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 Fluorinated polymers of substantial high performance such as perfluorocyclobutyl 

(PFCB) and fluorinated aryl vinyl ether (FAVE) polymers can readily be synthesized by thermal 

[2+2] cyclopolymerization as a melt or by classical polycondensation. These fluoropolymers 

naturally possess high thermal and chemical resistance, low conductivity properties, and other 

mechanical properties. In this work, a method using 0th order kinetics is proposed and thermal 

degradation studies were conducted on six different aromatic ether-based polymers to gauge 

trends in activation energy barrier and differences in thermal stability by 0th order degradation 

kinetics. The activation barrier (𝐸𝑎) obtained can give accurate insight into the stability of the 

polymer based only on structure for external applications. Activation energies ranging from 17 to 

41 kcal/mol were obtained for the various polymers. Overall, this study provides an established 

method using TGA for thermal stability studies through 0th order kinetics that can be potentially 

used for future lab applications. 
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INTRODUCTION 

1.1 High Performance Polymer 

Polymers are characterized by measuring properties like tensile strength, thermal 

resistance, processability, and conductivity. These properties are translated into numerous 

applications from general use like styrofoam cups made from polystyrene to more extreme 

applications like reinforced carbon fiber composites used in the aircraft industry. The last century 

has seen substantial progress in the field of electronics and engineering to match the growth rate 

of human population density and related infrastructure. This also means an increase in the 

number of materials and tools needed to accomplish everyday tasks. For example, automobile 

parts, plane exteriors, engines, pipes, cell phones, and other applications use tough polymers like 

Nylon 6,6 or Low-Density Polyethylene (LDE). There are high risk applications for applied 

polymers such as in the aerospace industry for vacuum sealing parts, synthetic circuit boards for 

electronics, or exterior coating for high temperature environments[1]. These highly stabilized 

polymers form a sub-class within the field with high mechanical, thermal, and other notable 

properties known as “high performance polymers.” 

Their production is solely aimed at extreme stress and environmental situations. These 

polymers possess a myriad of properties like superior thermal and chemical resistance, high 

conductivity, high sound insulation potential, and high mechanical strength.  There is a 
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cacophony of high-performance polymers which include polyetheretherketone (PEEK), 

polyimides such as poly(4,4´-oxydiphenylene-pyormellitimide) also known as Kapton, and 

polyethersulfone (PES) (Figure 1.1). 

 

  

Figure 1.1 Chemical structures of common high-performance polymers 

Common high performance polymers left to right: such as Polyethersulfone (PES), 

Polyetheretherketone (PEEK), and Poly(4,4´-oxydiphenylene-pyromellitimide) (Kapton).[1] 

 

Poly(4,4´-oxydiphenylene-pyromellitimide), Kapton, is a polymer film created by the 

DuPoint group in the 1960s as a famous high-performance polymer with an expansive range of 

versatility in regards to temperature. It has a high heat threshold (above 400 °C) and used in the 

aerospace industry where the high thermal stability is used to support atmosphere reentry. The 

polymer itself has good dielectric constants aiding to its use for electronic circuits, 3D printing, 

and manufacturing. PES and PEEK were introduced into the market by Imperial Chemical 

Industries (ICI) in the 1970’s and 80’s respectively[2] [3]. PES, an amorphous thermoplastic, is 

used in its standard form and in a reinforced state. The reinforced PES is intertwined with carbon 

fiber to increase the mechanical properties for its applications in spacecraft parts. The standard is 

more daily used as the covering for baking windows as well as processor boards for electronic 

industry. PEEK, another thermoplastic with a melting temperature of 343 °C is an extremely 

versatile high-performing polymer. It is also used in aerospace engineering for use in high 

vacuum environments. Another application is its use as chemical containment within the 

chemical industry. PEEK is also considered a biomaterial for its applications in the medicinal 

PES     PEEK     Kapton 



 

3 

field and physical fitness. Through the use of Magnetic Resonance Imaging (MRI) coupled with 

PEEK can be used to help doctors give patients prosthetic treatment for replacing broken bones 

or other damaged areas[3]. The same is used for spinal surgery with this thermoplastic imbedded 

in the patient’s spine for recovery[3]. 

The key characteristic about high-performing polymers is their thermal stability that 

makes them useful for extreme applications. That being said, the main strength of high-

performing polymers is also one of their greatest weaknesses. Kapton, PEEK, and PES are 

known widely for being thermally resistant which in itself is very useful but this also hinders the 

commercial process to mold them into proper material. PEEK is a semi-crystalline thermoplastic 

that has superb mechanical properties but its crystallinity is heavily influenced by the method 

used. The high melting temp of each of these polymers allows for only certain techniques to be 

used to properly process them. The conventional use of injection molding is used for PEEK and 

PES. This method has a preset mold for a material. The applied material is placed inside the 

molding hot before being left to cool resulting in the finished mold. This is limited to basic 

industrial patterns and does not have much diversity in 3D shapes[4]. Another way would be to 

use the extrusion method but the versatility of the desire shapes is limited in that technique. This 

method uses a linear sheet that has been cut with a pattern. Hot material is sent through this 

preset cut to form linear sheets of the pattern. This limits the technique to 2D shapes. That 

problem in itself is a limitation of current high-performing polymers. The cost of some of these 

polymers also limit their applications in the mechanical industry. PEEK, for example, can be a 

minimum of $100/kg of material. Kapton can be varied from $25 - $45/kg as well. The price 

difference between the two means a difference in the scope of applications based on the polymer 
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economically. The increased cost of manufacturing coupled with the complex processing 

methods leave a nasty impact on the environment.  

1.2 Fluoropolymers 

The challenges facing the polymer field have caused a shift in modern materials to 

include fluorine in the polymer. Polymers containing fluorine atoms are classified as 

“Fluoropolymers”. Varying degrees of these polymers that would normally include Hydrogen are 

now swapped with varying degrees of fluorine content. Fluoropolymers are used for a variety of 

applications like chemical treatments, electronics, and mechanical engineering to the same extent 

or higher than other polymers. Fluoropolymers can also be much less expensive than their 

counterparts. PolyTetraFluoroEthylene (PTFE), commercially known as Teflon (~22$ per 

kilogram), is a common fluoropolymer used in everyday house work like cooking pans as well as 

plastic surfaces for highly acidic solution containment. 
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Figure 1.2 Table of common fluoropolymers 

A comprehensive table of common fluoropolymers and their diverse range of applications. 

Fluoropolymers are a class of high-performance materials that are semi-crystalline 

compounds vastly used thanks to their mechanical properties. Unlike other high-performance 

materials, fluoropolymers can excel in multiple high-end fields Figure. They have high thermal 

stability and excellent chemical resistance, low dielectric constants for electronic applications, 

low permeability, low surface energy, and chemical inertness. This is due to the presence of 

strong fluorocarbon bonds in these polymers versus other high-performing polymers[5].  

 The use of fluorine instead of hydrogen has many different effects that alter the 

mechanical and chemical properties for the better. The first notable difference is a difference in 

strength with the C-H bond energy of 410 (kJ/mol) being significantly weaker than the C-F 

bonding energy of 450 (kJ/mol) (Table 1.1). 
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Table 1.1 Table of bonding energy difference between C-H and C-F bonds 

Bond Energies 

Bonds Energy (kJ/mol) 

C - H 410 

C - F 450 

 

Also due to the dipole moment, low polarizability, and high electronegativity of the 

fluorine atom, it induces a strong force between itself and carbon. Fluorine is a very small atom 

with a small radius around its nucleus. The fluorine atom holds onto its electrons tightly so it 

forms a very strong bond with any atoms bonded to it. This adapts the molecule to be chemically 

inert to foreign or outside molecules and having a low surface energy, electrical permittivity and 

refractive index from the fluorine atom[5]. The induction of fluorine started a new category of 

polymers for a variety of applications from the new chemical and mechanical properties 

introduced by fluorine. fluoropolymers themselves can be divided into fully fluorinated 

compounds, where all hydrogens have been replaced with fluorine, and partially fluorinated with 

some degree of fluorine and hydrogen atoms in the same structure. The difference between the 

degrees of fluorine atoms affects the mechanical properties as fully fluorinated compounds like 

PTFE (Polytetrafluoroethylene) and FEP (Fluorinated ethylene propylene) are highly crystalline 

and more thermally resistant and less friction prone while partially fluorinated compounds like 

ETFE (Ethylene tetrafluoroethylene) and PVDF (Polyvinylidene fluoride) are more processable 

and have higher tensile strength[6].  

