compiled data from this study are shown in Table 5.7. From
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a graph of front velocity for fumed silica and talc with fumed silica samples with increasing
Luperox® 231 concentration from 0.5 phr to 1.5 phr shown in Figure 5.40, it was found that the
slope of the linear trendline for the front velocity in fumed silica only samples was 1.94 (cm min
1 phr?), and the slope of expansion corrected front velocity was 1.51 (cm min* phrt). For talc
samples, the front velocity and expansion corrected front velocities were 1.52 (cm min* phr?)
and 1.47 (cm mint phrt), respectively. The similarity in front velocity after expansion correction
implies that radical scavenging is not the primary source of propagation inhibition with talc.

Table 5.7. Slope of trendlines of front velocity and exp. corrected front velocity versus
increasing Luperox® 231 concentration for different clays.

Front Velocity vs Luperox® 231  Exp. Corrected Front Velocity vs

Concentration (cm min* phr?) Luperox® 231 Concentration (cm
mint phr?)
Fumed silica® 1.94 1.51
Fumed silica® 2.29 2.51
Ca-bentonite® 1.46 1.27
Talc? 1.52 1.47
Kaolin? 0.81 0.80

4L uperox® 231 concentration increased from 0.5 phr to 1.5 phr
b_uperox® 231 concentration increased from 1.0 phr to 2.0 phr
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Figure 5.40. Effect of increasing Luperox® 231 concentration on front velocity for formulations
containing 25 wt% TEGDVE, 75 wt% TMPTE and 1 phr IOC-8. Samples contained 10 phr
fumed silica (FS) or 5 phr fumed silica with 30 phr talc.

In the case of Ca-bentonite and kaolin, the slope of the trendline of increasing front velocity
versus Luperox® 231 for these clays is nearly half that of samples with only fumed silica. The
graphs of front velocity versus radical initiator concentration are shown in Figures 5.41 and 5.42
for Ca-bentonite and kaolin. Ca-bentonite has been previously shown to affect free-radical FP
through potential radical inhibition and low thermal diffusivity. 2 A front after adding Ca-

bentonite was not supported with 1.0 phr IOC-8 and 0.5 phr Luperox® 231; therefore, an
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increasing Luperox® 231 range of 1.0 phr to 2.0 phr was chosen. The lower slope of Ca-

bentonite in this study indicates either radical inhibition or low thermal diffusivity.
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Figure 5.41. Effect of increasing Luperox® 231 concentration on front velocity for formulations
containing 25 wt% TEGDVE, 75 wt% TMPTE and 1 phr IOC-8. Samples contained 10 phr
fumed silica (FS) or 5 phr fumed silica with 30 phr Ca-bentonite. “Ca-BNT” is Ca-bentonite.
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Figure 5.42. Effect of increasing Luperox® 231 concentration on front velocity for formulations
containing 25 wt% TEGDVE, 75 wt% TMPTE and 1 phr IOC-8. Samples contained 10 phr
fumed silica (FS) or 5 phr fumed silica with 30 phr kaolin.

Kaolin and talc have previously been shown to be inert in free-radical FP systems. 22 The front
velocity for kaolin is nearly half that of talc in RICFP systems which, with their similar thermal
properties, shows potential chemical inhibition. Although previously shown to be inert in free-
radical FP, the slope of the trendline of increasing radical initiator concentration was much less
after adding kaolin. This could indicate that the mechanism of inhibition with kaolin is through

interaction with free-radicals, contrary to previous work which contrasted kaolin, talc, calcium

carbonate and bentonite.
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With 0-100% TEGDVE/TMPTE, shown in Figure 5.43, an overall increase in front
velocity for samples containing talc was observed with the increasing TEGDVE content, which
is an expected trend. *® At 25% TEGDVE, the front velocity did decrease, which was also
observed in previous reports. * For samples with hectorite, a front was not supported with 100%
TMPTE and no TEGDVE though a localized reaction occurred upon application of heat. This
could be attributed to the low reactivity of TMPTE relative to vinyl ether and the low thermal
diffusivity of hectorite, in addition to the high water content of hectorite contributing to heat loss
and inhibition of the cationic mechanism. Given that talc would support a front with only
TMPTE and the initiators, this is suspected to be a result of the unique chemistry of the hectorite.
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Figure 5.43. Front velocity and temperature as a function of TEGDVE percentage. Resins
contained specified wt% TEGDVE and remainder wt% TMPTE, with 1 phr (parts per hundred
resin) I0C-8 and Luperox® 231, and 30 phr talc with 5 phr fumed silica.

140



5.11. Spontaneous Polymerization Induced by Montmorillonite K10

Montmorillonite K10 (MMT K10), an acid-treated bentonite clay, was able to initiate
polymerization in the absence of any applied external energy, resulting in many localized fronts
in the material in Figure 5.44. The rapid initiation, with a decreasing onset time as MMT K10
loading is increased, is contrary to previous reports of filler addition in free-radical FP. 22 This is
attributed to the acidic character of the clay, as it is well known that vinyl ethers and other
monomers will polymerize upon addition of acid; % acid-treated montmorillonites have also been
used as catalysts for cationic polymerizations and organic reactions. *>117 |t was found that a
minimum of 10 phr MMT K10 was needed to initiate polymerization. With free-radical FP,
MMT K10 and other acid-treated clays were shown to inhibit the FP process or even quench it at
high loadings??, while in this case for cationic monomers, the acidic character is resulting in the

initiation of polymerization.
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Figure 5.44. Spontaneous polymerization over time of a 25 wt% TEGDVE, 75 wt% TMPTE and
1 phr 10C-8 with 1 phr Luperox® 231 formulation via addition of MMT K10. The time intervals
shown are: a) 80 seconds; b) 335 seconds; c) 435 seconds; d) 465 seconds.

Increasing the ratio of talc to MMT K10 resulted in a prolonged initiation time. Drying the clay
with the above mentioned procedure did not affect the starting time. A similar result was
achieved by Gary et al., who saw that the front velocity of acrylates was unaffected by the drying
of Fulcat® 435, another acid-activated clay. 2 The addition of fumed silica also did not
significantly affect the pot life. The initiation time based on drying and talc addition is shown in

Figure 5.45. Observing the front velocity of high loadings of MMT K10 was unachievable, given
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the short pot life until spontaneous polymerization. Likewise, with these formulations it was
impossible to predict the starting location of a front, making the propagation difficult to track.
To confirm that this phenomenon is due to acid treatment and not another property of the
clay, tests on identical samples were carried out but Fulcat® 435, another acid treated clay, was
added. The addition of this clay also resulted in spontaneous polymerization. Additions of other

untreated clays did not show spontaneous polymerization.

—=—30 phr MMT K10
30 phr Dried MMT K10
—41:1 Talc:MMT K10
300+ M v 2:1 Talc:MMT K10

Temperature [°C]

0 100 200 300 400 500 600

Time after addition of MMT K10 [s]
Figure 5.45. Effects of talc and MMT K10 addition along with drying on the pot life of 25 wt%
TEGDVE, 75 wt% TMPTE with 1 phr IOC-8 and 1 phr Luperox® 231 formulations.
Formulations containing only TMPTE and MMT K10 did not exhibit spontaneous
polymerization within similar timespans. This indicates that interactions between the vinyl ether
and MMT K10 are causing the polymerization. The nucleophilic double bonds of vinyl ethers are

known to be easily protonated. %° Like the concept of kick-starting in photopolymerized vinyl
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ether-epoxy blends, "> 7® the vinyl ether reactivity drives the polymerization to occur upon
protonation via MMT K10.

5.12. Conclusions and Future Outlook

The effects of adding fillers, with a focus on clay minerals, to a resin system of epoxy (TMPTE)
and vinyl ether (TEGDVE), which undergoes RICFP through combination of an iodonium salt
(10C-8) and peroxide-based free-radical thermal initiator (Luperox® 231) were investigated.

