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ABSTRACT

Crystallization is a common problem for epoxy resins, which are ubiquitous in industrial 

and commercial use. Integration of crystalized epoxy monomers into cured thermosets has been 

shown to alter the thermosets’ final mechanical properties. However, no studies have investigated 

http://energy.gov/downloads/doe-public-access-plan
mailto:dwyerdb@ornl.gov


2

the impact of these crystals on the thermal stability of the thermoset. Here we investigate the 

degradation kinetics of a bisphenol F–based epoxy thermoset with and without crystalized 

monomers using Product-Specific Kinetic (PSK) analysis coupled with Evolved Gas Analysis-

Mass Spectrometry (EGA-MS).  PSK analysis revealed significant differences in evolved product 

ion kinetics, suggesting changes in the degradation kinetics between thermoset configurations. It 

was concluded that early stages of degradation are influenced most by crystal presence due to the 

high concentration of unreacted epoxy monomers and lower cross-linking density of the cured 

network. After post-cure annealing, significant changes are observed in the degradation kinetics 

of thermosets without crystal inclusions. Conversely, post-cure annealing procedures of crystal 

integrated thermosets showed little change in the thermoset degradation kinetics across all 

conversion extents. These findings suggest that post-cure annealing of thermosets with crystals 

present at the onset does not alter the cross-linking density of the polymer network enough to 

significantly change the degradation kinetics. We hypothesize this is because the excess monomers 

from the melted crystals are unable to find suitable reaction sites for complete binding into the 

polymer network, which has direct implications for the material properties and final thermal 

stability of the thermoset.  

1. Introduction

Epoxy thermosets are highly cross-linked polymer materials that serve as the binding polymer 

matrix in reinforced carbon fiber composites. The carbon fiber components have higher thermal 

tolerance, with the maximum temperatures for the fibers themselves generally aligned with final 

firing temperature used in the fiber production process, when heated in inert conditions.1-4 

However after addition of the polymer thermoset, the thermal resilience of the final composite is 

limited by the heat tolerance of the polymer.5 Consequently, an understanding of the thermal 
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degradation mechanisms and kinetics of these epoxy thermosets are desired to fully understand the 

response of carbon composites to conditions involving high heat and thermal exposure. Numerous 

works have investigated the degradation mechanisms of epoxy thermosets6-9 and, to a lesser extent, 

degradation kinetics.10, 11  More have investigated the impact of integrated filler or blended 

components in the thermoset on its thermal stability. 12-16

A well-known but understudied phenomena of epoxy thermosets is epoxy monomer 

crystallization. Epoxy crystallization is a common process in epoxy resins, and the degree to which 

crystallization may influence thermal degradation and stability is an open question. Epoxy resins 

are considered supercooled fluids.  The supercooled state leads to epoxy resins generally being a 

viscous liquid at room temperature despite having melting points above room temperature (45–48 

°C).17, 18 This delicate state renders them prone to crystallization during prolonged storage, 

temperature fluctuations, or exposure to contaminants. Crystallization in resin precursors may be 

detected at point of use and removed through heating. However, crystallization not detected due 

to small size of crystal can be included in the final composite, resulting in unexpected failures, 

mechanical instability, or reduced thermal performance. 

Investigations of crystallization in epoxy thermosets is limited to alterations to the mechanical 

properties of thermosets integrated with epoxy crystals.19 Separately, there have been related 

studies using liquid-crystal thermosets investigating the impact of crystal integration on thermoset 

thermal stability. These studies involved direct integration of liquid-crystal epoxy monomers into 

the polymer network structure which subsequently form crystalline domains within the network. 

The results conflict, with some studies showing improvements in thermal stability of the thermoset 

with other studies showing no impact on thermal stability.20-22
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However, there have been no investigations of the effects from integration of crystallized epoxy 

monomers on the thermosets’ thermal stability and degradation kinetics. Integration of crystallized 

epoxy monomers into the thermoset polymer network is notably different than analogous liquid-

crystal systems. In crystallized epoxy monomers, the crystalline regions are not chemically bound 

to the polymer network. This leaves a complex multistep process upon heating from crystal melt, 

monomer diffusion, void formation, to final reaction of the monomers with the formed polymer 

network all of which could impact the thermal stability of the final thermoset. 

Previously, Product-Specific Kinetic (PSK) analysis coupled with Evolved Gas Analysis-Mass 

Spectrometry (EGA-MS) differentiated kinetic values, specifically activation energy (Ea), between 

degradation products produced simultaneously during the thermal degradation of bisphenol F 

based epoxy thermoset.10 The Kissinger method was utilized to determine both activation energy 

and Arrhenius pre-exponential factor of specific degradation products using PSK. However, the 

peak temperature method used is blind to the changes that occur in the Ea over the entirety of the 

degradation process. Conversely, isoconversional kinetics monitors the change in kinetics over the 

entirety of degradation, allowing for a more detailed analysis of the data. 