Teflon was discovered by an employee in 1938 at DuPoint Industries on accident before 

being trademarked in 1945. A researcher was running an experiment with a cylinder of TFE gas 

and left it unattended. Later when he returned, a waxy white polymer solid was leftover and 

Teflon was born. Starting with liquid TFE, PTFE can be obtained by radical polymerization and 
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a suitable initiator like carboxylic acid (COOH). It is a very well-known polymer material with a 

melting point of ~ 375 °C with incredibly high thermal stability and nonstick surface behavior 

from a low friction coefficient. The mechanical and electronic behavior of Teflon is owed to the 

chain of strong C-F bonds as well as the size of Fluorine reducing the wag and bending motions 

of atoms which in turn reduce the reactivity of the overall polymer leading it to be mainly inert to 

outside elements.  

1.3 Objective 

The goal of this project is to establish a method using TGA and 0th order kinetics to 

effectively study thermal stability of semi-fluorinated polymers and BODA-Ether polymer. The 

degree of degradation of these fluoropolymers is of interest for use in practical applications. The 

molecular differences between the polymer structures and mechanical and chemical properties 

are also studied. Raman spectroscopy studies including spectra observing the crystallinity of the 

selected polymer were also conducted to better characterize the BODA composites for polymer 

conversion and analysis for high-risk applications. 
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THEORY AND LITERATURE BACKGROUND 

2.1 Semi-fluorinated Poly Aryl Ethers containing Perfluorocyclobutyl (PFCB) Polymers 

Cyclopolymerizations of aromatic trifluorovinyl ether monomers can yield a class of 

fluoropolymer with versatile properties and networks containing the perfluorocyclobutane 

(PFCB) linkage. There is significant interest in the dimerization of fluoro-olefins as the polymer 

containing these groups always have enhanced mechanical, thermal, or conducting properties 

introduced from the fluorine content. The use of such polymers is a step forward in Material 

Science and can lead to advancement of composites and materials. The synthesis of PFCBs from 

TFVE groups has been in the literature since the late 90’s[7]. 

The use of Trifluorovinyl ether (TFVE) derived monomers can be used to synthesize 

unique partially fluorinated high-performance polymers with extreme versatility. PFCBs result 

from a free radical mediated [2+2] thermal cyclopolymerization of fluoro-olefins to yield 

fluoropolymers with PFCB linkages with high thermostability and molecular weight compared to 

others in their category[8]. There are two common methods for preparing of these polymers: 

Polycondensation (Scheme 2.1) by basic conditions and free radical mediated thermal [2+2] 
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cyclopolymerization of trifluorovinyl ether monomers (Scheme 2.2) as a melt as stated in various 

literature[9]. 

 

Scheme 2.1 (Thermal cyclopolymerization of trifluorovinyl ether monomers) 

Free-radical mediated [2+2] thermal cyclopolymerization of (aryl-bis) trifluorovinyl ether 

monomers as a melt or in high boiling solvent.[9] Reprinted with permission from (Ref. 10). 

Copyright (2000) Elsevier. (assessed March 21, 2021) 

 

Scheme 2.2 (Classical polycondensation polymerization of perfluorocyclobutyl monomers) 

Classical polycondensation of 1,2-bis(aryl ether) hexafluorocyclobutyl halide monomers by use 

of base.[9] Reprinted with permission from (Ref. 10), Copyright (2000) Elsevier. (assessed March 

21, 2021) 

These polymers bridge the gap between nonfluorinated polymers with high thermal 

resistance and mechanical properties and fluoropolymers with chemical resistance, low dielectric 

constants, and chemical inertness. The existence of the dimerization of fluorinated olefins was 

discovered back in 1947 at DuPoint in an experiment on the pyrolysis of 

polytetrafluoroethylene[10]. 

The discovery of this dimerization behavior of fluoro-olefins was reported in the past 

literature by Lewis and coworkers at DuPoint through research on polytetrafluoroethylene 

Δ Δ 

(2) 
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(PTFE)[10].The perfluorocyclobutane ring formation through thermal dimerization of TFE was 

uncovered in the 1960s by William Bernett[11]. He studied the molecular orbitals and 

hybridization behavior of a fluorinated ethylene compound and its hydrocarbon counterpart. He 

learned that the sp² orbital of the fluoro-olefin had an increase angular strain in comparison to the 

sp² orbital of hydrocarbon ethylene (Figure 2.1). The fluoro-olefin is sometimes considered a sp³ 

diradical leading to an increase in strain as the increased electron density leads to more electron 

repulsion. This is alleviated as angular strain decreases by ~ 9 kcal/mol after PFCB ring 

formation. The hydrocarbon, on the other hand, increases only slightly going to the ring 

formation energy level. This gives us insight into the driving force behind PFCB ring formation 

as the energy difference observed is more thermodynamically favored. 

 

 

 

 

 

 

 

 

 

Figure 2.1 Orbital diagram comparison of strain energy from the dimerization of ethylene to the 

PFCB ring 

Energy diagram comparison of strain energy between the dimerization of fluorinated ethylene 

versus its hydrocarbon counterpart to the perfluorocyclobutane ring.[12]  
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The activation energies for the cyclizations of the olefins to the PFCB ring were also 

reported. They noted a forward activation energy of 25.4 kcal/mol versus the reverse reaction of 

74.1 kcal/mol[13] [14]. The difference in reaction energy in favor of the forward reaction supports 

the theory that the ring formation is more thermodynamically favored for the olefin to 

cyclodimerize[15] [13]. Another benefit from thermal cyclopolymerization is that it can proceed in 

high boiling solvent or as a solid induced heat with no outside chemicals or additives are 

required. 

Perfluorocyclobutyl aryl ether polymers were introduced to a wide audience in the 1990s 

by Dow[7]. But the first of its commercial kind was reported in 1968 by Richard Beckerbauer[16]. 

He gave the world its first high molecular weight PFCB containing polymer from cycloaddition 

of fluoro olefins using perfluoroalkyl monomers. The change in chemical properties from 

fluorine increases the versatility and value of such polymers. They are also more processable 

compared to other polymers. Available precursors and simple procedures may offer PFCB 

polymers to be more economically favored as well[17].  