Multiple clay minerals were tested for their viability in RICFP and effects on front
velocity and temperature. Talc, kaolin, hectorite, and Ca-bentonite all supported fronts for epoxy
vinyl ether blends when added in 30 phr amounts (with 5 phr fumed silica as a viscosifier), while
Na-bentonite did not support a front. Calcium carbonate was also used, though it is not a clay
mineral, because there was an interest in studying its viability as a basic compound in a cationic
system. Compared to a control containing only 5 phr fumed silica with the resin, these fillers all
reduced the front velocity of the system by different amounts compared to previous studies of
clays in free-radical FP. Talc reduced the front velocity the least and Ca-bentonite reduced it the
most. The clays have similar thermal properties; therefore, we conclude that the fillers are
affecting the polymerization mechanism.

Increasing loadings of talc and hectorite reduced front velocity, which is attributed
partially to the fillers acting as heatsinks. It was determined that viscosity has little effect on the
front velocity through increasing loading of only fumed silica in the resin system. After
correcting for expansion of the material, the front velocity exhibited a weak dependence on
fumed silica loading. This also confirms that the differing front velocities with the clays are not

due to differing viscosities.

144



Drying the clay fillers results in a higher front velocity than non-dried clays. This is due
to the presence of water absorbing heat and contributing to heat loss in the system, reducing front
velocity. Calcium carbonate, which had low measured water content, gave the same velocity
after drying, indicating that water content for the other fillers is affecting the front velocity
through heat loss. Additionally, drying can free up acid sites in clay minerals which could
catalyze the RICFP process.

The effects of adding wood flour and carbon fibers were tested. Carbon fibers are
conductors with a thermal diffusivity much higher than wood flour. Carbon fibers increased the
front velocity when added, like previously published work for FP, ® 22 but wood flour decreased
the front velocity. This highlights the importance of choosing fillers with thermal properties that
benefit front propagation.

It was also found that increasing vinyl ether percentage relative to epoxy would increase
the front velocity, as expected. Notably, samples with hectorite would not support a front with
only epoxy (TMPTE) and no vinyl ether. Increasing Luperox® 231 concentration was also
studied in formulations with and without talc, Ca-bentonite and kaolin. It was expected that if
radical scavenging was the main mechanism of decreasing front velocity, the rate of front
velocity change over the increasing concentrations would be higher without talc, since it would
scavenge radicals. There was a negligible difference in the rate of front velocity change over
increasing Luperox® 231 concentration, which implies that radical scavenging is not the main
source of suppressed propagation with talc. In the case of Ca-bentonite and kaolin, the rate of
front velocity change over the increasing radical initiator concentration was nearly half that of
samples without clay. This indicates potential radical inhibition with these two clays, which is

expected in the case of Ca-bentonite but not kaolin.
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Finally, it was seen that adding montmorillonite K10, an acid-treated bentonite clay,
would cause formulations to spontaneously polymerize and show small, localized fronts. This
only occurred if vinyl ether was present in the system, which is attributed to the acid character of
the clay reacting with the highly nucleophilic vinyl ether. Neither drying the clay nor adding
fumed silica influenced the start time of this polymerization.

Knowledge of the effects of different fillers on FP is important for the development of
composite materials using epoxy or vinyl ether resins. Fillers can have different effects upon
RICFP rather than free-radical FP. It was shown that choosing the correct filler entails a balance
of thermal properties, chemical effects and water content. Some fillers are surface treated which
could interfere with propagation, such as filamentous fillers with sizings. Care must be taken to
ensure that there are no modifications to the fillers to adversely affect the pot life and kinetics of
RICFP systems. The chemistry of clays is complicated and more detailed studies of the
differences between clays in terms of structure could provide more insight into optimization of

frontal polymerization of filled resins.
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CHAPTER 6. CATIONIC FRONTAL POLYMERIZATION WITH NO
PRIMARY RADICAL SOURCE

6.1. Introduction to the Role of Onium salts in RICFP
Most notably, RICFP has been used for the polymerization of epoxy resins, which are ubiquitous
in practical applications. *” The addition of vinyl ethers to epoxies has been shown to increase the
front velocity, % following similar results for bulk photopolymerizations. 48 76

There is minimal literature describing FP of cationically-cured monomers through
procedures that do not employ RICFP. Scognamillo et al. 2 ** studied the frontal curing of
epoxides with BFs-amine complexes, Chekanov et al. * observed FP of epoxies using an
aliphatic amine curing agent, and Pojman et al. " ™ used a BCls-amine complex with the
aliphatic amine curing agent in hybrid systems of epoxy and acrylates. Lecompére et al. 2
published that FP of epoxies is viable through thermal or UV initiation in the presence of a
pyrylium salt/vinyl ether coinitiator mixture. They saw small additions of vinyl ether have a
“kick-starting effect” raising the reaction rate of the less reactive cycloaliphatic epoxy monomer.
In addition, the group studied the effects of pyridine delaying premature reactions in solutions
containing only pyrylium salts and epoxides. 18 In studies by Crivello, %0 11° 120 thermally-
initiated FP of oxetanes and alkyl glycidyl ethers was possible with iodonium antimonate salts,
but the FP would only propagate in areas that were previously irradiated by UV, and the front
would stop at the boundary of these areas.

In their initial discovery of RICFP, Mariani et al. % demonstrated that front propagation

was possible using an iodonium hexafluoroantimonate salt with dibenzoyl peroxide, but not with

This chapter was previously published as B. R. Groce, M. M. Ferguson, J. A. Pojman. Thermally
Initiated Cationic Frontal Polymerization of Epoxies and Vinyl Ethers Through a Lone Iodonium
Salt. Journal of Polymer Science, 2023, 1. Reprinted with permission from Wiley.
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the iodonium salt alone. Therefore, in most cases in the literature it is generally reported that
photoacid generating salts and TRIs are required for FP; there are no studies showing that FP is
possible through addition of only iodonium salts without prior irradiation. With the specificity
needed for TRI selection and the potential for gas production during polymerization with
peroxides, a system that does not require a TRI would be advantageous to future developments in
cationic FP.

There is a report from 1996 that found that superacid is generated upon decomposition of
a diaryliodonium salt with tetrafluoroborate and hexafluorophosphate counterions. *2* They
measured acid generation by pyrolysis of the salts at 250 °C for 20 minutes and titration of the
resulting product with NaOH. It was found that an average 1.97 equivalents superacid was
formed from the diaryliodonium hexafluorophosphate and 1.36 equivalents superacid from the
diaryliodonium tetrafluoroborate salt. They also heated the salt at 239 °C for 15 minutes and
analyzed the composition of the solution with gas chromatography mass spectrometry. The two
major products by percent composition were iodobenzene and fluorobenzene, though they
identified many more products and explained their formation with Figure 6.1 below adapted

from their work.
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Figure 6.1. Proposed mechanism of diaryliodonium salt thermal decomposition adapted from
McEwen et al. (1996).

In the Figure 6.2, which is also adapted from their work, they explain the formation of the
fluorobenzene, which is shown from a hexafluoroantimonate source to better fit the work in this

dissertation. This is thought to happen as a nucleophilic aromatic subsitution that competes with
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the initial homolytic cleavage of the salt, and a fluoride ion from the counterion attacks the

diaryliodonium ion to generate fluorobenzene.
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Figure 6.2. Formation of fluorobenzene in thermal decomposition of a diaryliodonium
hexafluoroantimonate salt proposed by McEwen et al. (1996).