There are several publications with in depth discussions of isoconversional analysis, specifically 

works by S. Vyazovkin.10, 23-28 In short, isoconversional analysis are nonisothermal methods that 

provide an apparent activation energy derived from the fraction of the overall change in a physical 

property being measured, also known as the extent of conversion (⍺).10, 23 Apparent activation 

energy is the accumulation of individual and simultaneous reactions providing important 

information regarding the degradation process of the system. In the case of PSK, the apparent 

activation energy is hypothesized to represent the activation energy of the specific reaction being 

monitored.10 Therefore, changes in the apparent activation energy are associated with differences 
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in the specific product mechanism and can provide a higher level of detail then non-PSK based 

methods, especially when combined with isoconversional analysis. 

In this current work, EGA-MS, isoconversional analysis, and PSK are used to elucidate 

differences that arise in the degradation kinetics of compositionally identical epoxy thermosets 

based on bisphenol F epoxy with and without integration of crystalized epoxy monomers. 

Bisphenol F epoxy is used in the construction of plastics and resins, including structural 

components, thus understanding the thermal degradation and kinetics of this material is crucial to 

building safety. Further, bisphenol F is structurally related to bisphenol A, and sought as a 

replacement for bisphenol A epoxies due to concern over hormone disruption and related health 

effects demonstrated for bisphenol A based plastics.29

2. Methods

2.1 Materials

A bisphenol F–based epoxy resin (Araldite PY306 US) was obtained from Huntsman and used 

without further purification. Trimethylolpropane tris[poly(propylene glycol), amine terminated] 

ether (T-403) was received from Sigma-Aldrich and used without further purification. 

2.2 Thermoset Synthesis

Thermosets were prepared by first preheating the PY306 epoxy resin at 358 K for 1 h to melt 

any formed crystals. Then, 1.002 g and 0.900 g of PY306 resin were weighed into two separate 

disposable beakers. Next, 449 µL of T-403 hardener was added separately to both samples and 

mixed by hand. Prepolymer formulations were degassed at 358 K. Finally, 102 mg of crystalized 

PY306 resin was added to the 0.900 g epoxy sample after cooling and mixed thoroughly to create 

a 10% by weight of epoxy resin in the sample, designated as PY306/T-403 10% (PT10). However, 

due to some of the epoxy crystal reacting with the forming polymer matrix,19 the true weight 
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percentage of epoxy crystal to epoxy resin is less than 10%. Both the PT10 and PY306/T-403 (PT) 

prepolymer formulations had 2:1 molar equivolents of epoxy to amine functional groups and were 

cured at room temperature for 72 h before analysis. After preliminary analysis, samples underwent 

a final post cure anneal at 358 K for 17 hrs. Powdered samples for kinetic analysis were prepared 

using a Polymer Prepper grinding tool (Frontier Laboratories Ltd.).

2.3 Polarized Optical Microscopy

A Nikon eclipse LV100N POL microscope coupled to a Linkam THMS600 heating stage was 

used for in situ heating experiments using POM. All images were taken under transmitted light. A 

heating rate of 5 °C/min was used. 

2.4 Evolved Gas Analysis-Mass Spectrometry 

EGA-MS experiments were performed in helium using a multishot pyrolyzer (PY-3030D, 

Frontier Analytical Ltd.) interfaced with an Agilent GC (7890B)-MSD (5977A) with a carrier gas 

selector (CGS-1050Ex), a selective sampler (SS-1010E), and an Auto-Shot (AS-1020E) from 

Frontier Analytical Ltd. A deactivated Ultra ALLOY EGA tube (UADTM-2.5N) was used (2.5 m 

length, 0.15 mm inner diameter, and 0.47 mm outer diameter). The following inlet parameters 

were used for analysis: the heater was set at 553 K and had a total flow of 139.4 mL/min. The 

pressure was set to 171.8 kPa, and the heater had a septum purge flow of 3 mL/min and a split 

flow of 135.2 mL/min. The gas chromatography oven was set at 573 K, and the column settings 

were a flow of 1.2 mL/min, pressure of 171.8 kPa, average velocity of 43.8 cm/s, and hold time of 

1.1 min. The mass spectra scan range was set to monitor ions m/z 29–400. Separate experiments 

were performed using the selected ion monitoring (SIM) mode, which was set to monitor ions m/z 

66, m/z 182, and m/z 200. These ions were selected because m/z 66, m/z 182, and m/z 200 are 

unique ions for phenol, xanthene, and bisphenol F isomers, respectively, which are major 
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degradation products for bisphenol F thermoset.10 An electron impact voltage of 70 eV was used 

in all experiments. Furnace calibrations are described elsewhere.10 Powdered samples were 

prepared in 80 µL stainless steel Eco-cups™ from Frontier with sample masses ranging from 100 

to 230 µg. Thermal exposures were conducted with a 1 min hold at 313 K before heating at a rate 

of 5, 10, or 20 K/min up to 973 K, followed by a final 1 min hold. Three trials were performed for 

each experiment with standard uncertainties (u) presented in the results. 

