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Abstract: Polymer network structures in epoxy thermosets play an important role in the final 

thermoset material properties. However, analytical characterization of these network structures is 

difficult due to their amorphous nature. In this work, the application of evolved gas analysis–mass 

spectrometry (EGA-MS) to characterize the polymer network structures of bisphenol A (BPA)-

based thermosets is demonstrated. Analytical characterization of the polymer network structures 

is accomplished by monitoring the Product Specific Kinetics (PSK) of BPA monomer formation 

during thermal degradation investigations. We relate observed differences in the activation energy 

(Ea) of BPA monomer formation to the local packing environment around the BPA monomer units 

within the polymer network. Variations in the local environment related to the polymer networks 
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manifest qualitatively as broadening in the thermal profile of the BPA monomer evolution and 

quantitatively as changes in the activation energy (Ea). Three BPA thermoset formulations were 

investigated; two amine cured thermoset with 4,4'-diaminodiphenylmethane (DDM) or poly 

(propylene glycol) bis(2-amino-propyl ether) (PPG400) and a homopolymerized thermoset via 

curing with Epikure 3253 catalyst (3253). Results revealed the 3253 thermoset contained two 

distinct packing densities in the polymer network while DDM and PPG400 thermosets had uniform 

distributions of packing densities. Results from the DDM thermoset revealed a gradually 

decreasing Ea while the apparent Ea of PPG400 was consistent over the entire degradation. These 

differences in Ea were concluded to stem from the flexibility of the corresponding polymer 

networks and ability of the network components to rearrange and occupy formed voids. Due the 

minimal sample required for analysis (100-200 µg) this EGA-MS technique has great potential for 

post-production evaluation of composite parts to identify changes in the polymer networks from 

use and aging which could signal compromised performance. 

Introduction

Epoxy thermosets are a versatile class of polymer materials used in many applied and industrial 

settings.1 Although amorphous, the structural arrangement, density, and isomeric balance of 

thermoset polymer networks has been demonstrated to affect final thermoset material properties.2, 

3 Consequently, understanding the packing arrangements of polymer networks is important for 

predicting final thermoset material properties and to identify changes in the thermoset that could 

compromise performance in applications. X-ray scattering techniques are commonly employed for 

characterization of crystalline or semicrystalline polymer networks. However, direct structural 

elucidation of thermosetting polymer networks with x-ray scattering techniques is inherently 

difficult because of their amorphous nature.4-7 Therefore, alternative methods to characterize 
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networks within amorphous thermosets are needed to inform on the impact of network structures 

to final material properties.

Recently, evolved gas analysis–mass spectrometry (EGA-MS) has shown potential for 

interrogating thermally aged polymer networks.8, 9 One study on bisphenol A diglycidyl ether 

(BADGE) epoxy thermoset used the major ion of BPA monomer (m/z = 213) to gain structural 

insight into the aged network via BPA monomer formation.8 At longer age times, two peaks 

manifested. A low-temperature peak was concluded to stem from dangling chain BPA monomers 

in the network. Broadening of the primary pyrolysis peak was also observed, and hypothesized to 

result from cracked chains in the polymer network.8 

Broadening of the primary pyrolysis peak is understandable because mass spectra collected in 

scanning mode monitors many ions that comprise the final thermograph. Thermal aging will 

induce cracked chains and yield a larger distribution of evolved products with different evolution 

temperatures resulting in the broadening of the pyrolysis peak. However, peak broadening in 

selected ion monitoring (SIM) mode where only the m/z 213 ion is monitored is not as intuitive. 

Assuming BPA monomer forms via one mechanism, which is the consensuses in the literature,8, 

10-13 and that the m/z 213 ion is unique to BPA, then we hypothesize that broadening of the m/z 

213 pyrolysis peak indicates changes in the local environment of the BPA monomer units. This 

heterogeneity would stem from changes in local packing densities that would manifest 

quantitatively as changes in the activation energy of BPA monomer formation between different 

packing arrangements.

Here, we propose that EGA-MS can be used to interrogate polymer network packing 

arrangements. We investigated three distinct thermoset formulations using different structural 

hardeners to induce differences in local BPA monomer packing arrangements. We show that these 
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packing differences manifest qualitatively as broadened Single Ion Thermograph (SIT) peaks 

between different thermoset formulations and quantitatively as changes in the kinetics of monomer 

formation during pyrolysis using recently developed product-specific kinetic (PSK) 

methodology.14, 15 

Methods and Materials

Materials

Bisphenol A diglycidyl ether (BADGE), poly (propylene glycol) bis(2-amino-propyl ether) [Mn 

400] (PPG400), and 4,4'-Diaminodiphenylmethane (DDM) were purchased from Sigma-Aldrich. 

Epikure 3253 [2,4,6-Tris(dimethylaminomethyl) phenol] (3253) was received from Miller-

Stephenson Chemical Co. Inc. Ideal chemical structures of the BADGE epoxy; DDM and PPG400 

hardeners; and 3253 catalyst are shown in Figure 1. All chemicals were used as received.