The acid generation of the diaryliodonium salts at 250 °C follows a result shown in a thesis by
Taschner in 2023. 122 In the thesis, a DSC scan from 25 °C to 350 °C at a rate of 10 K min of a
resin consisting of 80 mol% BADGE and 20 mol% 1,6-hexanediol diglycidyl ether with 1 mol%
IOC-8 was conducted. The onset temperature of the exothermic polymerization reaction was
gathered by the DSC thermocouple and determined to be 217 °C. This polymerization would
only be possible if the IOC-8 was decomposing to form the superacid initiating species.
Regarding the ~30 °C difference, it could be that decomposition of the diaryliodonium
hexafluorophosphate and tetrafluoroborate studied by McEwen et al. *2! occurs at a higher
temperature, or was occurring in a range rather than specifically at 250 °C that was studied.
With the evidence that superacid can be generated by heat, this chapter seeks to
determine if a front can be initiated and sustained with thermal decomposition of IOC-8 at the
front temperature. The 10C-8 concentration and composition of formulations was studied, along
with front viability of different epoxies and vinyl ethers. To give some insight into the
mechanism behind decomposition of IOC-8 and confirm that the radical and radical-cation
species described by McEwen et al. *2! are formed, a free-radical inhibitor (MeHQ) was added to

see the effects on the front kinetics.
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6.2. Materials and Methods of Cationic Frontal Polymerization with No Radical Source
In this chapter, many different epoxies and vinyl ethers were studied. The epoxies used were
trimethylolpropane triglycidyl ether (TMPTE), neopentyl glycol diglycidyl ether (NPDGE),
bisphenol-A diglycidyl ether (BADGE), and 3,4-epoxycyclohexylmethyl-3’.4’-
epoxycyclohexane carboxylate (CE). Tri(ethylene glycol) divinyl ether (TEGDVE) and 1,4-
cyclohexanedimethanol divinyl ether (DVE-1,4) were tested as vinyl ethers. p-
(octyloxyphenyl)phenyliodonium hexafluoroantimonate (I0C-8) was the superacid generator
used. For comparison with systems that employ thermal radical initiators, benzopinacol (TPED)
and 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (Luperox 231, L231) were used.
Aerosil E805 fumed silica was used as a viscosity enhancer. Dodecanol and 4-methoxyphenol
(MeHQ) were used in the study of radical inhibitors. All chemicals were used as received with

no purification. Chemical structures of the monomers and initiators used are shown in Figure 6.3.
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Figure 6.3. Structures and abbreviations of chemicals used in this chapter.

6.2.1 Formulation Preparation and Frontal Polymerization

Each formulation was made containing the specified epoxy, glycidyl ether, or vinyl ether with
varying concentrations of 10C-8 in parts per hundred resin (phr). Parts per hundred resin is a unit
meaning 1 gram of material for every 100 g of resin. For the epoxy and glycidyl ethers, 10C-8
was first dissolved in the monomer using a heated sonicator bath at 40 °C for approximately 15
to 30 minutes, depending on concentration. For the vinyl ethers, IOC-8 was dissolved in
propylene carbonate in a 1:1 weight ratio before adding the monomer. The formulation was
shaken in either case with a vortex mixer for a minute to ensure homogeneity. To increase

viscosity, 10 wt% fumed silica was added to the formulations and hand mixed. Aerosil E805 was
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used in lieu of previously used Aerosil 200 as it is marketed as easy-to-disperse. Aerosil 200 and
TMPTE was experiencing issues with viscosity, whereas the Aerosil E805 had a higher
viscosity.

Similar to previous chapters, the moldable resin putty was loaded into a wooden mold
(13.5cm x 2 cm x 0.6 cm) lined with wax paper for easy removal. To initiate the front, a
soldering iron was heated to 330 °C for epoxy and glycidyl ethers or 200 °C for vinyl ethers and
contact with the putty was maintained until the front began to propagate approximately 0.5 cm,
then the soldering iron was removed. A Seek Thermal CompactPRO FF infrared camera was
used to observe the evolving thermal field as the front propagated. The mold was cooled to room
temperature prior to subsequent experiments. Triplicate experiments were performed by running
three trials from the same solution.

For front velocity, the fronts were tracked using a video camera placed directly above the
sample. Front velocity was calculated from the slope of the graph of front position versus time.
Expansion-corrected front velocity was calculated by taking a ratio of initial material length to
cured material length and multiplying this factor by the raw front velocity. The expansion only
accounts for the expansion in the direction parallel to the front propagation.

For UV-initiation, samples were loaded into the same wooden mold used for thermal
initiation with a video camera and Seek Thermal CompactPRO FF infrared camera to record
front position and temperature, respectively. Above the end of the mold, a ThorLabs M365LP1
365 nm light was fixed at a distance of 7 cm with an intensity of approximately 48 mwW cm,
which was measured with a ThorLabs S302C sensor. About 8 to 10 mm of the resin was exposed

to the light. Once the front had begun to propagate, the light was immediately turned off.
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Uncured resins in molds ranged from 8 to 10 cm prior to polymerization, much longer than the
exposure radius.

6.3. lodonium Salt Dependencies of Epoxy Monomers in Frontal Polymerization

The effects of varying 10C-8 concentration were first analyzed with epoxies initiated thermally.
It was found, like in previous literature using RICFP, >* *° that the front velocity greatly
depended on I0C-8 concentration. Increasing amounts of IOC-8 were shown to increase the
front velocity. The plot in Figure 6.4 shows the dependence of the front velocity on the I0C-8
concentration with TMPTE as the monomer. For comparison of phr with other units of
concentration, note that 1 phr I0C-8 is equivalent to 0.016 molal, 2.5 phr IOC-8 is 0.039 molal,

5 phr 10C-8 is 0.078 molal, and 7.5 phr 10C-8 is 0.12 molal.
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Figure 6.4. Front velocity and expansion corrected front velocity versus IOC-8 concentration for
TMPTE samples with 10 wt% fumed silica added. “Exp. Corrected Front Velocity” is front
velocity corrected for material expansion.

The same trend of increasing front velocity with increasing 10C-8 concentration is seen with
NPDGE in Figure 6.5. NPDGE experienced significant material expansion at higher
concentrations of I0C-8. CE would partially support a front with 2 phr I0C-8 before quenching.
With all concentrations of 10C-8, CE had substantial expansion vertically in addition to
expansion horizontally. The expansion is due to the creation of bubbles, which is likely from the
decarboxylation of the monomer. 1?2 The monomer has a boiling point of 363 °C according to the
manufacturer. The vertical expansion of CE can be seen in Figure 6.6 with an actively

propagating front through the uncured resin, along with the fumes visible during propagation that

led to the formation of many voids, including hollow, transparent bubbles. The high expansion in
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the direction of the propagating front gave a large difference between the expansion-corrected
front velocity and the raw front velocity. This expansion-corrected front velocity only accounts
for the expansion in the horizontal direction and does not include the vertical expansion. It was
seen that an increase in front velocity occurred from 4 phr to 12 phr IOC-8 with a drop at 10 phr
IOC-8 in Figure 6.7. The 10 phr I0OC-8 concentration was tested multiple times to confirm the

drop in front velocity is reproducible. There is no current hypothesis why this is occurring.
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Figure 6.5. Front velocity and expansion corrected front velocity versus 10C-8 concentration for
NPDGE samples with 10 wt% fumed silica added. “Exp. Corrected Front Velocity” is front
velocity corrected for material expansion.
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Figure 6.6. Vertical expansion of a system of 9 phr IOC-8 in CE, with 10 wt% fumed silica
added.
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Figure 6.7. Front velocity and expansion corrected front velocity versus 10C-8 concentration for
CE samples with 10 wt% fumed silica added. “Exp. Corrected Front Velocity” is front velocity
corrected for material expansion. Results for 7.5 phr 10C-8, 9 phr 10C-8, and 10 phr 10C-8 are
averaged over 2 sets of triplicates.