2.2 Semi-fluorinated Poly Aryl Ethers containing Fluorinated Arylene Vinyl Ether 

(FAVE) Polymers 

Fluorinated arylene vinylene ether, or FAVE, polymers possess unique properties that 

may enable them to be used as additives and coatings in complex applications for high-

performance materials and electronics[18]. Fluorinated arylene vinylene ether containing 

polymers have a unique attribute to be dual functional. This allows the polymer containing this 

linkage to further propagate or crosslink with another polymer because of reactive end groups on 

both dual ends of the polymer chain. Scott Iacono, them at Clemson University, reported the first 

synthesis of these derivatives of fluoropolymers [19]. There it was proven to be possible to 
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produce fluorinated aryl ether polymers by step-growth reaction of commercial 

bis(trifluorovinyl) aryl ether polymers with bisphenols by use of a base such as sodium hydride 

(NaH) in Dimethylformamide (DMF) at 80°C (Scheme 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.3 (Fluorinated Aryl Vinyl Arene synthesis route using bisphenols)  

General synthesis of FluroinatedAryleneVinylEthers (FAVEs) by base (NaH) catalyzed step-

growth polymerization.[18] Reproduced with permission from (Smith et al.; Advances in 

Fluorine-Containing Polymers). Copyright (2012) American Chemical Society. (assessed March 

21, 2021) 

The resulting polymers were telechelic so the chain could be selectively propagated by 

the presence of reactive end groups. The presence of olefin end groups enables selective control 

over the degree of chain propagation by inducing TFVE cyclopolymerization at 210 °C. There is 

also potential for further polymerization means by increasing the fluoro-olefin concentration 

inside the polymer[18]. Due to this massive increase in olefin content, there is now also potential 

to crosslink the polymer at higher temperature >325 °C. The chain propagation and crosslink 

NaH DMF 

 80 °C 
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potential define the dual functionality of FAVE polymers that make them more versatile and 

potentially valuable compared to other fluoropolymers in the same class. 

2.3 Kinetics by TGA 

 The thermal stability of a polymer is one of the key characteristics studied and reported 

for a polymer. One way the thermal stability of a polymer is measured is by identifying the 

temperature where dramatic weight loss becomes apparent in a dynamic heating experiment. It is 

of critical interest to find the peak temperature the polymer can handle and the rate of 

degradation in different environments for practical applications. Scientists observe the thermal 

stability of polymers by use of Thermogravimetric Analysis (TGA). TGA enables us to place a 

sample in a small isolated furnace of known nitrogen, air, or other pure or mixed atmosphere and 

induce heating over a given period of time and rate. The TGA technique can be divided into 

dynamic heating and isothermal heating. For a dynamic experiment, the heat is raised at a 

constant or changing rate and the rate of weight loss changes are measured with temperature. For 

an isothermal experiment, the heat is held at a constant temperature over the specified timespan 

and the rate weight loss is constant. The data is obtained at the end of the time interval and 

allows us to view the rate of change a sample’s weight %, starting from the initial concentration 

over the given period (Figure 2.2). 
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Figure 2.2 Dynamic TGA spectrum of PFCB-6F 

An example dynamic TGA spectrum of PFCB-6F heated 10 °C/min from 25 °C to 1000 °C. 

 The y-axis is usually “Weight Percent”. The x-axis is usually “Temperature” for 

dynamic heating experiments and “Time” for isothermal heating experiments. The general 

method used for TGA is dynamic heating that gives you weight loss as a function of temperature. 

A sample is placed into the TGA and is heated at a consistent rate (e.g., 5 °C/min, 10 °C/min or 

20 °C/min). In these experiments, the weight loss change depends on the temperature. Thermal 

stability of a polymer at a constant temperature can also be studied. However, for an isothermal 

experiment, the heating rate is kept at a constant so the weight loss is now dependent on the rate 

of degradation itself at that temperature. This lets us look at the sample and note changes at key 

timestamps over the interval to note early decay or bond breakage before or after the time 

interval for observance under constant heat Figure 2.3. This can be related to thermal stability as 
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to how prone the sample is to losing weight at a certain temperature. TGA can be also used in 

polymer chemistry to find the temperature dependent rate constant and then the activation energy 

of a polymer sample. In this work, the isothermal heating method is used.  

 

 

 

 

 

 

 

 

 

Figure 2.3 Isothermal TGA spectrum of PFCB-6F at 400 °C 

An example isothermal TGA spectrum of PFCB-6F heated at 400 °C at a constant rate for 3 

hours. 

The rate constant “k” of an observed spectrum can be obtained from different methods. 

Dynamic TGA or conventional TGA experiments commonly use the Flynn and Wall method[20]. 

This commercial method is used to determine the rate constant using three separate runs at 

different heating rates for the selected sample. Isothermal TGA experiments could use a method 

developed by Sorenson in 1978[21]. This method defined a constant heating rate for the sample 

and two weight loss per min thresholds to gauge the weight loss rate. Those are just a few 

examples of the many methods derived from TGA to determine the rate constant. Isothermal 

TGA is readily used to relate the decomposition rate to activation energy. By isothermal TGA, 
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kinetics and activation energy are readily intertwined so it infers that you can also get activation 

energy from the rate of weight loss (%/t) for a given sample. Using the theory of rate kinetics, it 

is possible to find the activation energy from the weight change percent of a given polymer 

sample over a set temperature range. Rate orders consist of zeroth, first, and second order rates. 

Zeroth order rates laws are the most closely related to direct weight loss to rate and time[22]. 

Zero-order kinetics enable us to bridge the gap between rate and activation energy.  

The polymer structure dependent activation energies for thermal degradation obtained in 

this work are aimed at quantifying degradation kinetics of the given fluoropolymers and establish 

a general method through TGA. Degradation itself is the degrading or wearing a way of a 

material over a time interval and under pre-set conditions. From a chemistry standpoint, 

degradation is the breakdown of larger molecules into smaller molecules over time by the 

surrounding environment or other sources. Heat is used in this case for the sample over time in 

an isolated atmosphere. Thermogravimetric Analysis is the technique used to find the activation 

energy of a polymer. The activation energy obtained from degradation is related to the rate of 

sample weight loss per hour while in a given atmosphere. 

In a zero-ordered reaction, the rate is independent of concentration (Equation 2.1) 

 

𝑟𝑎𝑡𝑒 = −
[𝑑]𝐴

[𝑑]𝑡
= −𝑘 

(2.1) 

 

 The rate law conveys the theory that a plot of reactant concentration as a function of time 

would yield a straight line with a negative slope. The “k” representing that negative slope equals 

the rate constant for a reaction as the concentration “A” decreases at a consistent pace since 

reactant is used up in order to form products. The opposite is true in relation to the plotting of 
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product concentration as a function of time “t”. The concentration would increase over the 

course of the reaction as more product forms. For the zero-ordered rate law above, the rate 

constant, the reactant concentration, and the time are the only variables. However, because this is 

zero-ordered the concentration is not of interest when related to the rate constant as it is 

unaffected by sample concentration. This leaves the rate and time variables. Rate and time can be 

intertwined to study the effects on weight loss for a given sample. The theory behind sample 

degradation in inert atmosphere is that weight % is directly related to rate in a time interval 

(Equation 2.2). 

 % 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑘𝑡 

 

(2.2) 

The equation does not consider the concentration of the polymer sample in regards to the 

rate of decomposition. This is similar to zero-ordered behavior and can be used in conjunction 

with the collision theory and the Arrhenius law to observe both the rate constant and the kinetics 

of degradation of fluorinated polymers leading to the calculation of activation energy. In order to 

obtain activation energy hidden within the spectra, the use of the Arrhenius law (Equation 2.3) in 

tandem with zero-order kinetics is pivotal.  

 

𝑘 = 𝐴𝑒
−𝐸𝑎

𝑅𝑇⁄  

 
(2.3) 

 

The Arrhenius law observes the relation of temperature on reaction rate and calculation 

of activation energy from the equation or the Arrhenius plot. In this case, the Arrhenius plot is 

used in which the Arrhenius law is adapted into a linearized version of itself in a graph of the 

logarithm of rate constants versus inverse temperature for the sample observed. The linearized 
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Arrhenius law can also be seen as another form of the slope intercept formula (y = mx + b). The 

graph shows an x-axis for logarithm concentration and the y-axis is the reciprocal of the 

temperature (Figure 2.4). 

 

Figure 2.4 Theoretical 0th Order plot for a sample in a reaction. 

Theoretical plot of a zero-ordered reaction with the sample concentration decreasing as a 

function of time. 