Figure 1. Ideal chemical structures of BADGE epoxy; DDM and PPG400 hardeners; and 3253 

catalyst.
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Thermoset Synthesis

Amine-cured thermoset BADGE/PPG400 (PPG400) was prepared by mixing epoxy resin and 

amine hardener at stochiometric ratios of 1:2 so that the number of epoxy functional groups to 

amine protons is 1:1. PPG400 was cured for 18–20 hrs at 358 K and then post cured at 423 K for 

2 hrs. BADGE/DDM (DDM) thermoset was prepared by mixing BADGE epoxy resin with solid 

DDM pellets at the above mentioned stochiometric ratios. The mixture was then heated at 373 K 

for 30 min or until DDM hardener completely dissolved in the BADGE epoxy resin. The sample 

was mixed and cured at 373 K for 3 hrs. DDM thermoset was post cured at 423 K for 2 hrs. Finally, 

BADGE/3253 (3253) thermoset was prepared by mixing 1.021 g of epoxy resin with 75 L of 

3253 catalyst. The mixture was cured at 358 K for 18–20 hrs then post cured at 423 K for 2 hrs. 

Cure parameters and sample assignments are shown in Table 1.

Table 1. List of hardeners with initial and post cure temperatures and times with sample 

assignments.

Harden
er

Initial Cure 
Temp./Time

Post Cure 
Temp./Time Sample

3253 358 K, 18-20 hrs N/A 3253 RT
3253 358 K, 18-20 hrs 423 K, 2hrs 3253 PC
DDM 373 K, 3hrs N/A DDM RT
DDM 373 K, 3hrs 423 K, 2hrs DDM PC

PPG40
0 358K, 18-20 hrs N/A PPG400 

RT
PPG40

0 358K, 18-20 hrs 423K, 2hrs PPG400 
PC

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed on a Discovery DSC250 from TA 

Instruments. All DSC measurements were performed under nitrogen. Samples were heated at a 5 

K/min heating rate from 305 K to 498 K then cooled back down to 305 K prior to a second heating 

cycle to 498 K. Cure extent was calculated using equation 1.16
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𝐶𝑢𝑟𝑒 % = 1 ― ∆𝐻𝑅𝐶

∆𝐻𝐹𝐶
∗ 100                                             (1)

Where ∆HRC is the heat released during the Residual Cure (RC) of a thermoset that has already 

undergone curing and ∆HFC is the heat released during the Full Cure (FC) of a thermoset that has 

undergone no curing prior to analysis.  

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) images were taken with a ZEISS Gemini 460 field 

emission SEM. Powdered samples were put on a Gun Shot Residue (GSR) tab and carbon coated 

for 5 seconds prior SEM imaging. Images were taken at an accelerating voltage of 1 kV.

Pyrolysis–Gas Chromatography–Mass Spectrometry

Pyrolysis–gas chromatography–mass spectrometry (Py-GC-MS) was performed to confirm m/z 

213 is a unique ion for a BPA monomer product. Samples were prepared in 80 µL Eco-CupsTM as 

a powder using a polymer preparation grinding tool (Frontier Laboratories Ltd.) at masses between 

100 and 200 µg. Prepared samples were then mounted in a microfurnace (PY-3030D, Frontier 

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

(CGS-1050Ex) and selective sampler (SS-1010E) from Frontier Analytical Ltd. An Ultra ALLOY 

capillary column (UA5-30M-0.25F) 30 m in length, 0.25 mm inner diameter, with a 0.25 µm film 

was used for product separation. Samples were dropped into the furnace at 873 K for 2 min. The 

resulting products were carried into the inlet by helium carrier gas at a total flow rate of 

64.2 mL/min. Products were split in the inlet at a split ratio of 50:1 with an inlet temperature set 

at 553 K, a pressure of 63.1 kPa, and purge flow rate of 3 mL/min, resulting in a total flow rate of 

60 mL/min with 1.2 mL/min of flow being injected into the GC column. A Microjet cryotrap from 

Frontier was used to concentrate products at the head of the column before analysis. After the 

2 min pyrolysis, the cryotrap was switched off, and the GC oven was heated at the following 
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parameters: 2 min hold at 313 K then ramped to 593 K at a heating rate of 293 K/min. The MSD 

scanning range was set to m/z 29–500. Detected products were identified using F-search software 

(version 3.5.2, Frontier Laboratories Ltd.).

Evolved Gas Analysis–Mass Spectrometry

For EGA-MS experiments, the Ultra ALLOY capillary column in the GC oven was replaced 

with an Ultra ALLOY EGA tube (UADTM-2.5N) measuring 2.5 m in length with an inner 

diameter of 0.15 mm and an outer diameter of 0.47 mm. Samples were dropped into the 

microfurnace at 353 K and held for 1 min before heating at 2, 5, or 10 K/min up to 973 K. Products 

produced during heating are immediately transferred to the inlet held at 553 K by the carrier gas 

at a total flow of 139.4 mL/min and pressure of 171.8 kPa. The septum purge flow was set at 

3 mL/min, resulting in a split flow of 135.2 mL/min with 1.2 mL/min of the flow being injected 

into the EGA tube. The GC oven was held at a constant 593 K during the experiment to allow for 

immediate detection of the ions in the mass spectrometer (MS). The MS was run in either scanning 

mode, m/z 29 - 500, for total ion thermographs (TITs) or selected ion monitoring mode monitoring 

the m/z 213 ion for SIT.