The polymers produced by TMPTE, CE, and NPDGE presented many voids. This could either
be due to bubbles introduced during mixing, formation of volatile compounds from
decomposition of 10C-8, or impurities present in the monomer. Based on the previously reported
analysis of iodonium salt thermal decomposition, there are many volatile byproducts released. 1%
TMPTE was soft, somewhat flexible, and appeared to have the least amount of voids. CE had a
large amount of voids and was very brittle and inflexible, while NPDGE was flexible and had

streaking bubbles through the material parallel to the front direction at low 10C-8 concentrations,

which has previously been documented. 124 12 The color of the three polymers also varied, with
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TMPTE being brown, CE was yellow, and NPDGE was off-white. Increasing the I0C-8
concentration shifted the colors of the polymers darker. *°

Results for expansion-corrected front velocity with each monomer at the minimum 10C-8
concentration, 5 phr I0OC-8, and 10 phr IOC-8 are shown in Table 6.1. In the studied 10C-8
concentration range for all epoxies from 0 — 10 phr after expansion correction, CE yields the
highest front velocities at 9 phr I0C-8. Ring strain in the CE epoxide due to the attachment to the
cyclohexane ring results in higher reactivity for the epoxy ring opening polymerization
mechanism, °° which potentially explains these results. However, the higher minimum 10C-8
concentration needed for CE compared to TMPTE and NPDGE could be related to the higher
molecular weight per functional group resulting in lower relative heat production, or the bubbles
that are formed from gas production contributing to heat loss. The molecular weight per
functional group of CE is 126.2 g mol™, while for TMPTE it is 100.8 g mol™* and NPDGE is
108.1 g mol™.

For all monomers, front temperatures were approximately 230 °C. Formulations with
pure BADGE were attempted, but it was found that BADGE could only support a front when
TEGDVE was added. There is a minimum of 3 phr I0OC-8 and 1:4 weight ratio of
TEGDVE:BADGE needed. The front from this formulation is much slower than other monomers
with comparable 10C-8 concentrations. BADGE formulations with concentrations of up to 5 phr
I0C-8 with 0 to 20 wt% TEGDVE did not support fronts, along with attempts at up to 10 phr
IOC-8 with no vinyl ether added. Due to these limitations, only the front velocity at minimum

I0C-8 concentration for BADGE was studied.
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Table 6.1. Observed minimum 10C-8 concentration and range of front velocities and expansion-
corrected front velocities for epoxy and glycidyl ether monomers up to 10 phr 10C-8.

TMPTE 1.5 0.9 4.1 5.1
CE 4.0 3.3 5.6 6.6
BADGE B8 1.0 - -

NPDGE 0.1 0.6 4.4 5.3

8Formulation consisted of 25 wt% TEGDVE and 75 wt% BADGE.

6.4. lodonium Salt Dependencies for Vinyl Ethers

Vinyl ether monomers, like epoxies and glycidyl ethers, were also able to undergo cationic FP
through only addition of I0C-8. Both TEGDVE and DVE-1,4 were tested and found to support
fronts with much lower concentrations of IOC-8 than epoxies and at an initiation temperature of
200 °C as opposed to 330 °C with epoxies due to higher reactivity of vinyl ethers. In addition,
TEGDVE resulted in overall much faster fronts than the epoxies. The front velocity dependency

on 10C-8 concentration for TEGDVE is found in Figure 6.8.
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Figure 6.8. Front velocity and expansion corrected front velocity versus 10C-8 concentration for
TEGDVE samples with 10 wt% fumed silica added. Data for 1.5 phr IOC-8 is calculated over 3

separate sets of triplicates. “Exp. Corrected Front Velocity” is front velocity corrected for
material expansion.

With TEGDVE, there appeared to be a plateau of front velocity after reaching 0.5 phr 10C-8
after initial increases in front velocity from 0.01 phr to 0.5 phr. Similar to the drop in front
velocity of CE at 10 phr I0C-8, the cause of the small drop in front velocity at 1.0 phr I0C-8 is
uncertain. Interestingly, there appeared to be bubbles and fingering at the interface of the front, a
phenomenon previously observed in thermally unstable FP.*° The overall kinetics of increasing

I0C-8 concentration with DVE-1,4 were not studied, as the material was very brittle and

encountered substantial expansion as the front progressed which made it impossible to determine
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the position of the front. DVE-1,4 required a similar minimum concentration of I0C-8 as
TEGDVE. Both pure TEGDVE and DVE-1,4 had noticeable disadvantages in material quality.
TEGDVE resulted in brown polymers that were easily broken, but flexible and remained in once
piece, while DVE-1,4 gave yellow polymers that were very brittle and would crack into pieces
upon polymerization. The loading of fumed silica had to be increased from 10 wt% to 15 wt%
for DVE-1,4 to achieve a qualitatively similar viscosity to TEGDVE. A comparison of both
materials is seen in Figure 6.9. A range of front velocities possible for studied epoxy and vinyl

ether monomers is shown in Figure 6.10.

F_-

Figure 6.9. Example of material produced with pure TEGDVE (top) and DVE-1,4 (bottom), both
containing 0.1 phr 10C-8.
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Figure 6.10. Comparison of front velocity ranges with monomers studied. IOC-8 concentrations
varied depending on monomer. TMPTE (1.5—10 phr 10C-8); CE (4—12 phr 10C-8); NPDGE
(0.1—10 phr 10C-8); TEGDVE (0.05—1.5 phr 10C-8).

6.5. UV Initiation of Epoxies and Vinyl Ethers

Fronts were also initiated using a 365 nm UV light at a measured intensity of approximately 50
mW cm2 for formulations containing TMPTE, NPDGE, CE, and TEGDVE. The setup is shown
in Figure 6.11. The samples were made to be longer than the cone of UV light contacting the

sample to ensure that propagation was not only due to irradiation of the sample ahead of the front

as described in literature. °
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Figure 6.11. Setup of frontal polymerization initiation via UV-initiation.

In every system, there was an obvious difference in the cured material properties in the UV
exposed region versus the region that cured via thermal front propagation as shown with the CE
system in Figures 6.12a and 6.12b. The region that was exposed to UV light was harder, darker
in color, did not have voids, and did not expand. This could be due to higher conversion in the

light cured region. This phenomenon warrants further investigation.

164



Figure 6.12. UV initiated frontal polymerization. a) uncured CE resin being irradiated with UV
light; b) propagating front of CE resin after initiation, where the polymer is a different color from
the resin and labelled, and the extent of the resin is labelled and outlined with dashed lines. “UV”
is the portion of the polymer irradiated with UV light, and “thermal” is the polymer that was
cured by the thermal propagation of the front.

The front velocities of the resins initiated with heat or UV were similar across both methods with
consideration of standard deviation. Two concentrations of IOC-8 were chosen for these studies:
the minimum concentration needed to support a front thermally, and one concentration which
lain within the studied ranges. Front kinetic results with comparisons are shown for both the
minimum and mid-range 10C-8 concentration in Figure 6.13 and 6.14, respectively. Regardless
of initiation method, front velocity should be constant for equivalent formulations if the front has
reached a steady state, given that the propagation occurs with the heat generation of the reaction.

More experiments are needed to confirm the constant front velocities; longer samples may be

needed to ensure that the front reached a steady state.
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Figure 6.13. Front velocity at minimum concentrations of 10C-8 for three epoxies and a divinyl
ether with comparisons between thermal and UV initiation methods. 10C-8 concentrations: CE 4
phr 10C-8; NPDGE 0.1 phr I0C-8; TMPTE 1.5 phr I0C-8; TEGDVE 0.05 phr I0C-8.
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Figure 6.14. Front velocity at midrange concentrations of 10C-8 for three epoxies and a divinyl
ether with comparisons between thermal and UV initiation methods. I0C-8 concentrations: CE 5
phr I0C-8; NPDGE 3 phr I0OC-8; TMPTE 7.5 phr I0C-8; TEGDVE 0.5 phr 10C-8.