The negative slope result seen from the data plotted gives a straight line representing “k” 

for rate constant as well as activation energy for the sample at constant temperature. Using the 

slope intercept formula, we can relate the two concepts and obtain activation energy from the 

Arrhenius plot of the TGA spectra of the observed rates for the samples at observed intervals of 

time at constant temperature. The zero-ordered plot and Arrhenius plot relate similarly by plot 

behavior so using what is known about zero-order reactions, we can notice other physical aspects 
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of our polymer matrix. The degradation showcased in the graph is independent of concentration 

per zero-order theory. Thus, in relation to the fluoropolymers, would give us the rate and 

activation energy based on the rate of degradation as a function of the polymer matrix structure 

and intermolecular forces that govern stability and behavior of the monomers that were used to 

produce the polymer. 

Based on a report from Dow in the late 1990s, the relationship between zero-order 

kinetics and activation energy can be obtained by use of the Arrhenius plot (Figure 2.5)[22]. They 

studied x-linked or network based PFCB polymers by TGA and isothermal degradation over an 

~100 ° range from 300 °C – 400 °C. The study was to probe the effect of substitution of “x-

linker” of a triaryl phosphine oxide-based polymer versus a triaryl methyl-based polymer. They 

were studied under air and nitrogen separately. Experimentation under air caused degradation 

diverting from zero-order concepts so nitrogen was taken only. They reported an activation 
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energy of 52 kcal/mol for the fluoropolymer. This study provided potential for future studies of 

other fluoropolymers for the advanced characterization in the high-end polymer field. 

 

Figure 2.5 Arrhenius plot 

Arrhenius plot of compared PFCB polymers under study in the literature.[22] Reproduced with 

permission from (Ref 17). Copyright (1998) John Wiley and Sons. (assessed March 10, 2021) 

2.4 Raman Spectroscopy 

Raman Spectroscopy is an analytical technique that can be used to identify a compound 

based on its structure or morphology. Raman can be used to fully characterize and identify 

critical regions of a sample like its structure, vibrational interactions of functional groups and 

crystallinity of polymeric samples. It is complementary to IR spectroscopy. The use of both in 

tandem can clearly characterize a polymer by backbone identification by Raman and 

2   6 

1000(1/T) K 
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identification of side functional groups by IR. Raman spectroscopy works by hitting a sample 

with a laser source and recording the signal from the photons scattered by the sample. Most of 

the scattered incident light that hits the sample is the same wavelength as the light source so it is 

not usable and that phenomena is called Rayleigh Scattering. However, a small percentage of 

scattered light is of a different wavelength and the wavelength depends on the chemical structure 

of the sample itself. This scattered light phenomenon is called Raman Scattering and is used 

readily today to understand the morphology and crystallinity of polymers for potentials 

applications in material science. 

Raman spectroscopy is very useful for characterizing high-performance polymers. It can 

be used to follow a sample through polymerization to a completed polymeric product. It has been 

reported by Smith at Dow in a study observing the detailed kinetics of trifluorovinyl ether 

polymers following a sample from monomer to oligomer to fully cured through Raman 

spectroscopy (Figure 2.6)[9]. 
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Figure 2.6 TVE Raman spectra 

A stacked Raman spectrum following TVE monomer as it fully converts to polymer.[9]  

Reprinted with permission from (Ref 10). Copyright (1998) Elsevier (assessed March 21, 2021) 

The Raman spectrum showed different states of conversion for the TVE monomer as it is 

heated until fully cured. They obtained detailed bands around 1831 𝑐𝑚−1 belonging to 

fluorinated C=C stretching specific to TFVE chain groups. The degree of intensity of the band 

decreases as the monomer is polymerized to oligomer and further cured until no end groups 

react. This shows through the use of the Raman spectroscopy technique a sample can be 

thoroughly identified at each stage of the polymerization process. 

Raman spectra is also used to verify the composition of a polymer sample. The vibrations 

and interactions between substituents and the polymer chain as the sample cures is of interest. 

Carbon composites like carbon fibers and graphite are used in different applications for high 
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performance polymers. In glassy carbon or graphitic structures, the rigid network of polycyclic 

rings is one of the key characteristics of carbon products[23]. Ideas of using these carbon-based 

materials or other similar polymers in order to crosslink or to get a novel polymer has been of 

interest. A study in the literature observed nanocomposites of polyacrylonitrile based carbon 

fibers for analysis at different excitations and band identification of noticeable vibration 

peaks[24]. The PAN carbon fibers have a significant amount of graphene like structure which can 

be seen as “G” and “D” band peaks (~ 1610 𝑐𝑚−1& ~ 1320 𝑐𝑚−1) associated with graphene that 

were identified in the PAN fibers as well (Figure 2.7)[25]. Raman can be applied to identify the 

vibrational peaks inside the sample and compare the observed peaks to pure carbon fibers.  The 

“G band” is representative of the C=C interactions that make up a large percentage of 

intermolecular interactions in the polymer matrix. The sample observed seems to retain the 

graphene like stacking when carbonized to some degree with a broad disorder band (D band). 

The broadness is linked to varying degrees of disorder or conversion as the sample is carbonized. 

The D band decreases as the sample is closer to being fully carbonized and the apparent size is 
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relative to polymer conversion or other atoms hindering the stacking process to fully cured 

product. 

 

Figure 2.7 Raman peak assignment 

“D” and “G” peak assignment of Polyacrylonitrile (PAN) based carbon fibers.[24] Reprinted with 

permission from (Ref 20). Copyright (2018) Elsevier (assessed March 21, 2021) 

 It is possible to gain an incredible amount of data from a polymer using Raman 

spectroscopy. Changes in chemical structure and percentage of crystallinity are just a couple of 

ways but those two are critical to the future of polymer science. Raman is used in this work for 

the characterization of a novel carbon-carbon composite, BODA, at different cure stages. For the 

future development of high-performing polymeric materials, the several interactions that govern 

the surface morphology of these polymers need to be thoroughly investigated for careful 

determination of high-performance applications. 
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MATERIALS AND EXPERIMENTAL METHODS 

3.1 Materials 

Commercially available P1 (PFCB-6F) and P2 (PFCB-BP) polymers were graciously 

donated from Tetramer technologies, LLC, Pendleton, SC. The other polymers (P3-P6) were 

synthesized by the Smith group as per the literature and donated by name for study.  

3.2 Thermogravimetric Analysis (TGA) 

TGA analysis was conducted using a TA instrument Q50 for degradation studies. The 

sample sizes ranged from 5 to 15 mg. For polymers, the samples were heated at a constant rate of 

10 °C/min from 25 °C to desired temperature and held for 3 hours. For monomer samples, they 

needed to first be heated to polymerization then studied using the isothermal method. The 

monomers of a sample were heated to 250 °C then held there for 2 hours to fully polymerize 

before heating to experiment temperature. The BODA-Ether sample was heated to 250 °C and 

held for 1 hour, then heated to 400 °C and held for 1 hour before finally going to experimental 

temperature. The BODA-Ether polymer samples were then further cured by heating to max range 

for the TGA instrument (900 - 1000 °C) to get final carbon stage for isothermal experiments. 

The rate (k) can be obtained by changing the x-axis from “temperature” to “time”. This 

will give us the weight loss over time as needed for isothermal studies. The samples were heated 

at a constant rate over a 3-hour period. The samples were ran twice on average at the specified 
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temperature in the TGA to get the average rate. The rate itself is given in % of weight loss/3 hr. 

We can then find the rate constant in (%/hr.) from this spectrum. The standard deviations of the 

rate constants vary with the temperature. Each polymer sample was heated in a set 100 °C 

temperature range specific to the individual polymer. The lower end of the temperature range 

had a lower degree of deviation compared to the higher end for the polymers. This is most likely 

a result of dramatic degradation at the higher end of the selected temperature range. The statistics 

and parameter for each polymer is given in Appendix A.2. 