2.5 Thermogravimetric Analysis 

Thermogravimetric analysis was performed using a TA Instruments Q5000 TGA system 

under N2 atmosphere with standard gas flow rate of 50 mL/min. Powdered samples of 

approximately 5 mg were loaded into a high-temperature platinum pan after tare. Samples were 

heated at heating rates of 5, 10, and 20 K/min up to 973 K and held at temperature for 1 min. Two 

experiments were performed for each heating rate.

2.6 Kinetic Analysis 

An isoconversional kinetic method was used to determine the apparent activation energy for the 

epoxy thermoset degradation. First, extent conversion plots were prepared from the total and 

extracted ion thermographs (EITs) using eq 1.

Α =  
𝐴𝑀𝐼𝑇

𝐴𝑀𝐼𝑓
(1)

where AMIT is the accumulated mass intensity at a given temperature T, AMIf is the accumulated 

mass intensity at the final temperature, and α is the extent of conversion.30 Extent conversion plots 

from thermogravimetric analysis data are obtained from eq 2:

α =  
𝑚𝑜 ― 𝑚

𝑚𝑜 ― 𝑚𝑓 (2)
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where mo and mf are the initial and final masses, respectively. The activation energy, Ea, was 

calculated at arbitrarily selected conversions using a modified form of the Kissinger–Akahira–

Sunose equation, eq 3.24, 31

ln
𝛽𝑖

𝑇𝐵
α,𝑖

= 𝐶𝑜𝑛𝑠𝑡 ― 𝐶 ×  
𝐸𝑎

𝑅𝑇α,𝑖
(3)

where βi is the heating rate, Tα,I is the temperature at a specific α and heating rate, R is the universal 

gas constant,  B = 2, and C = 1. Equation 3 was modified by Starink, who showed Ea can be 

estimated more accurately by substituting B with 1.92 and C with 1.0008 to yield eq 4.32

ln
𝛽𝑖

𝑇1.92
α,𝑖

= 𝐶𝑜𝑛𝑠𝑡 ― 1.0008 ×  
𝐸𝑎

𝑅𝑇α,𝑖
(4)

The activation energy was then calculated from the slope of ln(βi/T1.92
α,i) against 1/Tα,i. 

2.7 Computation

Carbon-oxygen bond energies were calculated for an amine-terminated bisphenol A epoxy 

monomer using the NWChem 6.8 electronic structure theory package33 on the Compute and Data 

Environment for Science (CADES) cluster at Oak Ridge National Laboratory. The M06-2X 

exchange-correlation functional34 was combined with the cc-pVDZ basis set35 and Grimme’s D3 

van der Waals corrections36 to describe the interatomic interactions, consistent with our previous 

work.37 Forces were minimized until the default convergence tolerances were reached.

3. Results and Discussion

3.1 Bisphenol F Epoxy Structure and Crystal Integration

The ideal chemical structures of the PY306 epoxy resin and T-403 hardener are shown in Figure 

1. This resin contains an isomeric mixture of bisphenol F epoxy resins which has been reported 

previously in the literature.38 Epoxy crystals were present upon receiving the resin and were 
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removed via mild heating at 358 K for 24 hrs. Crystals were observed to reform after prolonged 

storage of approximately 4 months.

Figure 1. Chemical structure of PY306 epoxy resin showing three isomers present in the resin and 

the chemical structure of T-403 hardener.

Formation of crystals in the prepolymer epoxy resins manifests as cloudiness with continued 

growth of crystals eventually leading to complete solidification. Images of the crystalized epoxy 

resin and crystal integrated thermoset are shown in Figure 2 along with the liquid epoxy resin and 

thermoset without crystals. Crystals in the final thermoset are visibly apparent as cloudiness in the 

material.
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Figure 2. Picture of liquid and crystalized epoxy resin and cured thermoset with and without 

integrated epoxy crystals. Crystalized epoxy resin and crystal integrated thermosets are marked 

with red arrows.

The degradation kinetics of room temperature cured (PT and PT10) and post cure annealed (PT 

[PC] and PT10 [PC]) thermosets were investigated in this work. Post cure annealing procedures 

are performed to hypothetically achieve higher curing completion by increasing cross-linking 

density. In the present work, two different starting conditions of the PT10 thermoset are used. After 

a room temperature cure, PT10 thermosets contain embedded epoxy crystals which are identified 

by cloudiness in the thermoset. Due to their anisotropy, epoxy crystals display birefringence under 

double polarized light, allowing them to be easily detected using polarized optical microsopy 

(POM), Figure 3A. When heated above their melting point, the crystals melt resulting in loss of 

birefringence and formation of a resin filled pocket. With further heating, the epoxy monomers 

diffuse into the polymer network causing strain to form at the interface between the polymer 

network and the void interface. The increasing polymer strain causes a corresponding increase in 

strain birefringence evident in POM, Figure 3B.19 The transition from crystal to strain 

birefringence is summarized in Figure 3C. 