Note, some of the thermographs had measurable signal before the pyrolysis peak and an elevated 

signal at the tail of the peak. This was concluded to be due to cross contamination between 

experiments. Figure S1 shows the TIT of 3253 at 10 K/min after several rounds of column cleaning 

before analysis and subsequent post cleaning runs, with no sample, showing the signal carryover 

after a sample is run. However, the elevated baseline after the pyrolysis peak is not solely carryover 

but is suspected to result from the char formed in the Eco-Cup from polymer degradation. Because 

the focus of this work is the primary pyrolysis peak, corrections were performed to remove 

additional signals from cross contamination and char. An End Points Weighted correction in the 
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Origin Pro 2022 software was used to correct for these signals. The End Points Weighted 

correction values for each TIT and SIT are shown in Table S1.  

Product-Specific Kinetic Analysis

A detailed discussion of PSK analysis and furnace calibrations can be found in previous 

publications.14, 15 In short, PSK is a methodology that uses unique ions of specific products 

identified via extracted ion chromatography (EIC). Thermographs of the unique ions are obtained 

via SIM mode or extracted ions from TITs, in this work SIM mode was used to obtain SITs for 

PSK analysis of the m/z 213 ion. Isoconversional kinetic methods are then applied to ion 

thermographs to determine PSKs.

Two trials were performed at three different heating rates (2, 5, and 10 K/min) in SIM mode. 

Conversion plots were generated from the resulting thermographs using eq 2.

α =  
𝐴𝑀𝐼𝑇

𝐴𝑀𝐼𝑓
(2)

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.17 A modification of the 

Kissinger–Akahira–Sunose equation, eq 3, was used to calculate the apparent activation energy 

(Ea) from the conversion plots.18, 19 20

ln
𝛽𝑖

𝑇1.92
α,𝑖

= 𝐶𝑜𝑛𝑠𝑡 ―1.0008 ×  
𝐸𝑎

𝑅𝑇α,𝑖
(3)

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

universal gas constant. The activation energy was then calculated from the slope of ln(βi/T1.92
α,i) 

against 1/Tα,i. Associated error bars were calculated using the least squares method from the error 

in the plotted slopes.

Wide-Angle X-ray Scattering

Measurements of the thermosets were made using a Xeuss 3.0 (Xenocs, France) wide-angle x-

ray scattering (WAXS) instrument equipped with a D2+ MetalJet x-ray source (Ga Kα, 9.2 keV, 



9

λ = 1.3414 Å). Quartz capillaries (2 mm thick) were filled with the prepolymer resin and cured. 

Samples were arranged perpendicular to the beam at sample-to-detector distances of 47 and 900 

mm for wide- and small-angle scattering measurements, respectively. 2D images of the scattering 

patterns were collected on an Eiger 2R 4M hybrid photon counting detector with a pixel dimension 

of 75 μm2 (Dectris, Switzerland). The 2D WAXS images were background corrected and reduced 

in the form of intensity versus scattering vector (Q). The Q range investigated in this work was 0–

3.5 Å−1.

Nuclear Magnetic Resonance

Powdered samples were poured into 10 mm glass NMR tubes and measured using direct 

detection (DD) and Magic Sandwich Echo (MSE) pulse sequences using 90° pulses of 3.5 μs and 

a spectrometer dead time of 10 μs using a Bruker MQ20 benchtop spectrometer. The data were fit 

using a co-fit strategy with the MSE and DD free induction decays (FIDs) to extract phase fraction 

ratios.21, 22 The MSE provides more of the FID by overcoming dead time issues, giving better shape 

parameter estimation.21, 22 However, some relaxation can occur for the rigid component on the 

timescale of the MSE refocusing block, making the phase weighting of the components from the 

DD sequence more reliable. Here, we used a three-component phase fit including the Abragam 

function and two exponentials (eq 4).23, 24

𝐹𝐼𝐷(𝑡) = 𝐴𝑎𝑒―0.5(𝑡/𝑇2𝑎)2𝑠𝑖𝑛(𝑏𝑡)/(𝑏𝑡) + 𝐴𝑔𝑒― 𝑡/𝑇2𝑔
𝛽

+ 𝐴𝑤𝑏𝑒―(𝑡/𝑇2𝑤𝑏)𝛼 (4)

Fractions were determined by normalizing to the total (𝐴𝑎 + 𝐴𝑔 + 𝐴𝑤𝑏). For fit stability, we 

fixed 𝛽 =  2.0 and 𝛼 =  1.5 with the guidance taken from for rigid crystalline, amorphous rigid, 

and immobilized phase fractions.22 Relaxation parameters were similar for each sample and 

phase fraction with T2a values ranging between 5.6-7  µs, T2g  between 16-18 µs, and T2wb 0.75-

1.2 ms, providing a clean phase fraction comparison below. The T2 values for Aa and Ag are 



10

typical for highly rigid polymeric systems while the Awb suggests a softer phase of dangling 

bonds within the system.21, 22, 25, 26 

Results and Discussion

Prior to kinetics analysis of these thermosets’ evaluation of the extent cure and particle 

morphology is needed to ensure that the observed kinetics are from BPA monomer formation alone 

and not artifacts from sample preparation. Preliminary polymer network characterization was 

performed to provide additional insight into the polymer networks studied. Differential scanning 

calorimetry was performed on all thermosets and the uncured resin formulations to determine the 

effective cure of the thermosets from the chosen curing time and temperature, Figure 2 and S1. 