With 0.1 phr 10C-8 in NPDGE, fronts were extremely slow, and initiation time was over 10
minutes. The front temperature for this formulation was also low at 130 °C, compared to other

formulations that had front temperatures of approximately 200 — 230 °C. Figure 6.15 shows the

front velocity increase with increasing 10C-8 concentration for NPDGE.
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Figure 6.15. Front velocity versus I0C-8 concentration for NPDGE, with comparisons of UV
and thermal initiation.

Nonetheless, these results once again affirm that the heat of the polymerization reaction is
sufficient to thermally decompose the iodonium salt and generate superacid for the cationic FP of
these monomers, regardless of initiation method. 1%

6.6. Effects of Vinyl Ether Addition to Epoxies

Increasing additions of TEGDVE to TMPTE with 1.5 phr I0C-8 were found to increase the front
velocity, as expected from previous work. *® The results are shown in Figure 6.16 for the front
velocity and Figure 6.17 for the expansion corrected front velocity. The front velocities are low

compared to systems that also contain thermal radical initiators, Luperox 231 or benzopinacol.
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The front also initiates at lower temperatures with increasing TEGDVE ratio, from 300 °C with
100 wt% TMPTE to 200°C with 75 wt% TEGDVE and 25 wt% TMPTE and down to 150 °C for
pure TEGDVE. The cause of the increases in front velocity could be due to the high reactivity of
vinyl ether or redox reactions occurring between 10C-8 and vinyl ether. Formulations of only
DVE-1,4 and 10C-8 will react within hours at ambient conditions, suggesting that there are
redox interactions of the vinyl ether and iodonium salt. Further, samples of pure TMPTE with
1.5 phr 10C-8 show a slow front velocity (0.92 cm min™) and long pot lives of months at room
temperature. These observations suggest that epoxies do not undergo any redox interactions with
IOC-8 but cationic polymerization of TMPTE occurs due to thermal decomposition of I0C-8
generating superacid. *?* Interestingly, formulations containing only TEGDVE and 10C-8 have
much longer pot lives than DVE-1,4. Samples have been observed to remain unreacted for
months. There is no explanation why TEGDVE formulations are more stable than DVE-1,4 in
ambient conditions while still being reactive once initiated. Perhaps the DVE-1,4 is inherently

more reactive than the TEGDVE.

169



80 - —=— No TRI
] —e— 1 phr L231
70+ 1 phr TPED
- ]
= 60—-
5.50 -
240-
o
9 ]
;) 30 /
w -
10 1 — %~ /l——-_.____.
O 1 ! .-_______._—-.
0 25 50 75 100

Vinyl Ether Content [wt %)]

Figure 6.16. Effect of increasing vinyl ether content on the raw front velocity of systems
containing TMPTE and specified wt % TEGDVE, with 1.5 phr IOC-8 and either no L231, 1 phr
L231, or 1 phr TPED.
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Figure 6.17. Effect of increasing vinyl ether content on the expansion-corrected front velocity of
systems containing TMPTE and specified wt % TEGDVE, with 1.5 phr 10C-8 and either no
L231, 1 phr L231, or 1 phr TPED.

The interactions of vinyl ethers with onium salts are reported in the literature. Lecompére et al. '>
126 reported only 0.7 wt% isobutyl vinyl ether added to a formulation of 3 wt% triphenyl
pyrylium salt and cycloaliphatic epoxides reduced the gel time from 3-4 hours to only 20 min.
They suggest the ‘kick-starting effect’ of vinyl ether reactivity boosting epoxide reactivity occurs
from a nucleophilic attack of the vinyl ether onto the pyrylium salt, where the vinyl ether can be
resonance stabilized. A mechanism proposed by Rajaraman et al. “® and adapted from their work

in Figure 6.18 for the evidence of polymerization rates increasing in bulk epoxy

photopolymerization with vinyl ethers shows interaction of vinyl ether with radical species
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formed from diaryliodonium salts. The interaction eventually forms carbenium ions which will
initiate cationic polymerization. The process is a chain reaction formation of radical and
carbenium ions. This is expected to occur in addition to the initiation of vinyl ethers with
superacid. It is uncertain whether a similar process occurs for epoxies, but their lower front
velocities imply that only acid generation during thermal decomposition of I0OC-8 is the only

process contributing to initiation.
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Figure 6.18. Redox interaction of vinyl ethers with radical species formed during 10C-8

decomposition to produce initiating species and a chain radical formation, adapted from
Rajaraman et al. (1999).
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6.7. Effect of Radical Inhibitor Addition

To test if radicals are generated that are promoting the decomposition of I0C-8 in the system
with an absence of a primary radical initiator, MeHQ was added. MeHQ is a commonly used
radical inhibitor. The concentrations of IOC-8 were chosen because they are guaranteed to

support FP under typical conditions.
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It was found that increasing amounts of MeHQ decreased the front velocity in
formulations overall, shown in Figure 6.19 and Figure 6.20 for the front velocity and front
velocity after expansion correction, respectively. For TMPTE, there was a decrease in front
velocity as the concentration of inhibitor increased. Notably, TMPTE with 3 phr 10C-8 would
not produce a front with 0.1 phr or more MeHQ added. With TEGDVE, there appeared to be a
substantial decrease with MeHQ addition followed by a plateau. CE also showed a decrease in
front velocity after addition before plateauing at higher concentrations of MeHQ, only visible in
the expansion corrected front velocity. It is believed that this trend only appeared in the
expansion-corrected velocity due to the substantial expansion present in CE systems. NPDGE
did not follow the same trend as the other epoxies. In both raw and expansion-corrected front
velocities, there appeared to be two peaks at 0.1 phr and 0.5 phr MeHQ. However, upon addition
of 1.5 phr MeHQ, a front was not supported, which indicates that 10C-8 with NPDGE can still

be inhibited by radical inhibitors.
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Figure 6.19. Effect of increasing MeHQ concentration on the uncorrected front velocity for
epoxy and vinyl ether monomers. The concentration of I0C-8 in each formulation was as
follows: TMPTE 7.5 phr 10C-8, NPDGE 3 phr 10C-8, CE 5 phr I0C-8, TEGDVE 0.5 phr 10C-
8.
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Figure 6.20. Effect of increasing MeHQ concentration on the expansion corrected front velocity
for epoxy and vinyl ether monomers. The concentration of IOC-8 in each formulation was as
follows: TMPTE 7.5 phr 10C-8, NPDGE 3 phr 10C-8, CE 5 phr I0C-8, TEGDVE 0.5 phr 10C-
8.

Chain transfer to hydroxyl-containing compounds can occur with cationic polymerization, and
there is evidence that it can cause a drop in front velocity. ¢ % To test that the reduction of front
velocity was due to radical quenching and not chain transfer to the hydroxyl of MeHQ, MeHQ in
a TMPTE and 7.5 phr I0C-8 system was substituted with an equimolar amount of dodecanol by
molality. Because of the difference in molecular weight, the concentration in phr of MeHQ and

dodecanol are different while the molality is equal. The high boiling point of dodecanol (259 °C)

ensured that significant heat loss to vaporization was not occurring. With addition of dodecanol,
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there is a slight increase in front velocity followed by a small decrease at 0.0081 molal and 0.039
molal shown in Figure 6.21. The front velocity then decreases at 0.24 molal. This is the opposite
trend of MeHQ addition, which saw an overall decrease in front velocity. With the divergence in
these results, it is concluded that MeHQ is indeed scavenging radicals. Therefore, the system
operates similar to RICFP, but with the acid generator alone producing radicals and superacid

species.
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Figure 6.21. Expansion-corrected front velocity as a function of mol of MeHQ or dodecanol
added for a resin containing 7.5 phr IOC-8 in TMPTE with 10 wt% fumed silica. The
concentrations for dodecanol and MeHQ in phr were as follows: 0.008 molal = (0.1 phr MeHQ,
0.1 phr dodecanol); 0.02 molal = (0.25 phr MeHQ, 0.38 phr dodecanol); 0.039 molal = (0.5 phr
MeHQ, 0.73 phr dodecanol); 0.081 molal = (1 phr MeHQ, 1.5 phr dodecanol); 0.24 molal = (3
phr MeHQ, 4.5 phr dodecanol).
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6.8. Conclusions and Future Outlooks

It was shown that frontal polymerization of epoxies and/or vinyl ethers is possible through the
addition of iodonium salts in absence of any primary thermal radical initiator or pre-curing UV
irradiation. This technique presents a modification of radical-induced cationic frontal
polymerization where both the thermal radical initiator and an acid generating salt are required.
It was found that vinyl ethers were highly reactive and required much less 10C-8 to support a
front than epoxies. Addition of vinyl ether to epoxy systems with no standalone radical initiator
decreases the initiation temperature and increases the front velocity. Initiation with 365 nm UV
irradiation and subsequent frontal polymerizations of these systems was possible.