3.3 Raman Characterization 

Raman spectra were acquired with ~ 13 mW laser power. All Raman spectra were 

acquired using an Olympus 10x objective (NA = 0.25) and the spectrograph grating was 600 

grooves/mm. The acquisition times for normal Raman spectra were varied between 20 and 100 s. 

The Raman shift was calibrated with a neon lamp. Raman shift accuracy was ~ 0.5 𝑐𝑚−1. 

Reflective sample substrate (RSS) slides from Raminescent, LLC were used for the Raman 

acquisitions. These RSS slides are highly reflective substrates with negligible fluorescence and 

Raman background.[26] 
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RESULTS/ DISCUSSION 

4.1 Degradation Kinetics 

TGA was used to observe the thermal degradation kinetics for the six different polymers. 

Polymers (P1 – P6) (Figure 4.1) were heated 10 °/min from 25 °C to 1000 °C under N₂ 

atmosphere. An overlay spectrum of the studied polymers is given (Figure 4.2). These polymers 

were also heated isothermally for 3 hours at fixed temperature ranges and showed linear weight 

loss slopes that yield the 0th order rate constant “k” in units of %/min or %/h. Temperature 

dependent ‘k’ was then used to obtain activation energies ranging from 17 – 41 (kcal/mol) for the 

selected polymers. The Arrhenius plots for each polymer was also plotted (Figure 4.3). 
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Figure 4.1 Structures of the selected Polymers 

Chemical structures for the selected polymers. 

 

 

 

 

 

 

Figure 4.2 Overlay TGA spectrum for the selected polymers 

An overlay TGA spectrum of the selected polymers heated from 25 °C to 1000 °C at a heating 

rate of 10 °C/min 
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Figure 4.3 Arrhenius plots on average rates 

Arrhenius plots for the selected polymers based on the average degradation rate over the 3-hr. 

isothermal experiment. 

Analysis into the trend of activation energy was also undertaken (Figure 4.4). The 

Arrhenius plots for each polymer also shed some light on the stability of the samples as they are 

R² =0.9674 

R² =0.9552 
R² =0.9669 

R² =0.9686 
R² =0.9687 

R² =0.9909 
R² =0.9809 
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heated. The slopes of each line are used to find the activation energy. There were slight 

deviations of +1 for each slope. The data cluster for some of the polymers were more deviated 

than others. P1 – P3 showed little deviation from the trend line compared to polymers P3 – P6 

that showed more deviation. This deviation can be linked to reactivity of the sample at the 

specified temperature. All polymers undergo drastic degradation at different temperatures. It is 

possible the temperature range used went past this temperature for some of the polymers and 

caused large shifts in degradation rate that causes it to be an outlier comparison to the other data 

points. Some of the polymers exhibit similar behavior as can be seen on the overlay spectrum. 

This leads to characterization into groups like PFCB based or FAVE based for the selected 

polymers. Heat was the only variable applied as the behavior of zero-ordered rates were 

independent of concentration so structure of the polymers is the key to understanding the trend of 

activation energy and concept of thermal stability. There is a notable trend among the activation 

energies of the selected polymers distinguishing them by their structure or functional spacer. 
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Figure 4.4 Overlay Arrhenius Plots 

An overlay of the Arrhenius plots of the selected polymers. (BODA as thermoset only) 

 

Starting with polymers P1 and P2, they gave an 𝐸𝑎 of 36 kcal/mol and 38 kcal/mol 

respectively as shown in Table 4.1. The structures of P1 and P2 are almost identical. However, 

between them, there is a small difference in functional spacer between the phenyl rings. The 

hexafluoro spacer of P1 (C(CF₃) ₂) does not have the slight increase in proximity and electron 

density of the phenyl rings as P2 with no substituent or functional group between rings. This 

small increase is a likely theory as to the difference. Table 4.1 (Obtained Activation Energy) 
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Table 4.1 Table of Activation Energy (𝐸𝑎) obtained from average rates of degradation for the 

studied polymers. 

Polymers Activation Energy (𝐸𝑎) 

(kcal/mol) 

P1 (PFCB-6F) 36 

P2 (PFCB-BP) 38 

P3 (PFCA) 20 

P4 (FAVE-Acenaphthenone) 25 

P5 (FAVE-Phenanthrenone) 17 

P6 (Thermoset) 20 

P6 (Glassy Carbon) 41 

The next few energies belong to P3 (20 kcal/mol), P4 (25 kcal/mol) and P5 (17 

kcal/mol). These polymers have fluorinated aryl vinyl ether (FAVE) linkages between 

monomers. The notable property of FAVE polymers is their ability for chain propagation due to 

reactive TFVE end groups to further grow the chain or undergo polymerization into PFCB rings. 

This crucial property is the likely reason for the lower activation energies in reference to the 

other polymers. P3 is very similar to P4 in which it has a perfluorocyclohexyl aromatic (PFCA) 

ring substituted spacer but same core structure. Perfluorocyclohexyl aromatic ether polymers are 

also known for their stability along with FAVEs and PFCBs. The increased ring size between P4 

and P5 and electron density may account for the difference between them. P5 is the lowest with 

17 kcal/mol and has a difference in a core cyclohexane ring versus a core pentane ring compared 

to P4 that may decrease conjugation and electron density over the structure leading to a decrease 

in stability. P6 or bis-o-diynyl aryl ether (BODA-Ether) is a known polymer that has been 

reported to have high thermostability and minuscule weight loss until <1%/h at 450 °C[28]. Its 

activation energy was obtained in its thermoset state (>450°C) and later as a cured glassy carbon 

(>900°C). Due to the novel properties of BODA derivatives having phenyl substituted 

monomers, they can yield highly crosslinked polynapthalene networks of superior thermal 
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resistance leading to the highest activation energy on the table[28]. The BODA-Ether thermoset of 

P6 was unexpectedly low, 20 kcal/mol, and was among the level of FAVE polymers. The 

polymer itself may not have been fully cured to the polynapthalene network during the heating 

process.  

 

 

 

 

 

 

 

 

Figure 4.5 Isothermal TGA of PFCB-6F 

An isothermal TGA spectra of PFCB-6F at 400 over a 3-hr. time interval in which weight loss 

and rate of weight loss can be obtained. 

The energies obtained so far are based on the average rate of degradation per/h over the 

3-hour isothermal experiment. It is of interest to gauge the specific rate of degradation during the 

interval closet to zero ordered behavior as possible. Isothermal TGA spectra for the selected 

polymers can be found in Appendix A.3. The rates of the middle 60 min interval were obtained 

in %/min that were then converted to %/h (Figure 4.5). The Arrhenius plots for these spectra 

were graphed for each of the selected polymers (Figure 4.6) The middle interval was used in case 

artifacts from the TGA instrument caused any abnormalities in the first 60 min interval of the 

experiment. The area in which the rate is obtained can also affect the trend of activation energies 
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obtained from the polymers. The new rates yielded energies of varying difference compared to 

the previous table. The new energies are closer to actual values observed from the degradation of 

the selected polymers as shown in Table 4.2. Some of the polymers did not change at all like P1 

and P2 while others like P3 and P4 changed a great deal. P5 and P6 changed only slightly with 

the new obtained energies. The Glassy Carbon of P6 decreased in likely part due to the 

instrument not having the capabilities to go completely to the glassy carbon.  
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Figure 4.6 (Arrhenius Plots based on a specific rate)  

Arrhenius plots for the selected polymers based on the middle 60 min interval of the isothermal 

experiment. 
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Table 4.2 Table of Activation Energy (𝐸𝑎) obtained from the average degradation rate over 3 hrs 

versus the middle 60 min interval. 