Two heating cycles were performed to differentiate irreversible transitions, curing, from reversable 

transitions, glass transition temperature (Tg). The DSC analysis of the uncured resin formulations 

revealed both DDM and PPG400 thermosets have a single cure peak at approximately 420 K and 

400 K respectively, Figure S2. Glass transitions temperatures were identified from the second 

heating cycles of the uncured resins at ~ 450 K for DDM and ~ 317 K for PPG400, Figure S2. The 

DSC profile of the uncured 3253 resin was notably different from DDM and PPG400. The first 

heating cycle revealed two cure peaks in the profile at ~ 375 K and ~ 481 K while the second 

heating cycle had two Tg at ~ 350 K and ~ 380 K, Figure S2A. The two cure peaks and Tg suggest 

the formation of two distinct regions in the network of 3253 thermoset under the heating conditions 

used for the DSC analysis.

Differential scanning calorimetry analysis of the six cured thermoset samples showed all 

samples had an irreversible endothermic step around 323 K marked as polymer relaxation in Figure 

2. This irreversible transition for both 3253 and DDM thermosets was broad while the transition 

for PPG400 was sharp. This transition is expected to be an artifact of the sample preparation as it 
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was not observed in the DSC analysis of the uncured samples, Figure S2. A polymer prepper tool 

from Frontier was utilized to prepare the samples in powder form. This is done by filing off 

polymer by hand which prevents chemical changes to the samples from heating, which is a concern 

in ball milling preparation. However, this irreversible transition seen at the same temperature for 

all samples indicates there is physical stress introduced into the polymer networks from the powder 

preparation process that is released at relatively low temperatures via enthalpy relaxation. The 

broad transition of this stress in 3253 and DDM thermosets is a consequence of being below the 

Tg for these thermosets while the sharp transition of this stress in PPG400 thermoset is a result of 

being above the Tg.

The PPG400 RT and PPG400 PC thermosets had identical Tg to the PPG400 uncured resin after 

curing in the second heating cycle. In addition, there is no evidence of residual cure in both the 

room temperature cured sample and the post cured sample confirming both treatments result in a 

100% cured thermoset, Figure 2E/F and Table 2. Conversely, both DDM RT and DDM PC 

samples showed residual curing in the DSC profiles with calculated extent cures of 87% for DDM 

RT and 98% for DDM PC, Figure 2C/D and Table 2. The second heating cycle for both DDM RT 

and DDM PC had only the Tg transition which was identical to Tg the observed for the uncured 

sample, Figure S2B. 

Differential scanning calorimetry of 3235 RT thermoset revealed both cure peaks in the first 

heating cycle at approximately 375 K and 410 K. The second cure peak is notably lower in 

temperature than the cure peak observed in the uncured 3253 resin by ~ 70 K, Figure S2A. In 

addition, the second heating cycle had only a single Tg at 375 K. These stark differences reveal 

that the structure of the final polymer network for the homopolymerized 3253 thermoset is highly 

influenced by heating parameters while the amine cured thermoset of DDM and PPG400 are not 
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likely resulting from differences in curing chemistry between the amine cured reaction and 

homopolymerization. Though both curing peaks are present in the first heating cycle of the 3253 

RT thermoset, it is unclear how the second curing peak is related to curing peaks observed in 

uncured 3253 resin, therefore the calculated cure extent of 82% for the 3253 RT thermoset is 

labeled as an estimated cure extent, Table 2. Finally, after post cure the 3253 PC sample revealed 

no curing peaks in the first heating cycle confirming 100% cure, Figure 2B and Table 2. The Tg of 

3253 PC matched the 3253 RT sample, Figure 2A/B.         
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Figure 2. DSC results for 3253 RT (A), 3253 PC (B), DDM RT (C), DDM PC (D), PPG400 RT 

(E), and PPG400 PC (F) thermosets. 
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Table 2. Calculated cure extent for each thermoset formulation and cure conditions based on DSC 

data. The cure extent for 3253 RT is estimated (*) because it is unclear if the two cure peaks 

observed in the DSC cured 3253 are identical to the peaks observed in the 3253 RT sample due to 

their different positions in the DSC temperature profiles.

Sample Cure Extent
3253 RT *82%
3253 PC 100%
DDM RT 87%
DDM PC 98%

PPG400 RT 100%
PPG400 PC 100%

While no changes in the polymer chemistry are expected from the powder prepping process 

(because a manual polymer prepper was used) differences in the material properties of the polymer 

could causes differences in the size and morphology of the corresponding powders which could 

impact the degradation kinetics. To verify consistency of the size and morphology of the polymer 

powders between all samples, SEM images were taken (Figure 3). The SEM images show that all 

powdered samples have a shaven like morphology and particles are roughly 200 – 300 µm in size. 