Addition of radical inhibitor indicated that the IOC-8 acts as both an acid generator and
generator of radicals. It was shown that not every epoxy will support FP through this method,
such as the case with BADGE which required addition of vinyl ether to enhance reactivity. With
no standalone radical initiator, fronts are slower than systems with radical initiator and more
IOC-8 is required to sustain a front.

By preparing a solution of iodonium salt in propylene carbonate, formulations that
support frontal polymerization with only liquid components can be made rapidly. The absence of
a thermal radical initiator simplifies the preparation of formulations that support frontal
polymerization in addition to simplifying the kinetics. There are many onium salts available
commercially and some that can be synthesized and the study of these salts with a lack of radical
initiator could find optimal salts to add to achieve high reactivity through this method. A
remaining challenge is to develop salts that would not release so many volatile byproducts so

that there are less bubbles produced.
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CHAPTER 7. APPLICATIONS OF CATIONIC FRONTAL
POLYMERIZATION

7.1. State of the Art

Reports of the applications of cationic FP have been limited mostly to composites, whereas free-
radical FP and FROMP have been shown to be useful for coatings, 2 2”128 composites, &
hydrogels, 2°1* and 3D printing. ® 3+ 13 |nitial papers of BFs-amine complex cured epoxies via
FP were concerned with the system’s use as a means of making materials filled with fumed
silica, kaolin, and expanding compounds for foams. 2% 3 With RICFP, there have been multiple
reports of developing composites with many different materials such as carbon and glass fibers,
clays, and other minerals, 38 4154 69.70. 136, 137 jnclyding the work shown in this dissertation. Only
a few reports have been concerned with other applications. The following sections intend to
show different potential avenues for application of cationic FP and work that has been reported
and undertaken thus far.

7.2. Additive Manufacturing

3D printing or additive manufacturing is undoubtedly a quickly growing field with the unique
advantages of generating parts much faster and with less energy than traditional methods of
autoclave curing or injection molding.

There are currently four reports of epoxies cured by RICFP used in additive
manufacturing from a group at Texas A&M. 128140 |n all reports, they looked at the effects of
adding carbon nanotubes (CNTSs), carbon fibers, and graphene oxide on the printing process. The
first paper by Zhang et al. examined successful 3D printing of continuous carbon fiber tows
which were coated while extruded with a resin of BADGE and an iodonium aluminate salt and
TPED. *° A subsequent report showed addition of 1 wt% CNTs catalyzed the polymerization of

the same continuous carbon fiber printing process with the same resin. *4° They completed a
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more detailed report of different carbon-based fillers, this time printing without the continuous
carbon fiber. 13 In this paper, using the same resin as above, they found 1 wt% of discontinuous
carbon fibers or CNTs afforded slight increases in front velocity over neat resins. 1 wt%
graphene oxide reduced the front velocity. Additionally, increasing the wt% of CNTs from 0 to 1
wt% reduced the front temperature while the front velocity remained constant. They encountered
issues with higher loadings of CNTs due to difficulties obtained good dispersion. In the above
cases, the front was initiated by printing onto a heat bed set to 120 °C. Finally, they printed a
viscous novolac epoxy resin mixed with discontinuous carbon fibers and phenolic microballoons
while simultaneously spraying an iodonium aluminate and benzopinacol solution with an
atomizer as the material was extruded. ! The front velocity was found to depend on the
atomizer parameters and layer thickness.

The benefit to doing 3D printing with RICFP systems is typically much longer pot lives
than FROMP resins and availability and pricing of the components of the epoxy resin, in
addition to typically higher strength than acrylate-based FP systems. The idea behind FP-enabled
3D printing is that the front will very closely follow the extrusion of material, demonstrated in

Figure 7.1. 3D printing has been demonstrated many times with FROMP systems. % 134 142

179



Figure 7.1. 3D printing using manual extrusion of an epoxy-vinyl ether resin from a syringe, with
a visible front. The dark material is polymer while the colorless material is uncured resin.

To this aim, the Pojman lab has worked with groups in engineering to uncover potential use for
our systems in 3D printing. One such project in collaboration with the Palardy group at LSU is
examining the use of a resin system of BADGE, CE, TEGDVE, 10C-8 and Luperox 231 to print
free-standing structures which do not require printed supports and can be printed in any axis.
BADGE provides strength, while CE lowers viscosity and TEGDVE increases the front speed.
The front velocity dependence on the loading of the fumed silica and carbon nanofibers (CNFs)
used as fillers in this system is shown in Figure 7.2. Fumed silica is added to control the rheology
of the resin. CNFs were chosen as they can increase the front velocity with their high thermal
diffusion, while remaining cheaper than CNTs. CNFs have a diameter of approximately 100 nm
versus 10000 nm or more for carbon fibers. 143144 This results in an increase of specific surface
area which may help with physical properties. CNFs are larger than CNTs and differ from CNTs
in structure, where CNFs are cylinders composed of layers stacked onto one another, and CNTs
are hollow cylinders. CNFs are also less thermally conductive and have a lower resistivity than
CNTs. 1* Controlling parameters of extrusion lies more within the scope of engineering, but

choosing the correct resin to balance pot life and front speed of the extruder involves the
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optimization of formulations including monomer ratios and initiator concentration. To print free-
standing structures the viscosity of the resin must be high enough to not sag while extruding. The
system has shown promise in preliminary testing of additive manufacturing via thermally-

initiated frontal polymerization.
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Figure 7.2. Front velocity and temperature versus fumed silica and carbon nanofiber loading for
resin system of 60 wt% BADGE, 20 wt% CE, 20 wt% TEGDVE, 1 phr I0C-8 and 1 phr
Luperox 231 meant for additive manufacturing.

7.3. Coatings using RICFP

Coatings are a large field in the chemical industry. The biggest challenge to developing a coating

formulation for curing with FP is heat loss to the surroundings. The surface to volume ratio of a

thin layer is much larger than a typical polymer, which lends itself to the heat generation in a
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system being overcome by heat loss. Nonetheless, thin layers including coatings and adhesives
have been reported for RICFP. The Liska group have shown that increasing onium salt or
thermal radical initiator concentration lowers the minimum layer thickness required for
sustaining FP. %® Likewise, the Sangermano group showed that an adhesive, which can be
thought of as a thin layer between two substrates, was supported at 500 um thicknesses but not
250 um. *° Adjusting the ratio of a more reactive epoxy to BADGE also affected their generated
heat for sustaining FP and strength of the adhesive.