Epoxy Resin Thermoset
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Figure 3. POM images of room temperature cured PT10 thermoset with birefringence from 

crystals present (A), after crystal melt at roughly 320 K (B), and after postcure annealing at 358 K 

for 20 mins with birefringence from polymer strain due to voids evident (C) with schematic of the 

crystal-to-void transition depicting how POM can be used to detect crystal inclusion or strain in 

the final polymer thermoset.

3.2 Isoconversional Analysis of Total Ion Thermographs

Prior to PSK analysis, the degradation kinetics of the thermoset was identified with 

isoconversional analysis of both thermogravimetric analysis (TGA) and EGA-MS. Mass loss 

profiles from TGA and corresponding conversion plots at heating rates of 5, 10, and 20 K/min are 

shown in Figure 4. The profiles of both thermosets look nearly identical with an initial mass loss 

starting around 450 K and the primary mass loss occurring above 600 K for both room temperature 

cured and post cure annealed conditions. It is important to note that the TGA profiles of PT at 5 

K/min were inconsistent with the other TGA profiles displaying an additional mass loss at higher 

temperatures, resembling degradation under oxidative conditions. This is possibly due to a leak in 
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the instrument at the time of the measurments. Therefore the TGA data for the PT thermoset at 5 

K/min was not used in the analysis for this work. While the International Confederation for 

Thermal Analysis and Calorimetry recommends using three different heating rates, the use of only 

two heating rates still yields viable kinetic information. 23 The calculated activation energies from 

this data follows the same trend as the PT [PC] sample, reaffirming that two heating rates are 

sufficient for calculating the kinetics.     

Figure 4. TGA of PT and PT10 thermosets post cured annealed (A) and cured at room temperature 

(B) and corresponding conversion plots showing nearly identical profiles and conversions for post 

cured annealed (C) and room temperature cured (D).
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The averaged char yields for the TGA experiments were also evaluated in Figure 5. 

Because only two trials were performed, a quantitative comparison of the char yields is not 

possible. However, a qualitative comparison of the char yields reveal some trends. At the fastest 

heating rate of 20 K/min, the post-cure annealed samples appear to have less char yields than the 

room temperature cured thermosets, Figure 5A. At 10 K/min, this difference is further exaggerated 

between PT and PT [PC], Figure 5B, but the trend appears to be flipped for PT10 and PT10 [PC]. 

Finally, this flipped trend is further magnified at the slowest heating rate of 5 K/min for PT10 and 

PT10 [PC], Figure 5C. Unfortunatly, for the reason mentioned above, the TGA data for PT at 5 

K/min was not obtained for the comparison of the PT data set. These results suggest there may be 

differences in the char formation between PT and PT10 thermosets which are further exaggerated 

by post-cure annealing. 
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Figure 5. Average char yield for two trials of PT, PT10, PT [PC], and PT10 [PC] thermosets at 20 

K/min (A), 10 K/min (B), and 5 K/min (C) heating rates.
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Total ion thermographs (TITs) and corresponding conversion plots from EGA-MS experiments 

at heating rates of 5, 10, and 20 K/min are shown in Figure 6. These profiles show no significant 

difference in the peak temperatures or peak shapes for either thermoset before and after post-cure. 

Closer inspection of the profiles between 460 and 560 K (Figure 6A, B inset) reveals higher 

relative signal for the PT10 thermosets. This is consistent with the TGA results showing a larger 

mass loss in this region for PT10 and PT10 [PC] thermoset. Considering this temperature range 

has been associated with thermal desorption products from epoxy thermosets, the increase in 

relative signal for PT10 suggests more unreacted components remain in the PT10 thermosets 

compared to the PT thermosets after a post cure annealing procedure for 17 hrs at 358 K.9 This 

can be explained by a higher concentration of unreacted monomers in the PT10 thermosets from 

the integrated crystals. However, as will be discussed later, not all of this signal for PT10 is 

attributed to thermal desorption products. 

It is important to note that quartz wool is used in the EGA-MS experiments to prevent the sample 

from falling out of the Eco-cup during degradation. For the majority of EGA-MS experiments, the 

samples were prepared with quartz wool from a single batch. However, the results shown in Figure 

6B/D and Figure 15 used quartz wool from a different batch which had some organic contaminants, 

Figures S1and S2. Fortunately, the signal from the contaminants is weak with respect to the TIT 

profiles, which can be observed in Figure 6B as the lower temperature peak around 450 K, so it is 

not suspected to significantly impact the final results. 
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Figure 6. Total ion thermographs of PT [PC] and PT10 [PC] thermosets (A), PT and PT10 (B) 

and corresponding conversion plots, showing nearly identical profiles and conversions for post 

cured annealed (C) and room temperature cured (D). Inset graphs magnify the lower temperature 

region.