This suggests that the material properties of the individual polymer types investigated are similar 

enough as to not impact the morphology or size of the particulates suggesting that observed 

differences in the kinetics between samples are not resultant from differences in particle 

morphology.   
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Figure 3. SEM images of 3253 RT, 3253 PC, DDM RT, DDM PC, PPG400 RT, and PPG400 PC 

showing consistent size and morphology of the polymer powders prepared with the prepping tool 

prior to EGA-MS analysis. 

Wide angle X-ray scattering (WAXS) and low field 1H nuclear magnetic resonance (NMR) was 

used to further interrogate the thermoset polymer network structures and provide further insight 

into the potential differences in BPA monomer packing environments. The WAXS pattern was 

measured in two ranges: 0.1–0.6 Q (Å)−1 and 0.6–4.5 Q (Å)−1, Figure 4. The major peak in Figure 

4B has been identified previously as the – stacking of nearby aromatic rings in the network 

while the smaller peak in Figure 4A has been associated with the distance between hardener units 
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(H-H) in the network.6 The H-H distances showed that the 3253 PC thermoset had the largest 

distance followed by DDM PC and PPG400 PC thermoset which had the shortest H-H distances. 

Figure 4. Wide angle X-ray scattering measurements for 3253 PC, DDM PC, and PPG400 PC 

thermosets showing (A) 0.1–0.6 Q (Å)−1 range with the H-H peak and (B) 0.6–4.5 Q (Å)−1 range 

with the aromatic – stacking peak.

The – stacking distances did not show a discernable trend between thermosets. Further, 3253 

PC and DDM PC thermosets have very similar position and width of the peak attributed to – 
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suggest a greater diversity of – stacking distances, which could result from polydispersity of the 

PPG400 hardener. The polydispersity and flexibility of the PPG400 hardener likely causes 

different packing arrangement and conformations around the BPA monomer units. In contrast, the 

shorter, more rigid hardener units for 3253 and DDM thermosets would restrict the number of 

conformation available around the BPA monomer units causing a narrower – stacking peak.  

Low field time domain 1H NMR was used to measure the FID response of the protons present 

in the thermosets which provides more information about the local environment of the protons and 

in turn information of the polymer networks. Soft domains (Awb) represent domains where the 
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protons have greater mobility on the molecule with longer FID decay times while rigid domains 

(Ag) have less mobility and cause the FID to decay rapidly. Semi-rigid domains (Ag) represent 

domains in-between rigid and soft. The FID responses for Aa, Ag, and Awb are shown in Figure 

5.  

 There was an increase in the FID Aa component, the most rigid proton fraction, from 3253 PC 

to PPG400 PC thermosets with 3253 PC having the lowest Aa component and PPG400 PC having 

the highest Aa component. The opposite trend was present for the Awb content, softest proton 

fraction, Figure 5. The greater rigid proton content in PPG400 can be explained by closer packing 

of the hardener components which contain the greatest proton content in the polymer structure. 

This is confirmed by WAXS results showing PPG400 thermoset has the shortest H-H distance. 

Based on these results it can be concluded that PPG400 has a flexible polymer network with a 

larger number of packing arrangements around the BPA monomer units. On the other hand, DDM 

thermoset is the most rigid while 3253 falls somewhere in between PPG400 and DDM.

Figure 5. Proton NMR (1H NMR) of FID phase fractions Aa, Ag, and Awb fit according to eq 4.
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Pyrolysis-GC-MS was performed on each thermoset to validate that m/z 213 is a unique ion for 

BPA monomer formation. The resulting total ion chromatographs (TICs) and corresponding EICs 

are shown in Figure 6. The EICs reveal that in each formulation 79% or greater of the m/z 213 

signal comes from BPA monomer, determined by integration of the total area under the m/z 213 

peak. The remaining signal in each sample comes from instrument noise and other minor products. 

This confirms that the m/z 213 ion is unique for the BPA monomer and suitable for PSK analysis. 

Figure 6. TICs with corresponding EICs of ion m/z 213, representing the unique ion of BPA 

monomer and showing the percent contribution of BPA monomer to the ion signal by peak area 

analysis for 3253 PC (A), DDM PC (B), and PPG400 PC (C).
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The thermal profiles for both scanning mode and SIM mode were obtained at 2, 5, and 10 K/min 

heating rates for isoconversional analysis. Scanning mode mass spectrometry experiments monitor 

a large range of ions (m/z 29–500) and generates a Total Ion Thermograph (TIT) that represents 

the entirety of the sample with thermal profiles analogous to thermal gravimetric analysis.27 

Conversely, SIM mode monitors a single ion and produces a Single Ion Thermograph (SIT) of that 

ion. When the selected ion is unique for a specific product, the obtained SIT represents the 

formation of that product during the degradation and in turn that products’ kinetics, making the 

analyte suitable for PSK analysis.14

The TIT and EIT thermal profiles for 3253 RT and 3253 PC thermosets are shown in Figure 7. 