 

Polymers 
Activation Energy (𝐸𝑎) 

(kcal/mol) 

Avg Mid 60 

P1 (PFCB-6F) 36 36 

P2 (PFCB-BP) 38 38 

P3 (PFCA) 20 27 

P4 (FAVE-Acenaphthenone) 25 18 

P5 (FAVE-Phenanthrenone) 17 15 

P6 (Thermoset) 20 19 

P6 (Glassy Carbon) 41 29 

 

Another variable affecting the activation energy difference is the mechanism for how 

polymers degrade over time. The science behind the theory of fluoropolymer decomposition has 

been reported since in the 1950’s[27]. P1 – P5 contain fluorinated linkages. The method of 

decomposition is relatively simple as reported in 1990s from the literature on PFCB 

decomposition[22]. For PFCB polymers, as it is heated to high temperatures, there are some by 

products blown off but one of the main products is a hexafluorocylcobutene ring. As polymers 

are heated, known products like CO₂ and H₂O are produced so BDE energies matter. The BDE of 

simple sigma bonds like C-C and C-O take ~ 350 kJ/mol to break so a possible C-O bond may be 

susceptible to breakage at high temperatures before C-H bonds or C-F bonds of ~ 413 kJ/mol and 

~ 472 kJ/mol BDE. The ring results from homolytic cleavage of both of the oxygen bonds 

connected to the ring, releasing hexafluorocyclobutene. Because of the high temperature 

environment, it was just released into, the hexafluorocyclobutene ring may ring open to 

hexafluoro-1,3-butadiene. This type of ring opening is an electrocyclic reaction. These reversible 

reactions have single bonds form at the terminal ends of the pi bond. The driving force for this 

reaction can be attributed it to ring strain of the cyclobutene ring[8]. The free electrons around 
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fluorine are highly polar and cause strain on the ring and force the structure to achieve a more 

favorable confirmation with less strain[8]. There is a similar theory to the decomposition of 

FAVEs at high temperatures. The fluorinated vinyl spacer between monomers could revert into a 

fluorinated acetylene upon homolytic breakage as it degrades. This is similar mechanism to the 

degradation of PFCBs. A proposed mechanism of degradation is shown in Scheme 4.1. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1 Proposed Degradation Mechanism 

Proposed mechanism for the degradation of perfluorocyclobutyl aryl ether polymers. 
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The main attribute differentiating the polymers from one another in terms of activation 

energy is chemical structure as well as the behavior of the intramolecular and intermolecular 

interactions along and between the polymer chains. So, the choice for foundation of TFVE 

oligomers is critical to the degree of mechanical and chemical properties desired. The changes in 

core structure or substituents attached can be seen in the behavior of the Arrhenius plots and 

obtained activation energies. The activation energy of each polymer is obtained and an Arrhenius 

plot for depiction of the rate kinetics. 

Zero ordered rates are independent of concentration and only depend on the rate itself in 

controlled conditions. TGA methods using zero-ordered parameters can be used to thoroughly 

investigate the structure of the polymer under study. TGA is used to observe the rate of weight 

loss of a sample as it is heated in an isolated space of known atmosphere for a pre-set time 

interval. The weight loss calculated from these experiments are readily given as thermal stability 

parameters for a number of polymers. Quantitatively we can estimate weight loss from internal 

reactions or byproducts throughout the reaction in the known atmosphere but we do not know 

exactly what those reactions are. We can speculate what is going on based on the starting sample 

and the resulting char at the end of the TGA run.  However, TGA alone cannot tell us what 

specifically is happening to the sample at the selected temperature. There is a need to change our 

perspective on thermal stability like technology has with time.  

The obtained activation energies of the polymers give us more insight into the thermal 

parameters of these polymers. The notion is that thermal stability or thermal resistance as they 

are often confused are the same but there is doubt. Thermal stability has been perceived as the 

resistance of a polymer to a heat source. I believe this notion needs to be changed and our theory 
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of thermal stability with it. Thermal stability should be more perceived as resistance of a polymer 

to the environment induced by heat. Heat can make environments and materials hot but it can 

also cause bonds to break and form as well as react in general. If a polymer could resist the 

environment that comes with increased heat, then it could be considered thermally stable. 

4.2 Polymer Conversion by Raman 

Raman spectroscopy was used in this work in order to fully characterize, for the first 

time, a well-known polymer for applications in engineering and mechanics. Some polymers of 

high molecular weight or with certain properties make it difficult to characterize them. The use 

of Raman can save time and give information not accessible using other techniques for the same 

purpose. Raman spectroscopy was done on crosslinked BODA-biphenyl and carbon fiber at 

different cure states in order to follow it by Raman and notice any distinct differences that could 

give us an idea of the morphology and changes to it at higher temperatures (Figure 4.7). Raman 

was taken at different intervals of the carbonization process. A standard carbon fiber for 

comparison was also shown in reference. BODA-biphenyl monomer is given at the bottom. The 

crosslinked composite state at 1000 °C and 1500 °C were taken respectively. The same was done 

with the carbon fiber standard and it was heated to glassy carbon (1000 °C). BODA-biphenyl 

monomer was crosslinked with carbon fibers and heated from monomer state to fully carbonized 

glassy carbon composite state. A Raman spectrum of the BODA thermoset was unable to be 

obtained. The state of the BODA polymer in this state is highly fluorescent as it is further cured 

into glassy carbon as it adopts more a polynapthalene network and many bonds are breaking and 

forming simultaneously. The heightened fluorescence pollutes the spectra and overshadows any 

other potential peaks for characterization. Two noticeable peaks around 1580 𝑐𝑚−1 and 1360 
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𝑐𝑚−1 are the most prominent on the spectra for identifying and characterizing P6’s structure. 

The peak at ~1580 𝑐𝑚−1 is representative of (-C=C-) bond stretching and vibrational modes of 

sp² atoms constituting the chains and polycyclic rings. The peak at 1360 𝑐𝑚−1 is representative 

of similar (-C=C-) vibrations. However, this peak is synonymous with a cluster of sp² hybridized 

clusters that are midway through the conversion process. This entails that the current spectra are 

of the sample at a state not fully carbonized.  

 

Figure 4.7 Raman overlay spectra 

Ramen overlay spectra of polymer conversion of BODA monomer, crosslinked BODA 

composite and carbon fiber standard. 
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BODA-Biphenyl has been reported and characterized but not through the use of Raman 

Spectroscopy. BODA-Biphenyl starts to resemble a graphitic like morphology when it 

polymerizes into its naphthalene network thermoset and further as a glassy carbon composite. 

The peak at ~1600 𝑐𝑚−1 ,which is an indicator of aromatic (C=C) chain vibrations, is in the 

BODA sample as well as the carbon fiber matrix. The other peak at ~1320 𝑐𝑚−1 is also seen in 

both samples. These two peaks are known as the “G” band (~1580 𝑐𝑚−1 )  and “D” band (~1360 

𝑐𝑚−1) respectively[25]. The “G” band is named so because it is the main peak associated with 

graphene structures and is named “G” for graphene because of that. The “D” band is associated 

with disorder. The higher the “D” peak the more disorder inside the polymer matrix. This 

disorder is a cluster of hybridized sp² carbons that have not fully carbonized. The height and 

concentration of the peak directly relate to the carbonization conversion of the sample. Using 

these two peaks in conjunction, we identify the BODA sample as having graphene like 

morphology and good indication of crosslinked product between the BODA-Biphenyl and 

carbon fiber. 