The calculated apparent Ea for the TGA and EGA-MS experiments are shown in Figure 7, 

with corresponding kinetic plots from EGA-MS and TGA data in Figures S3-S10. Overall, the Ea 

derived from EGA-MS are lower than that of TGA. This lower Ea is due to the fact that the sample 
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mass used in EGA-MS is significantly lower than in TGA, mitigating thermal effects from larger 

sample masses.39 The trends in the apparent Ea for TGA appear consistant between PT and PT10 

with and without post cure annealing, Figure 7AB, with an initial increase in Ea from 0.1-0.2 ⍺ 

and remaining unchanged until around 0.7 ⍺ where the Ea increases. Post-cure annealing 

appears to have opposite effects on the overall Ea with PT [PC] having higher apparent Ea than 

PT and PT10 [PC] having lower apparent Ea than PT10. This response corresponds to the 

trends observed in the char formation, suggesting a decrease in char formation corresponds to 

an overall increase in Ea and vice versa. The apparent Ea derived from the EGA-MS experiments 

shows a different trend than TGA, with apparent Ea starting at higher Ea and gradually 

decreasing. For EGA-MS experiment,s post-cure annealing has minimal impact on the 

apparent Ea with only minor changes observed, Figure 7CD, specifically, in EGA-MS analyses, 

an increase in Ea is seen at 0.7 ⍺ and above for PT thermoset, Figure 7C, while an increase in 

Ea for PT10 is seen at 0.1 ⍺, Figure 7D. The large differences in the trend of apparent Ea 

between the TGA and EGA-MS results are a testament to the fact that EGA-MS is blind to char 

that forms, preventing evolution of the EGA-MS, while TGA captures all of the char formation 

in the degradation process. This reinforces the powerful and complementary nature of TGA 

and EGA-MS techniques for kinetic analysis and material degradation insights.    
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Figure 7. Apparent Ea values of PT (without crystal inclusion) and PT10 (with crystal inclusion) 

thermosets before and after post-cure annealing for 17 hrs at 358 K determined through TGA (A,B) 

and EGA-MS (C,D).  The apparent difference in the apparent Ea values between the techniques 

attributed to the different sensitivity of each technique to char formation encountered during the 

conversion process.

3.3 Selection of Unique Product Ions

Ions m/z 66, 182, and 200 were previously identified as unique ions to phenol, xanthene, 

and bisphenol F monomer, respectively.10 These three products were selected here because they 

are major degradation products of bisphenol F based epoxy thermosets. Bisphenol F monomer is 

produced from fragmentation at the two oxygen sites in the polymer structure, Figure 8. Further 
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fragmentation at the bridging carbon in the bisphenol F structure yields phenol.40 Xanthene also 

forms from bisphenol F via a condensation reaction but is only possible with the o’o-bisphenol F 

isomer.40 To confirm that the selected ions are still unique to the desired products, pyrolysis-gas 

chromatography – mass spectroscopy (PY-GC-MS) was performed. Ions m/z 66, 182, and 200 

were extracted from the resulting total ion chromatograph, Figure 9. Extracted ion chromatographs 

of the selected ions confirm the majority of the ion signal comes from the desired products, as seen 

in preceding work.10      

Figure 8. Formation mechanism of bisphenol F, xanthene, and phenol products from the polymer 

thermoset during thermal degradation.
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Figure 9. Total ion chromatograph (TIC) with extracted ion chromatographs (EICs) of ions m/z 

200, 182, and 66 showing their uniqueness for their corresponding bisphenol F, xanthene, and 

phenol products.

3.4 Ion m/z 66 – Phenol 

Extracted ion thermographs (EITs) of the phenol ion (m/z 66) for PT, PT10, PT [PC], and PT10 

[PC] thermosets heated at rates of 5, 10, and 20 K/min are shown in Figure 10. Corresponding 

conversion and kinetic plots are shown in Figures S11 and S12. The thermal profiles of thermosets 

cured at room temperature overlap closely, as shown in the EITs in Figure 10B. Two thermal zones 

emerge for both room temperature and post-cure annealed thermosets: a sharp peak constituting 

the bulk of the signal from 550 to 750 K, and a tailing peak from 750 to 900 K. The sharp peak is 

associated with thermoset degradation, and the tailing peak is suspected to result from degradation 

of char formed after the initial degradation of the polymer network. 
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The peak evolution temperature is shifted to slightly lower values for crystal included PT10 

versus PT. The Ea values of the phenol product (Figure 10B inset) show that pathways for 

degradation in both PT and PT10 thermosets follow similar trends from 0.4 to 0.9 α, with PT10 on 

average having lower Ea. More significant differences are observed after post cure annealing 