The TITs of 3253 RT and 3253 PC show a primary pyrolysis peak with a shoulder emerging at 

low temperatures. After post curing this shoulder feature increases in intensity. The SIT of the m/z 

213 ion reveals this same shoulder feature is present in 3253 RT and 3253 PC, Figure 7C/D. The 

increase in this shoulder peak is much more prominent in the SIT of 3253 PC sample than in the 

TIT. The presence of this shoulder feature in the SIT suggests that there are two regions in the 

polymer network with distinct thermal stabilities which would support the existence of different 

network configurations within the 3253 polymers. The presence of two different network 

configurations is hinted at in the DSC data with the presence of two Tg in the uncured DSC data. 

However, only one Tg was observed in the ex-situ cured 3253 RT and 3253 PC thermosets. 

Because the DSC results show significant differences in the polymer networks between the in-

situ DSC cured 3253 thermoset and the ex-situ cured samples an EGA-MS analysis was performed 

on the 3253 polymer recovered from the DSC cup. The TIT of the in-situ cured 3253 thermoset is 

significantly broadened compared to the ex-situ cured sample, Figure S3A. The non-isothermal 

curing parameters of the DSC result in the lower temperature shoulder peak observed in the ex-
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situ cured samples to be the prominent peak in the TIT. The Extracted Ion Thermographs (EICs) 

for the m/z 213 ion show a similar change with the shoulder peak now being the primary pyrolysis 

peak, Figure S3B. These results show that, like the DSC, the EGA-MS is sensitive to changes in 

the polymer networks. 

Figure 7. Normalized TITs of 3253 RT (A) and 3253 PC (B) with corresponding SIT of 3253 RT 

(C) and 3253 PC (D) showing a distinct shoulder feature on the primary peak in both the TITs and 

SITs.

Unlike the 3253 thermoset, DDM and PPG400 thermosets did not display a shoulder prior to the 

primary pyrolysis peak. Both DDM RT and DDM PC thermosets showed a single pyrolysis peak 
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in the TIT, Figure 8A/B. The SIT for DDM did not reveal any notable difference in the thermal 

profiles compared to the TIT profiles, Figure 8C/D. Similarly, the PPG400 thermosets have a 

single pyrolysis peak with a thermal profile that is consistent between the TIT and SIT, Figure 9. 

There is one notable difference in the SIT of PPG400. The SIT of both PPG400 RT and PPG400 

PC appear to have a more sudden drop in the signal at the tail end of the pyrolysis peak, Figure 

9C/D, compared to the DDM thermosets which have a gradual drop, Figure 8C/D.        

Figure 8. Normalized TITs of DDM RT (A) and DDM PC (B) with corresponding SIT of DDM 

RT (C) and DDM PC (D) showing a single primary pyrolysis peak in both the TITs and SITs.

500 550 600 650 700 750 800 850 900
0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 In
te

ns
ity

 (c
ou

nt
s)

Temperature (K)

 Trial 1
 Trial 2

DDM RT

10
 K

/m
in

5 
K/

m
in

2 
K/

m
in

Total Ion Thermograph(A)

500 550 600 650 700 750 800 850 900

Temperature (K)

 Trial 1
 Trial 2

DDM PC

10
 K

/m
in

5 
K/

m
in

2 
K/

m
in

(B) Total Ion Thermograph

500 550 600 650 700 750 800 850 900
0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 In
te

ns
ity

 (c
ou

nt
s)

Temperature (K)

 Trial 1
 Trial 2

DDM RT (m/z 213)

10
 K

/m
in

5 
K/

m
in

2 
K/

m
in

(C) Single Ion Thermograph

500 550 600 650 700 750 800 850 900

Temperature (K)

 Trial 1
 Trial 2

DDM PC (m/z 213)

10
 K

/m
in

5 
K/

m
in

2 
K/

m
in

(D) Single Ion Thermograph



22

Figure 9. Normalized TITs of PPG400 RT (A) and PPG400 PC (B) with corresponding SIT of 

PPG400 RT (C) and PPG400 PC (D) showing a single primary pyrolysis peak in both the TITs 

and SITs.

Isoconversional kinetics and PSK analysis were used to determine the apparent Ea for both TITs 

and SITs. These results are shown in Figure 10 with corresponding extent conversion and kinetic 

plots presented in Figures S4-S9. The slope, y-intercept, and calculated error for the slope and y-

intercept used for determining the apparent Ea at each conversion extent is in Table S2. Figure 10A 

shows the apparent Ea for the TIT thermal profiles of 3253 RT and 3253 PC. Thermoset 3253 RT 

has a gradual decrease in Ea over the course of the degradation starting at 210 kJ/mol and ending 
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at ~150 kJ/mol. Post curing has a notable impact on the overall apparent Ea of the thermoset 

lowering the apparent Ea from 0.1 – 0.6 ⍺ for 3253 PC compared to 3253 RT, Figure 10A. 

Apparent Ea results from the SIT for the 3253 thermoset, Figure 10B, show significant 

differences in apparent Ea compared to the corresponding TIT results. The apparent Ea of the m/z 

213 ion for 3253 RT thermoset shows a relatively consistant Ea over the course of the degradation 

peaking at 0.5 ⍺. After post cure, the apparent Ea for 3253 PC is significantly lower from 0.2 – 0.6 

⍺ with the largest decrease occuring early in the degradation at 0.3 ⍺, Figure 10B. This early part 

of the degradation corresponds to the shoulder peak in the SIT profiles, Figure 7D. When 

comparing the shoulder features of 3253 RT to 3253 PC, Figures 7C and 7D, the shoulder present 

in 3253 RT is not as prominent as the shoulder in 3253 PC, which is likely the reason it does not 

manifest as distincly in the apparent Ea results. 