The Raman spectra obtained are similar to reported evidence of high similarity to the 

graphene network. BODA-Biphenyl starts to adapt to the graphene-like morphology after 

polymerizing at ~ 450 °C so Raman was taken of samples past this temperature. The obtained 

spectra shows that it is possible to follow the polymer network as it cures and forms more 

stacked sheets on top of itself. There is also similarity between the crosslinked product and the 

standard carbon fiber. Bis-o-diynylarene (BODA) derivatives are well known for their high 

thermal stability and mechanical properties. These properties can be coupled with carbon fibers 

to produce a new high-performance polymer for material science. This spectrum has incredible 
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potential for future application as other derivatives of BODA and other known high-performance 

polymers can be characterized and followed by Raman spectroscopy. 
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CONCLUSION 

This study reports an established method using TGA and 0th order kinetics to study the 

thermal stability of six aromatic ether polymers, five of which were semi-fluorinated. Activation 

energies for thermal degradation ranging from 17 (kcal/mol) to 41 (kcal/mol) were also reported 

here. The difference in overall structure and degradation mechanism played a factor in the trend 

of the activation energies.  P6 (BODA-Ether) glassy carbon had the highest 𝐸𝑎 of 41 kcal/mol. 

The next two were the PFCB based polymers (P1 and P2) with 36 kcal/mol and 38 kcal/mol. 

Lastly were the FAVE and PFCA polymers (P3 – P5) with 17, 20, and 25 kcal/mol. The trend of 

activation energies was expected. The reaction energy difference of ~ 50 kcal/mol favoring the 

forward reaction versus the reverse reaction for PFCB ring formation of fluoro-olefins also helps 

support how thermally stable PFCB polymers are. The degradation mechanism also played a role 

in differences between the semi-fluorinated polymers. PFCBs tend to form 

hexafluorocyclobutene rings upon degradation after homolytic bond breaking between oxygen 

and the PFCB ring. FAVEs release a fluoroacetylene molecule after decomposition. The 

difference in decomposition mechanism affects the overall stability of the polymer.  The 

Arrhenius plots of the fluorinated polymers showed similar behavior between similar polymers 

to characterize and distinguish them into PFCB or FAVE.  The BODA-Ether, being primarily 

made of carbons and hydrogens, resembled graphitic material and was the most thermally stable 

according to the table of activation energies. Raman studies were also performed on BODA-
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biphenyl to characterize the known polymer and chart its similarity to graphitic structures. 

Noticeable peaks at 1600 𝑐𝑚−1 and 1320 𝑐𝑚−1 represent the “G” and “D” band of graphene 

respectively. This leads to more in-depth studies into the characterization and optical 

applications for high performance alongside carbon fiber. The ultimate gain of this study was to 

establish a protocol for studying thermal stability through 0th order kinetics. Through the use of 

this technique, we can better understand the slight changes to structure that can affect the rate of 

decomposition and activation energy of the selected polymer.  
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APPENDIX A 

 

A.1  Dynamic TGA Plots 

 

Figure A.1 (P1) 

P1 heated 10 °/min from 25 °C to 1000 °C. 
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Figure A.2 (P2) 

P2 heated 10 °/min from 25 °C to 1000 °C. 

 

Figure A.3 (P3) 

P3 heated 10 °/min from 25 °C to 1000 °C. 
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Figure A.4 (P4) 

P4 heated 10 °/min from 25 °C to 1000 °C. 

 

Figure A.5 (P5) 

P5 heated 10 °/min from 25 °C to 1000 °C. 
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Figure A.6 (P6) 

P6 heated 10 °/min from 25 °C to 1000 °C. 
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A.2 Parameter tables 

Table A.1 Experimental parameter table of P1. 

P1 Degradation Parameters  

Temp. (°C) 300 325 350 375 400 425 450 475 500 

Initial Wt. 

(mg) 

16.724 14.086 9.582 10.2020 12.056 16.3130 16.5090 23.1460 11.482 

Final Wt. 

(mg) 

16.602 13.821 9.328 9.8220 11.389 13.3098 10.1233 9.5107 3.639 

Wt. Change 

(Δ) % 

0.7284 0.7241 1.130 2.084 5.528 16.60 36.29 55.99 68.30 

K (%/hr.) 0.1473 0.1493 0.2461 0.5381 1.624 5.527 11.99 14.18 22.77 

Ln K -1.905 -1.902 -1.402 -0.619 0.4849 1.709 2.484 2.652 3.125 

(1000)1/T(K) 1.75 1.672 1.605 1.543 1.486 1.433 1.383 1.337 1.294 

 

Table A.2 Experimental parameter table of P2. 

P2 Degradation Parameters  

Temp. (°C) 340° 360° 380° 400° 420° 440° 460° 480° 500° 520° 

Initial Wt. 

(mg) 

7.952 7.831 5.530 9.491 4.748 9.648 6.493 9.841 11.153 7.354 

Final Wt. 

(mg) 

7.819 7.436 5.361 9.037 4.001 7.176 3.778 5.074 5.424 3.056 

Wt. Change 

(Δ) % 

0.6808 0.9496 1.654 3.431 14.03 23.76 40.13 46.65 48.05 48.38 

K (%/hr.) 0.227 0.317 0.551 1.14 4.68 7.92 13.38 15.55 16.02 16.13 

Ln K -1.483 -1.149 -0.596 0.131 1.543 2.069 2.594 2.744 2.774 2.781 

(1000)1/T(K) 1.631 1.579 1.532 1.486 1.443 1.403 1.364 1.328 1.294 1.261 
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Table A.3 Experimental parameter table of P3. 

P3 Degradation Parameters 

Temp. (°C) 370 390 410 430 450 470 490 510 530 

Initial Wt. (mg) 3.09 3.11 2.50 5.23 8.67 2.62 3.25 2.29 2.56 

Final Wt. (mg) 2.56 2.61 1.99 4.01 5.74 1.36 2.09 1.29 1.34 

Wt. Change % 2.103 2.124 3.872 6.389 12.07 25.11 19.28 22.18 20.64 

K (%/hr.) 0.701 0.708 1.29 2.13 4.02 8.38 6.43 7.39 6.88 

Ln K -0.355 -0.345 0.255 0.756 1.39 2.13 1.86 2 1.93 

(1000)1/T(K) 1.55 1.51 1.46 1.42 1.38 1.35 1.31 1.28 1.25 

 

 

Table A.4 Experimental parameter table of P4. 

P4 Degradation Parameters 

Temp. (°C) 280 300 320 340 360 380 400 420 

Initial Wt. (mg) 1.89 1.87 2.23 1.50 1.41 1.29 0.391 2.26 

Final Wt. (mg) 1.82 1.77 2.08 1.37 0.892 1.02 0.097 1.96 

Wt. Change % 1.75 2.64 3.88 5.23 9.80 13.51 47.75 8.09 

K (%/hr.) 0.582 0.878 1.29 1.74 3.27 4.50 15.9 2.69 

Ln K -0.541 -0.130 0.255 0.554 1.18 1.50 2.77 0.989 

(1000)1/T(K) 1.81 1.75 1.69 1.63 1.58 1.53 1.48 1.44 
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Table A.5 Experimental parameter table of P5. 

P5 Degradation Parameters 

Temp. (°C) 300 320 340 360 380 400 420 440 460 

Initial Wt. 

(mg) 

1.09 1.89 1.88 1.44 1.53 2.12 1.74 0.996 1.49 

Final Wt. 

(mg) 

0.947 1.76 1.73 1.28 1.27 1.82 1.42 0.65 1.04 

Wt. Change 

% 

3.23 1.50 2.04 3.58 6.69 6.39 9.33 18.4 16.6 

K (%/hr.) 1.08 0.50 0.68 1.19 2.23 2.13 3.11 6.13 5.53 

Ln K 0.077 -0.69 -0.386 0.174 0.802 0.756 1.13 1.81 1.71 

(1000)1/T(K) 1.75 1.69 1.63 1.58 1.53 1.48 1.44 1.403 1.364 
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Table A.6 Experimental parameter table of P6 (Thermoset). 

P6 (Thermoset) Degradation parameters 

Temp. (°C) 400 420 440 460 480 500 520 

Initial Wt. 