With the existing literature in mind, there was an effort to examine more of the
parameters required for FP of thin layers and coatings. As mentioned earlier, there must be a
minimum viscosity of formulations for FP that are polymerized horizontally outside of test tubes
so that buoyancy-driven convection is suppressed. It was found that application using a
drawdown bar at a thickness of 1000 pm, a minimum fumed silica loading of 5 wt% is needed
with 50/50 TMPTE/TEGDVE and 1 phr IOC-8 and 1 phr Luperox 231 resins. Increasing the
amount of fumed silica, which in turn increases viscosity, showed that front velocity will not
increase substantially in Figure 7.3. However, 7.5 wt% and 10 wt% FS gave a poorer material
with many areas that had no polymer. This is attributed to the difficulty in applying a
homogeneous layer using the drawdown bar with very viscous material. Resins with only 5 wt%

FS were much less viscous and always resulted in a homogeneous layer.
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Front Velocity & Fumed Silica Loading at 1000 um
with 50/50 TMPTE/TEGDVE, 0.5 phr IOC-8 & 1.0 phr L231

°7 /)/.\.
< f’/
1 /‘
= /
e /
- |
g4 /
O /
~ ﬂ/
5 /
S /
|
22 /
= /
/
S /
L /
/‘
/
/
0 [ |
I T I T I
0 5 10

Figure 7.3. Front velocity as a function of increase of fumed silica with a 1:1 TMPTE: TEGDVE

Fumed Silica Loading (wt%)

and 1 phr I0C-8, 1 phr Luperox 231 system in a 1000 um layer.

The other parameter that must be controlled when considering thin layers is the thickness of the
coating. With the established minimum of 5 wt% fumed silica, the layer thickness was increased
from 250 um to 4000 um using a drawdown bar. Using the same 1:1 ratio of TMPTE: TEGDVE,
for two concentrations of 10C-8 it was found that the front velocity increased as the layer
thickness increased as shown in Figure 7.4. This is due to the decrease of the surface area to
volume ratio as the thickness of the layer increased and a decrease in heat loss overall. No front
was supported for either initiator concentration at 250 um thickness. Additionally, 500 um thick

layers did not propagate throughout the entire layer. Thick layers of more than 1000 um would

experience more cracking than the thinner layers.
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Front Velocity & Layer Thickness
for 50/50 TMPTE/TEGDVE w/ 5 wt% Fumed Silica
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Figure 7.4. Effect of layer thickness on front velocity for systems of 1:1 TMPTE:TEGDVE and 5
wt% fumed silica added with both 1 phr IOC-8 and 1 phr Luperox 231 or 0.5 phr I0C-8 and 1
phr Luperox 231.

One other aspect to consider is the substrate to which the coating is applied. The preceding
experiments were carried out on planks of pine wood. Interestingly, likely due to the different
thermal properties of the grain in pine, the front would not propagate along the separations of the
grain as shown in Figures 7.5 and 7.6. There is evidence that thermal conductivity will differ
based on the direction of grains for different species of wood. 46 Based on these figures, it also
appears that the layer thickness affects the propensity for the front to follow the grain pattern.
Thicker samples will propagate completely regardless of the grain. Wood is chosen for most FP

molds since due to cost. Attempts with the resin on glass will support fronts, but the material did
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not adhere due to the lack of surface -OH bonds for the polymer to hydrogen bond to, unlike
wood. Primed steel did not support a front, but only locally polymerized upon heat. This is
because metal is a good conductor of heat and acts as a heat sink, contributing to heat loss. While

the material is primed and can adhere, the thermal properties of metal inhibit the FP. Aluminum

strips substrates also would not support fronts.

Figure 7.5. Sample of 50/50 TMPTE/TEGDVE with 0.5 phr 10C-8, 1 phr Luperox 231, and 5
wt% fumed silica in a 500 um layer on pine wood. The resin with exposed grain is shown on the
left with the cured polymer after FP on the right.
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Figure 7.6. Polymerized samples of 50/50 TMPTE/TEGDVE with 1 phr 10C-8, 1 phr Luperox
231, and 5 wt% fumed silica in layers from 500 to 1000 um pine wood (um = pum).

7.4. Utilization of Fpoxy-functionalized Bio-derived Monomers

There are many recent attempts to utilize epoxidized bio-based compounds, such as vegetable
oils. While the advantages and disadvantages of using compounds derived from food feedstocks
are under debate, it has been shown that vanillin-derived monomers are reactive in RICFP. 13
Other common bio-based epoxies are soybean and linseed oils. RICFP is possible using these
epoxidized soybean and linseed oils. Vikoflex 7190 (V7190), an epoxidized linseed oil, and

epoxidized sucrose soyate (ESS) provided by collaborators at North Dakota State University
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were tested. The structures of V7190 and ESS are shown below in Figure 7.7.

Epoxidized Sucrose Soyate
Molecular Weight: 2695.94 g mol!

©)

Epoxidized Linseed Oil (Vikoflex 7190)
Molecular Weight: 891.24 g mol™!

Figure 7.7. Structures of epoxidized sucrose soyate (ESS) and Vikoflex 7190 (V7190)
epoxidized linseed oil.
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The two oil-based epoxies and TMPTE were compared with 1 phr IOC-8 and 1 phr Luperox®
231 in Figure 7.8 below. It is seen that ESS has a very slow front velocity and V7190 is faster,
though still much slower than TMPTE. The three epoxies were also compared with either no
TEGDVE or 5 wt% TEGDVE added. The addition of even small amounts of vinyl ether, 5 wt%
in this case, resulted in nearly double the front velocity in all cases. It was found that ESS would
not support a front without TEGDVE added, unlike V7190 and TMPTE.

Expansion-corrected Front Velocity of
Epoxies with 1 phr Initiators
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Figure 7.8. Comparison of expansion-corrected front velocities for epoxidized linseed oil
(V7190), epoxidized sucrose soyate (ESS), and TMPTE with 1 phr IOC-8, 1 phr Luperox 231,
and 10 wt% fumed silica with either 0 wt% TEGDVE or 5 wt% TEGDVE added.

The front velocity of the three monomers was also shown to increase with increasing initiator

concentration much like previous RICFP work. Figure 7.9 shows the front velocity versus
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initiator concentration for each monomer. The change was most drastic for TMPTE, which
nearly doubled with doubled initiator concentration. The effect of each initiator separately was
not studied.
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Figure 7.9. Comparison of expansion-corrected front velocities for epoxidized linseed oil
(V7190), epoxidized sucrose soyate (ESS), and TMPTE with 10 wt% fumed silica and 5 wt%
TEGDVE added and either 1 phr IOC-8 and 1 phr Luperox 231 or 2 phr I0C-8 and 2 phr
Luperox 231.

The low front velocity of ESS and V7190 compared to TMPTE can be mostly attributed to the
low MW/epoxy group ratio as displayed in Table 7.1, which results in lower heat generated per

unit of monomer. Across all monomers the front velocity is inversely proportional to the

molecular weight per epoxy group. Overall, bio-based epoxy resins can be useful to RICFP
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through imparting different material properties, but for large scale implementation, care must be
taken to choose materials that are coming from renewable feedstocks—waste products that
would otherwise serve no purpose are particularly promising for this case.

Table 7.1. Comparison of molecular weights and molecular weight per epoxy group for two bio-
based epoxies and TMPTE.