(Figure 10A).  PT [PC] shows a significantly higher Ea than PT10 [PC] from 0.3 to 0.8 α, as shown 

in Figure 10A. This increase in relative Ea for PT [PC] is accompanied by minor changes in the 

EITs, which show an apparent decrease in the relative intensity of the tail signal around 750–900 

K. This decrease can be interpreted as either less char formation for PT [PC] or increased char 

formation for PT10 [PC]. Results shown in Figure 5 comparing apparent Ea extracted from TGA 

and EGA-MS suggest both statements are correct. 
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Figure 10. EITs of the phenol ion (m/z 66) at 5, 10, and 20 K/min heating rates for PT [PC] and 

PT10 [PC] thermosets (A) , PT and PT10 thermosets (B). Both (A) and (B) include inset plots of 

apparent Ea with respect to extent of conversion calculated from PY-GC-MS extracted ion data. 

3.3 Ion m/z 182 – Xanthene

EITs and Ea values for the product xanthene ion (m/z 182) are shown in Figure 11; corresponding 

conversion and kinetic plots are shown in Figures S13 and S14. The EITs of xanthene (m/z 182) 

for PT and PT10, shown in Figure 11B, have a minor peak from 450 to 575 K and a major peak 

from 550 to 800 K. The major peak is within the range designated as degradation of the polymer, 

and the PT and PT10 peaks overlap for both curing conditions. The apparent Ea values for PT and 

PT10 thermosets are statistically lower for PT10 than PT for 0.1–0.9 α, as shown in Figure 11B. 
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On the other hand, notable differences in the apparent Ea values of PT [PC] and PT10 [PC] 

thermosets are observed only up to 0.3 α, as shown in Figure 11A.
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Figure 11. EITs of the xanthene ion (m/z 182) at 5, 10, and 20 K/min heating rates for PT [PC] 

and PT10 [PC] thermosets (A) , PT and PT10 thermoset (B). Both (A) and (B) include inset plots 

of apparent Ea with respect to extent of conversion calculated from PY-GC-MS extracted ion data.

Lower temperature peaks in total ion thermographs have been associated with thermal 

desorption.9 However, xanthene is not a product present in the uncured resin or hardener.38 Further 

investigation was performed to identify the source of this low temperature peak. Closer inspection 

of the minor peak before and after post cure annealing are shown in Figure 12. After post cure 

annealing, the relative intensity of the minor peak decreases for the PT [PC] thermoset at all three 

heating rates. This is consistent for each trial performed, shown in Figure 13. Conversely, the 

relative intensity of the minor peak increases for the PT10 [PC] thermoset at all three heating rates. 
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Figure 12. EITs of the minor peak proposed to arise from the xanthene ion (m/z 182) for PT at (E) 

5, (C) 10, and (A) 20 K/min heating rates and PT10 at (F) 5, (D) 10, and (B) 20 K/min heating 

rates for thermosets post cure annealed (PC) at 358 K for 17 h and cured at room temperature (RT).
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Figure 13. Normalized average intensity of the minor peak proposed to arise from xanthene ion 

(m/z 182) for PT, PT10, PT [PC], and PT10 [PC]. The average peak intensity associated with the 

xanthene ion increased for PT10 [PC] (A) and decreased for PT [PC] (B).

The presence of partially bound monomers and their subsequent cleavage and removal during 

heating explains the existence of the minor peak associated to xanthene and the difference in 

response between PT [PC] and PT10 [PC] thermosets. Thermoset curing causes the molecular 

weight and cross-linking density of the forming polymer to increase. At a certain time and 

temperature, the polymer hardening prevents further migration of reactive components, resulting 
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in incomplete cure that leaves partially bound or unbound epoxy monomers. A post cure annealing 

procedure allows for greater mobility of the unreacted components in the polymer network. This 

mobility permits further reaction with nearby unreacted components, increasing the cross-linking 

density and decreasing the concentration of partially bound or unreacted monomer components. 

This process explains the observed decrease in the minor peak intensity for the PT [PC] thermoset, 

Figure 14. 

In the case of the PT10 thermosets, most of the uncured monomers are unbound and condensed 

in a crystallized form. During post cure annealing, the epoxy crystals melt, and the released 

unbound monomers migrate into the polymer network, Figure 3C. In principle, these monomers 

would bind at available reactive sites. However, because the thermoset network is formed before 

the PT10 post cure annealing, we propose that these monomers bind in unfavorable positions in 

the highly branched polymer network, preventing complete binding into the network. A diagram 

of this proposed process is shown in Figure 14. This increase of partially bound monomers, caused 

by the melting of epoxy crystals, would explain the increase in the observed minor peak intensity 

(Fig. 11-13) for m/z 182 ion.
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Figure 14. Diagram of proposed partial bonding of free monomer released from epoxy crystal 

melting showing how unfavorable positioning of a bound monomer prevents complete bonding 

into polymer network.