The trend in apparent Ea of the TIT thermal profiles for DDM (Figure 10C) and PPG400 (Figure 

10E) are very similar to 3253 although the absolute scale is different due to differences in thermal 

stability of the polymers. The apparent Ea for TIT thermal profiles of both DDM and PPG400 show 

a gradual decrease in apparent Ea over the course of the degradation with the post cured versions 

of both thermosets favoring lower apparent Ea. The apparent Ea derived from the SIT, however, 

show very different trends between DDM and PPG400 thermosets. The results for DDM show, 

like the TIT results, a gradual decrease in apparent Ea over the course of the degradation with the 

DDM PC sample favoring lower apparent Ea, Figure 10D. Conversely, both PPG400 RT and PC 

thermosets showed a very consistent apparent Ea over the course of the degradation with PPG400 

PC favoring lower apparent Ea, Figure 10F. 
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Figure 10. Apparent activation energies obtained from TIT and SIT experiments for 3253 TIT 

(A), 3253 SIM (B), DDM TIT (C), DDM (D), PPG400 TIT (E), PPG400 SIM (F) with plotted 

uncertainty bands shown. The Ea of 160 kJ/mol was marked for clarity of data interpretation.

The observed differences in apparent Ea from the SIT are hypothesized to be a consequence of 

different local packing densities around the BPA monomer units between the different thermoset 

formulations. In principle, in an ideal system, there should be no reasons for identical BPA 

monomer formations to have different apparent activation energies. Thus, differences in local 

packing density are theorized to potentially impact the observed kinetics in one of two ways: (1) 

more time is required for the freed BPA monomer to escape higher local packing density compared 

to lower density packing regions causing it to be detected at higher temperatures after the host 

structure has undergone greater thermal distortion or (2) the higher local packing density regions 

prevent the formed radical monomers from rapidly escaping the reaction site allowing for a greater 

equilibrium constant between the free radical and bound monomer state compared to the lower 

density regions, Figure 11.
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Figure 11. Scheme of proposed polymer packing differences causing differences in Ea for identical 

BPA formation mechanisms along with BPA formation mechanisms from pyrolysis.

Thus, we demonstrate that the differences observed in the apparent Ea for the SIT of all samples 

can be explained by differences and/or changes in local packing densities around the BPA 

monomer units. This is consistent with the fact that in each sample, post curing was observed to 

decrease the overall apparent Ea, even in the case of PPG400 thermoset where no additional curing 

occurs. In a previous study the impact of 423 K thermal exposure on the network structures of 

similar polymer thermosets was investigated with WAXS.6 After a one hour exposure at 423K, an 

increase in the aromatic 𝜋-𝜋 stacking distances was observed and attributed to polymer network 

rearrangement. The increase in 𝜋-𝜋 stacking distances would suggest that the local network 

arrangement around the BPA monomer units become more open (i.e. less dense). A similar effect 

can be expected for the thermosets investigated in this study. The hypothesized decrease in local 

packing density around the BPA monomer units would manifest as a decrease in the apparent Ea 

which is what is observed after post curing in all samples. 
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The differences in apparent Ea trends between thermosets from the SIT is best observed in Figure 

12 which shows 3253 PC, DDM PC, and PPG400 PC normalized to their respective Ea at 0.1 ⍺ 

for comparison. Figure 12 shows significant differences in apparent Ea between each thermoset. 

3253 PC thermoset has two distinct regions with 0.1-0.4 extent conversion having lower Ea and 

0.5-0.9 having significantly higher Ea. The significant difference in these regions for 3253 PC 

suggests the existence of two distinct packing densities within the 3253 thermosets, which is 

further supported by the data in the SIT showing a distinct shoulder peak. The existence of two 

regions in the 3253 polymer network is also supported by the DSC results for the in-situ cured 

thermosets.

Consequently, the results are consistent with a lower determined Ea signifying a lower packing 

density while the higher Ea signifies higher packing density. The formation of the lower packing 

density arrangment in 3253 is postulated to be a secondary packing structure that forms at the later 

stages of cure when polymer mobility is restricted. At the early stages of cure, prior to significant 

crosslinking, the polymer chains will have mobility to arrange in a more desirable higher packing 

efficiency (i.e. density) arrangment. But after significant crosslinking occurs, the mobility of the 

polymer decreases significantly resulting in the formation of a less densely packed arrangment, 

and supported by the increase of the shoulder peak in the SIT after post cure which indicates the 

increasing concentration of these structures in the polymer network. The observation that the lower 

density packing structure gives rise to the  primary peak in the TIT after a non-isothermal cure in 

the DSC is also supported by this scenario as the more rapid curing conditions would hinder denser 

packing of the polymer network. Interestingly, the fact that these two packing densities are 

observed in the EGA-MS both qualitatively from changes in SIT peak shape and quantitatively via 

changes in the Ea in the EGA-MS results but are not consistently observed in the DSC suggest 
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these structures are not directly linked to the Tg of the polymer. Therefore, EGA-MS can be more 

sensitive to certain network structures of amorphous thermosets that DSC and other structural 

characterization techniques cannot observe and is a highly complimentary characterization 

technique for amorphous polymer networks of thermosets.    