(mg) 

4.96 3.65 4.68 4.04 4.40 5.92 4.73 

Final Wt. 

(mg) 

4.91 3.57 4.53 3.91 4.18 5.67 4.22 

Wt. Change 

% 

0.916 1.98 3.25 3.21 4.95 7.89 10.76 

K (%/hr.) 0.305 0.658 1.08 1.07 1.65 2.63 3.59 

Ln K -0.366 0.098 0.417 0.776 0.812 1.07 1.08 

(1000)1/T(K) 1.486 1.443 1.403 1.364 1.328 1.294 1.261 

 

Table A.7 Experimental parameter table of P6 (Glassy Carbon). 

P6 (Glassy Carbon) Degradation parameters 

Temp. (°C) 840 860 880 900 920 940 960 980 1000 

Initial Wt. 

(mg) 

4.60 4.99 4.49 3.83 3.56 3.56 4.68 5.79 8.35 

Final Wt. 

(mg) 

3.20 3.24 4.37 3.66 3.24 2.98 4.46 5.45 6.73 

Wt. Change 

% 

2.32 2.94 2.29 3.39 6.632 11.68 3.46 4.36 14.46 

K (%/hr.) 0.772 0.979 0.765 1.13 2.21 3.89 1.15 1.45 4.82 

Ln K -0.258 -0.021 -0.267 0.122 0.793 1.36 0.141 0.374 1.57 

(1000)1/T(K) 0.898 0.883 0.867 0.853 0.838 0.824 0.811 0.798 0.786 



 

59 

A.3 Isothermal TGA Plots 

A.3.1 P1 PFCB-6F 

 

 

 

 

 

 

 

 

Figure A.7 (Isothermal TGA held at 350 °C) 

Isothermal TGA of P1 held at 350 °C for 3 hrs. 

 

 

 

 

 

 

 

Figure A.8 (Isothermal TGA held at 375 °C) 

Isothermal TGA of P1 held at 375 °C for 3 hrs. 
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Figure A.9 (Isothermal TGA held at 400 °C) 

Isothermal TGA of P1 held at 400 °C for 3 hrs. 

 

Figure A.10 (Isothermal TGA held at 425 °C) 

Isothermal TGA of P1 held at 425 °C for 3 hrs. 
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Figure A.11 (Isothermal TGA held at 450 °C) 

Isothermal TGA of P1 held at 450 °C for 3 hrs. 

A.3.2 P2 PFCB-BP 

 

 

Figure A.12 (Isothermal TGA held at 360 °C) 

Isothermal TGA of P2 held at 360 °C for 3 hrs. 
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Figure A.13 (Isothermal TGA held at 380 °C) 

Isothermal TGA of P2 held at 380 °C for 3 hrs. 

 

Figure A.14 (Isothermal TGA held at 400 °C) 

Isothermal TGA of P2 held at 400 °C for 3 hrs. 
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Figure A.15 (Isothermal TGA held at 420 °C) 

Isothermal TGA of P2 held at 420 °C for 3 hrs. 

 

Figure A.16 (Isothermal TGA held at 440 °C)  

Isothermal TGA of P2 held at 440 °C for 3 hrs. 
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Figure A.17 (Isothermal TGA held at 460 °C) 

Isothermal TGA of P2 held at 460 °C for 3 hrs. 

A.3.3 P3 PFCA 

 

Figure A.18 (Isothermal TGA held at 370 °C) 

Isothermal TGA of P3 held at 250 °C for 1 hr. to fully polymerize then at 370 °C for 3 hrs. 
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Figure A.19 (Isothermal TGA held at 390 °C) 

Isothermal TGA of P3 held at 250 °C for 1 hr. to fully polymerize then held at 390 °C for 3 

hours. 

 

Figure A.20 (Isothermal TGA held at 410 °C) 

Isothermal TGA of P3 held at 250 °C for 1 hr. to fully polymerize then held at 410 °C for 3 

hours. 
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Figure A.21 (Isothermal TGA held at 430 °C) 

Isothermal TGA of P3 held at 250 °C for 1 hr. to fully polymerize then held at 430 °C for 3 

hours. 

 

Figure A.22 (Isothermal TGA held at 450 °C) 

Isothermal TGA of P3 held at 250 °C for 1 hr. to fully polymerize then held at 450 °C for 3 

hours. 
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Figure A.23 (Isothermal TGA held at 470 °C) 

Isothermal TGA of P3 held at 250 °C for 1 hr. to fully polymerize then held at 470 °C for 3 

hours. 

A.3.4 P4 FAVE-Acenapthylenone  

 

Figure A.24 (Isothermal TGA held at 300 °C) 

Isothermal TGA of P4 held at 300 °C for 3 hrs. 
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Figure A.25 (Isothermal TGA held at 320 °C) 

Isothermal TGA of P4 held at 320 °C for 3 hrs. 

 

Figure A.26 (Isothermal TGA held at 340 °C) 

Isothermal TGA of P4 held at 340 °C for 3 hrs. 
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Figure A.27 (Isothermal TGA held at 360 °C) 

Isothermal TGA of P4 held at 360 °C for 3 hrs. 

 

Figure A.28 (isothermal TGA held at 380 °C) 

Isothermal TGA of P4 held at 380 °C for 3 hrs. 
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Figure A.29 (Isothermal TGA held at 400°C) 

Isothermal TGA of P4 held at 400 °C for 3 hrs. 

A.3.5 P5 FAVE-Phenanthrenone  

 

Figure A.30 (Isothermal TGA held at 340 °C) 

Isothermal TGA of P5 held at 340 °C for 3 hrs. 
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Figure A.31 (Isothermal TGA held at 360 °C) 

Place Isothermal TGA of P5 held at 360 °C for 3 hrs. 

 

Figure A. 32 (Isothermal TGA held at 380 °C) 

Isothermal TGA of P5 held at 380 °C for 3 hrs. 
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Figure A.33 (Isothermal TGA held at 400 °C) 

Isothermal TGA of P5 held at 400 °C for 3 hrs. 

 

Figure A. 34 (Isothermal TGA held at 420 °C) 

Isothermal TGA of P5 held at 440 °C for 3 hrs. 
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Figure A.35 (Isothermal TGA held at 440 °C) 

Isothermal TGA of P5 held at 440 °C for 3 hrs. 

A.3.6 P6 BODA-Ether 

 

Figure A.36 (Isothermal TGA held at 400 °C and 1000 °C) 

Isothermal TGA of P6 held at 250 °C for 1 hr. then held at 400 °C for 3 hrs. and 1000 °C for 3 

hrs. 
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Figure A.37 (Isothermal TGA held at 420 °C and 980 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each then held at 420 °C for 3 hrs. and 

980 °C for 3 hrs. 

 

Figure A.38 (Isothermal TGA held at 440 °C and 960 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each then held at 400 °C for 3 hrs. and 

960 °C for 3 hrs. 
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Figure A.39 (Isothermal TGA held at 460 °C and 940 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each then held at 460 °C for 3 hrs. and 

940 °C for 3 hrs. 

 
 

Figure A.40 (Isothermal TGA held at 480 °C and 920 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each then held at 480 °C for 3 hrs. and 

920 °C for 3 hrs. 
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Figure A.41 (Isothermal TGA held at 500 °C and 900 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each then held at 500 °C for 3 hrs. and 

900 °C for 3 hrs. 

 

Figure A.42 (Isothermal TGA held at 520 °C and 880 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each then held at 520 °C for 3 hrs and 

880 °C for 3 hrs. 
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Figure A.43 (Isothermal TGA held at 860 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each and then held at 860 °C for 3 hrs. 

 

Figure A.44 (Isothermal TGA held at 840 °C) 

Isothermal TGA of P6 held at 250 °C and 400 °C for 1 hr. each then held at 840 °C for 3 hrs. 
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