The question remains as to whether the m/z 182 ion at lower temperatures is still due to 

xanthene or some unknown product from partially bound monomers. Thermal desorption (TD)-

GC-MS was performed on the samples to identify specific product(s) that are produced in this 

temperature region. The TIC of the TD-GC-MS analysis for PT [PC], PT10 [PC], and the quartz 

wool are shown in Figure 15A. A significant amount of contamination is observed from this batch 

of quartz wool, explained earlier (section 3.2). But, both PT [PC] and PT10 [PC] have an additional 

peak at 14.8 min that is not present in the quartz wool control. This product does not match the 

retention time or mass spectra of xanthene, Figure 16. The major ions identified from the novel 

products mass spectra are m/z 256 and m/z 181, and the novel product has a significant contribution 

from m/z 182 confirming this product is the source of the lower temperature peak and not xanthene. 
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Figure 15. Total ion chromatographs of Quartz wool, PT [PC], and PT10 [PC] (A) and EIC of 

ions m/z 258, 257, 256, and 182 for TIC of PT10 [PC] (B).

Considering this product is thought to come from a partially bound monomer, its structure 

is postulated to be a bisphenol F monomer with an epoxy functional group, shown in Figure 16. 

Using the predict mass spectra feature in ChemDraw (version 18.2.0.48), a predicted ratio of 

100.0%, 17.3%, and 1.4% for m/z 256, m/z 257, and m/z 258, respectively, was obtained. The 

corresponding ratio determined experimentally was 100%, 18.3%, and 1.7%, close to the predicted 

values. To further support the identification of this novel product, density functional theory (DFT) 

calculations were performed to understand the bond energetics.  Specifically, DFT sought to 

confirm whether the ether bond (1) connected to the polymer matrix is lower or equal in energy to 

the ether bond (2) connected to the free epoxy functional group, Figure 17. The physical insight 

from the calculation is that a significantly lower calculated bond energy for bond 2 would result 

in cleavage of the epoxy functional group prior to the monomer coming from the matrix, which 

would make the proposed structure unlikely. 
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Figure 16. Mass spectra and predicted structure of the unknown product at 14.8 mins, 

hypothesized as a bisphenol F monomer with an epoxy functional group. The predicted mass 

spectra from ChemDraw is in good agreement with the experimental data (indicated in 

parentheses).

The amine-terminated bisphenol F epoxy monomer modeled with DFT includes two 

different ether substituents, differing in their neighboring terminal functional groups. One side is 

epoxy terminated while the other is amine terminated with a branching alcohol which represents 
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the functional group that binds the monomer to the polymer network, Figure 17. The bond energies 

were calculated to be 378 and 387 kJ/mol, respectively, in good agreement with the available 

literature values for ether C-O bonds.41 Thus, the energy of the amine-neighboring ether C-O bond 

is slightly stronger than the epoxy-neighboring ether C-O bond, though this difference (8.6 kJ/mol) 

is fairly small. This suggests that both bond 1 and bond 2 are equally likely to break when subjected 

to the same thermal conditions, indicating the feasibility of the proposed structure in Figure 16.

Figure 17. Hypothetical structure used in DFT model to determine the bond energy of the ether to 

epoxy functional group and ether to amine terminated alcohol functional group representing the 

functional group potentially anchoring the partially bound monomer to the polymer network.  The 

bond energies calculated from DFT show that the bond energies are close and equally likely to 

break when subjected to thermal degradation conditions, thus rendering the proposed model of the 

novel low temperature product as an amine-terminated bisphenol F monomer plausible.

3.4 Ion m/z 200 – Bisphenol F

EITs of the bisphenol F monomer (m/z 200) are shown in Figure 18; corresponding conversion 

extent and kinetic plots are shown in Figures S15 and S16. Unlike the case of phenol and xanthene, 
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the EITs for the bisphenol F isomer ions have a single peak from 550 to 750 K, which corresponds 

to degradation of the polymer thermoset. There are minimal differences between the thermographs 

for the two curing conditions. The apparent Ea plot in Figure 18B shows that before post cure 

annealing, Ea is lower for PT10 at 0.1 α, whereas the Ea values for PT and PT10 are statistically 

identical at conversion extents between 0.2 and 0.9 α. After post cure annealing, the PT10 [PC] 

thermoset has a significantly lower Ea at a conversion extent of 0.9 α. This response indicates that 

before post cure annealing, the kinetics of the bisphenol F product pathway at the early stages of 

degradation are significantly different for the crystal-integrated thermoset and the crystal-free 

thermoset. After post cure annealing, the kinetics are identical in the early stages for the crystal-

integrated and crystal-free thermosets, but differences in the kinetics are observed in the final 

stages of degradation at high conversion extents. These trends in bisphenol F product kinetics 

correlate with xanthene and phenol and suggest that the presence of crystal in the thermoset has 

the greatest influence on thermoset degradation at the early stages of degradation.