Figure 12. Apparent Ea of the SIT for 3253 PC, DDM PC, and PPG400 PC samples normalized 

to their respective 0.1 ⍺ values for comparison showing each thermoset has distinct apparent Ea 

profiles, hypothesized to result from differences in polymer packing density.

Continuing to discuss Figure 12, the apparent Ea for both DDM PC and PPG400 PC thermosets 

are significantly different from 3253 PC. PPG400 PC has a relatively consistent Ea over the course 

of the degradation and DDM shows gradually decreasing as a function of extent conversion Ea. 

The lack of distinctive shoulders in the DDM PC and PPG400 PC (Figures 8D and 9D) SIT profiles 
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suggest both networks have regular packing arrangements throughout the polymer network.  the 

change in apparent Ea is notably different. The biggest difference between DDM and PPG400 

networks is the Tg with DDM having the highest Tg and PPG400 having the lowest. The higher Tg 

of DDM is supportive of DDM having a much more rigid polymer network due to the high number 

of aromatic functional groups present from both the epoxy and hardener. Conversely, PPG400 

would have the most flexible matrix due to the longer linear chain of the hardener which would 

allow significantly more mobility than in the case of the DDM thermoset. Therefore, during 

degradation the higher mobility of PPG400 would allow for rearrangements of the network during 

BPA monomer release resulting in a relatively consistent packing density around the remaining 

BPA monomer units and, in turn, a consistent Ea.

On the other hand, the rigid nature of the DDM thermoset would prevent significant 

rearrangement of the network after BPA monomer release leaving a void in the nearest neighbor 

BPA monomer unit. The presence of this void would subsequently decrease the local packing 

density of that monomer and, consequently, lower the Ea required for release. This process would 

be compounded over the course of the degradation and manifest as a decreasing apparent Ea at 

higher conversion extents. The lack of the gradual decrease in 3253 thermoset suggests that there 

is sufficient polymer mobility during degradation to compensate for this effect like PPG400 

thermoset. It is important to note that while there is improved polymer mobility above Tg for 

thermosetting materials the crosslinking arrangements in the polymer are maintained. Therefore, 

while 3253 PC thermoset has improved polymer mobility during degradation the fixed 

crosslinking network locks in the two distinct packing densities which is why two distinct regions 

are observed. 
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Conclusion

We demonstrate the use of EGA-MS to interrogate the polymer network packing arrangements 

in BPA-based polymer thermosets. It was hypothesized that the shape of the thermal profile for a 

unique ion of BPA monomer formation (m/z 213) is indicative of the local packing density around 

the BPA monomer units in the polymer network. This was thought to manifest qualitatively as 

changes in peak shape of the m/z 213 profile and quantitatively as changes in the apparent 

activation energy (Ea) of the BPA monomer formation. 

Results revealed two distinct packing densities exist in 3253 thermosets while DDM and 

PPG400 thermosets have uniform distributions of packing densities. DDM had a gradual decrease 

in apparent Ea which was postulated to be due to decreasing packing density around the nearest 

neighbor BPA monomer units as BPA monomers are released during degradation. Conversely, 

PPG400 thermoset had a consistent Ea over the course of the degradation. The difference in Ea 

response between PPG400 and DDM thermoset is hypothesized to result from the polymer 

mobility during degradation with PPG400 having a much more flexible and mobile matrix which 

allows for rearrangements to occur around the BPA monomers providing a consistent packing 

density. DDM thermoset, on the other hand, has a much more rigid matrix which prevents 

rearrangement causing a continuously decreasing local packing density around the BPA monomer 

units consequently causing a gradual decrease in Ea. Interestingly, the EGA-MS technique appears 

to be particularly sensitive to these differences in network structures. The differences in packing 

density appear as both qualitative changes in the SIT profile shape and quantitative changes in the 

Ea and these density changes were not detected with DSC measurements. This suggests that these 

packing arrangements are not directly linked to the Tg of the polymer network or, at least, manifest 

as a minute change that was not detectable with the DSC instrumentation used. These results 
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present insight into the nature of thermoset polymer network packing arrangements; their behavior 

during thermal degradation; and demonstrate an alternative technique that can be used to 

interrogate polymer networks structures of thermosetting materials that are not readily detectable 

by other techniques. Because this is a minimally destructive technique it would be particularly 

advantageous for characterization of composite parts to evaluate changes in the network structures 

from prolonged use. It is important to note that while this methodology is suitable for any 

crosslinked thermosetting polymer with unique ions for the monomer units it is not suitable for 

thermoplastic polymers which would undergo a melting transition prior to degradation which 

would erase any network packing features.

Supporting Information

DSC data, End Point Weighted Correction values, Conversion plots, kinetics plots, and table 

with numerical values extracted from kinetic plots 
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