Molecular weight (g mol™*) ~ Molecular weight per epoxy

group
TMPTE 302.4 100.8
V7190 891.2 148.5
ESS 2695.9 207.4

7.5. Conclusions and Outlook for Applications

Many potential applications for frontal polymerization have been shown in the literature,
including composites, coatings, adhesives, hydrogels, and additive manufacturing. Most of this
published work uses free-radical frontal polymerization or frontal ring-opening metathesis
polymerization. The use of radical-induced cationic frontal polymerization for applications
widens the potential monomers capable of producing practical, functional materials. Bio-based
epoxy monomers are among the potential useful monomers that can be used, which have low
front velocity due to their high molecular weight to epoxy group ratio but could have interesting
material properties with their large structures. It was shown that RICFP is promising for additive
manufacturing and coatings, as well as the production of composites as shown in previous
chapters of this dissertation. A consistent issue among both additive manufacturing and coatings
is heat loss becoming dominant and quenching fronts because the surface area to volume ratio is
small in these systems. Promising systems using vinyl ethers for additive manufacturing were
used, which had high reactivity, and with carbon nanofibers added to promote heat diffusion.
These systems were successful in preliminary studies of printing of free-standing structures. It

was found that minimum layer thicknesses to overcome heat loss and filler loading to overcome
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buoyancy-induced convection exist for coatings. Optimizing formulations to obtain the desired
material properties will continue in RICFP. With epoxies being an abundant class of monomers
in industry, there are many options to formulate resins for a given application, and addition of
vinyl ethers or other filler additives can enhance reactivity or add other interesting material

properties.
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CHAPTER 8. SUMMARY AND OUTLOOK

Frontal polymerization as a technique has many unique advantages compared to typical curing
methods for materials. FP formulations are one-pot, cure on-demand resins which cure quickly
and have lower energy requirements than autoclave curing. By broadening the possible monomer
selection from free-radically polymerizable acrylates to epoxies and vinyl ethers using cationic
FP, comparable materials to existing two-part epoxies can be produced. RICFP is a growing
method to produce epoxy materials through FP and using an onium salt superacid generator
coupled with a thermal radical initiator.

It was shown that adding divinyl ethers to epoxies using RICFP increases the front speed.
Hydroxy-functionalized monovinyl ethers tested were shown to reduce front velocity as the ratio
of their addition increased. This is likely due to chain transfer effects, or low boiling point. With
accelerated pot life studies, the front velocity decreases over time due to decomposition of the
thermal radical initiator and increasing vinyl ether ratio lowered the pot life. The pot life can be
lengthened through addition of free-radical inhibitors. Analysis of the epoxy-vinyl ether
polymers using IR spectroscopy showed a decrease in conversion of the epoxy when mixed 1:1,
along with an increase in vinyl ether conversion. Based on previous photopolymerization
publications, the reduction in epoxy conversion indicates no copolymerization of the two
monomers, but the increase in vinyl ether conversion instead suggests that there is some catalytic
process arising from the interaction of the two monomers which would suggest
copolymerization. More detailed study into determining if copolymerization is occurring
between epoxy and vinyl ether monomers in these RICFP systems is needed.

Development of new vinyl ethers for FP with desirable structures and high functionality

could allow for better control over structure-property relationships of high reactivity systems.
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Attempts at synthesizing new vinyl ethers included solid urethane-based vinyl ethers using
diisocyanates and hydroxy-functionalized vinyl ethers, which would not support fronts due to the
urea group inhibiting the cationic polymerization. Vinyl ethers with high boiling points based on
fatty acids were synthesized but did also not support fronts likely because of low yield of the
product or low relative heat production because of the high molecular weight of the vinyl ether.
Finally, in a collaboration with the Garcia-L6pez group at LSU, synthesis of high functionality
vinyl ethers based on glycerol and pentaerythritol using calcium carbide was carried out, but
purification of the product is difficult due to its low boiling point.

The well-studied free-radical FP of acrylates with minimal fillers produces polymers with
poor properties and can experience oxygen inhibition along with shrinkage during
polymerization. To mitigate these issues, hybrid systems of acrylate with epoxy and vinyl ether
using RICFP were studied. In both acrylate/epoxy and acrylate/vinyl ether mixtures, a concave
dependence of the front velocity on monomer ratio was found, which indicates no
copolymerization between the two monomers.

To generate practical materials, fillers are useful to reduce overall cost through a
reduction of resin needed, while also enhancing material properties of the composite produced.
In this work, addition of different fillers to RICFP was studied, where it was found that clays do
not follow the same trends seen previously with free-radical FP. ?? Clays have unique chemistries
and affect the mechanical and rheological properties of materials. Overall, the addition of clays
reduces the front velocity by different values depending on which clay is used. For one, the clays
contribute to heat loss. As an example, analysis of the addition of conductive carbon fibers and
insulative wood flour showed that carbon fibers increase front velocity by aiding in heat transfer,

while the wood flour decreases front velocity. Clays also inherently swell with water and after
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drying the clays, an increase in front velocity and front temperature can be seen. The possible
inhibition of radicals by clays was also studied, where it was found that talc likely does not
inhibit radicals, while kaolin and Ca-bentonite do. The viscosity of the uncured formulations was
found to be vary from clay to clay, but this was found to not affect the front velocity.

Regarding the mechanical properties of RICFP composites with clays, through flexural
testing it was found that an increase of talc loading will increase the flexural strength and
modulus. The clays studied all resulted in differing flexural strength and moduli, which is
attributed to the composites having varying void content. The glass transition temperatures of the
flexible composites were lower than room temperature and found to increase with increasing
clay loading due to decreased chain mobility and decrease with clays containing more water.
Dispersion of the clays in the polymer matrix was studied using SEM-EDS and found to vary for
every clay composite. Using untreated wollastonites, increasing surface area of fillers was found
to decrease front velocity, while increasing aspect ratio increased front velocity. The surface area
results are likely due to increased interaction of the clay with the monomers, while the aspect
ratio may be disrupting the crosslinked structure and enhancing active end mobility. Finally,
montmorillonite K 10, an acid-treated bentonite clay, was found to cause spontaneous
polymerization upon addition due to the acidity initiating cationic polymerization.

RICFP normally requires the use of both a superacid generator and thermal radical
initiator. It was found that FP of epoxies and vinyl ethers is still possible through only addition of
a superacid generator, which thermally decomposes to generate superacid. This should result in a
polymer containing fewer voids due to the lack of volatile materials produced by the free-radical
initiator, but it also simplifies the formulating process and any assumptions of FP mechanisms

with only two components required (monomer and initiator). With both epoxy and vinyl ether,
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front velocity increased as the concentration of 10C-8 was increased. The minimum 10C-8
concentration varied depending on the monomer, with vinyl ethers requiring much less I0C-8
and having higher front velocities. The fronts with only 10C-8 were initiated with UV light and
heating. Adding radical inhibitor to the system resulted in a decrease in front velocity, indicating
that the superacid generator is generating radical species that aid in decomposition of I0C-8.

Applications of the RICFP systems were investigated as well. There have been many
applications of free-radical FP and FROMP, such as coatings, adhesives, and additive
manufacturing. With additive manufacturing of RICFP systems, a resin was developed based on
two epoxies and a vinyl ether to have high reactivity, and with addition of carbon nanofibers and
fumed silica the viscosity was high enough to print free-standing structures. Thin layers using
RICFP of epoxy/vinyl ether systems were also studied, where a minimum layer thickness to
support a front was found. Increasing layer thickness increased the front velocity. There was also
a minimum viscosity indicated by fumed silica loading needed to support a front. Bio-based
epoxy monomers were also studied, which could affect the properties of polymers.

Overall, there is a lot of promise for useful applications of RICFP, which is still a young
and relatively unexplored field, relative to other methods of FP. For one, additive manufacturing
is shown to be possible and needs more study, but it could be a faster method to 3D print
compared to traditional deposition using polylactic acid. More study is needed to understand the
fundamentals of RICFP as well as photopolymerization of similar systems has been studied.
Detailed analysis of polymers produced with epoxy/vinyl ether systems to determine how
monomer selection affects conversion and incidence of copolymerization could be useful. This
also echoes for hybrid systems containing acrylate, where IR spectroscopy studies are found to

be more difficult and could provide useful information about the extent of the FP. Synthesis of
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novel vinyl ethers remains a problem but with success could give highly reactive resins with

polymers possessing desirable qualities.
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