34



35

Figure 18. EITs of the bisphenol F monomer ion (m/z 200) at 5, 10, and 20 K/min heating rates 

for the PT [PC] and PT10 [PC] thermosets (A), PT and PT10 thermosets (B). Both (A) and (B) 

include inset plots of apparent Ea with respect to extent of conversion.

3.5 Impact of Post-Cure on PSK

Apparent Ea of all three ions evaluated for PT and PT10 before and after post cure 

annealing were compared to better understand the impact of crystal integration on degradation 

kinetics, Figure 19. PT and PT10 thermosets showed all three ions followed the same trend from 

0.1 – 0.5 conversion with exception to 0.1 for PT10. Above 0.5 conversion, the Ea for ions 

contributing to phenol continue to increase. Post cure annealing does not alter these trends but does 

exaggerate the deviation of m/z 66 from this trend, especially in PT with a gradual increase in Ea 

starting at 0.2 conversion. These observation are explained by the expanded pyrolysis mechanism 
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shown in Figure 20. The formation mechanism for xanthene and phenol depend on the formation 

of bisphenol F monomer with further fragmentation at the bridging carbon causing phenol 

formation or, in the case of the o,o-bisphenol F isomer, condensation to form xanthene. These 

mechanisms explain the shared trend in the in Ea for most of the data up to 0.5 conversion, as well 

as the order in their Ea. Ion m/z 200 has the lowest energy because it is the first step, followed by 

m/z 182 which requires minimal energy for a condensation step to form xanthene. Finally, m/z 66 

has the highest energy because of the additional fragmentation step. The deviation of m/z 66 to 

higher Ea before and after post cure annealing suggests the phenol product is coming from a 

different mechanism that does not have bisphenol F formation as a precursor step. It is proposed 

that the source of phenol from these later conversions are due to char formation and subsequent 

pyrolysis resulting in continuingly higher thermally stable material over the course of degradation, 

explaining the increasing Ea.   
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Figure 19. Apparent Ea of m/z 66, 182, and 200 for PT and PT10 before and after post-cure 

annealing.

The lower Ea of m/z 182 at 0.1 conversion for the PT10 and PT10 [PC] thermosets are proposed 

to be due to the polymer network structure. The integration of epoxy monomer crystals in PT10 

inevitably results in an epoxy deficient thermoset formulation due to a significant number of epoxy 

functional groups being unavailable for reaction when in the crystal form. This results in a polymer 

network with naturally lower cross-linking density compared to the thermoset without integrated 

crystals, PT. Because the earlier stages of kinetics for m/z 182 are heavily influenced by the 

partially bound monomer mechanism proposed earlier, the resulting kinetics at this stage will also 
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be influenced by the polymer network cross-linking density and void content. This is because in 

order to detect the partially bound monomer product it must first migrate through the polymer 

network via thermal desorption. In the case of PT, this polymer network will have higher cross-

linking density and result in higher in Ea, while for PT10 the cross-linking density will naturally 

be lower and allow for easier migration of this product through the network, in turn lowering the 

Ea.       

Figure 20. Proposed mechanism of epoxy monomer, bisphenol F, xanthene, and phenol formation 

with qualitative comparisons of activation energy.



39

4. CONCLUSION

In this work, we investigated the impact of integrating epoxy monomer crystals on the 

degradation kinetics of the resulting thermoset. Evolved gas analysis-MS coupled with product 

specific kinetics (PSK) analysis were utilized to obtained detailed information on the degradation 

kinetics of the thermosets. Integration of epoxy crystals was found to have minimal impact on the 

PSK of bisphenol F and xanthene products with the most significant impact on the phenol product. 

Specifically, integration of epoxy crystals appears to inhibit increases in Ea at later extent 

conversions after post-cure annealing which are seen in the thermoset without crystal inclusions. 

Phenol, at these later conversions, is hypothesized to come from degradation of newly formed char 

material; therefore, crystal integration impacts char formation. A new product was also identified 

in this work: a bisphenol F monomer with an epoxy functional group. This product shares the m/z 

182 ion thought to be unique to xanthene but only forms in the lower temperature region of the 

thermographs typically associated with thermal desorption temperatures. This product was 

determined to be a result of a partially bound monomer and could potentially be used as an 

indicator of cure extent in the thermoset. 

In conclusion, integration of crystalized epoxy monomers into prepolymer thermoset 

formulations has a significant impact on the degradation kinetics of the resulting thermosets. The 

level of detail provided in this work from PSK analysis is impossible to observe with typical TGA 

methods and further confirms that EGA-MS coupled with PSK analysis is a powerful 

complimentary technique to TGA methods to study the complex thermal processes of polymer 

materials.   
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