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Abstract. The thermosetting polymer matrix in fiber reinforced composites are an important component for energy 

related applications, such as the lightweighting of vehicles or their use in wind and waterpower turbine blades, due 

to their ability to provide superior adhesion, stiffness and applicability to a wide range of manufacturing processes. 

Despite these benefits, today’s thermosets are widely considered to be unrecyclable and thus there is a large interest 

in redesigning these materials to be inherently recyclable such that energy intensive production of fibers and 

monomers can be circumvented, bolstering composite manufacture supply chains. Polyester covalent adaptable 

networks (PECANs) are one such promising alternatives to the incumbent, non-recyclable, epoxy-amine thermosets. 

PECANs can be formed from the ring-opening co-polymerization (ROCOP) of epoxy-anhydride monomer mixtures 

and subsequent curing at mild temperatures to exhibit similar performance to conventional epoxies but also 

possessing unique dynamic chemistries along the ester-hydroxyl backbone that are capable of transesterification and 

thus reprocessability. While significant advancements have been made in formulating these materials for improved 

mechanical properties, or optimizing solvolysis and reprocessing strategies, less attention has been placed on the 

impact of the residing amine catalyst used to generate the polyester network. In this work we evaluated the triple-

catalytic efficacy of 12 tertiary amines that act as a curing (bulk ROCOP), a transesterification (internal bond 

exchange), and a deconstruction (methanolysis) catalyst for PECAN thermosets. Specifically, we first distinguish 

chain-growth and step-growth polymerization mechanisms for epoxy-amine and epoxy-anhydride mechanisms. We 

also utilized density functional theory (DFT) to estimate the basicity (pKb) of each catalyst. Of the tested catalysts, 

the ROCOP of the studied PECAN network can be completed between 95 minutes and 247 minutes (at 80 °C), with 

variable gelation phenomenon. Additionally, the stress relaxation (transesterification metric) efficiency of the tested 

PECAN networks with alternative embedded catalysts ranged from 95% to 15% reduction in stress after 5 hours at 

200 °C and the depolymerization efficacy ranged from 2.5% to 9.8% deconstruction after 36 hours at 130 °C. Overall, 

the nitrogen-based moieties were demonstrated to influence polymerization kinetics, catalyze the dynamic 

transesterification exchange mechanism, and aid in the solvolysis of the thermosets at end-of-life.  
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Introduction.  

Crosslinked polymers, or thermosets, comprise 12-20% of annual plastics production of which rigid thermosets, those 

with high glass transition temperature (Tg), are commonly employed as a matrix polymer in reinforced composite 

technologies for automotive, construction, industrial, automotive, and other energy-dependent applications. 

Currently, epoxy-amines are the industry standard for glassy thermosets due to their simple bulk curing preparation 

coupled with robust thermomechanical properties. Specifically, the dense and highly cross-linked network 

architecture affords thermosets with chemical resistance, thermal stability, and strength. Consequently, these same 

characteristics make these materials recalcitrant to conventional recycling strategies, limiting or nullifying end-of-

life options for material recovery.1-3  

 

This lack of recyclability has motived a large amount of research into polymer systems with covalently adaptable 

networks (CANs), also referred to as vitrimers, that are specifically designed for reversable bond exchange that can 

enable chemical recycling or melt-like reprocessability, even in thermosetting networks. The bond exchange 

chemistries are triggered by a range of external stimuli (light, pressure, temperature, etc.). When exchange is 

triggered, the rearrangement of the network topology allows for sufficient mobility to emulate flow and achieve 

reprocessability. Importantly, when stimulus is not present, the bond exchange is significantly slowed, imparting 

crucial thermoset rigidity. Epoxy-anhydride polyester thermosets are a widely studied CAN platform, capable of 

leveraging the ester repeat unit, from the anhydride hardener, as a recyclability handle. Additionally, when formulated 

properly to ensure an excess of hydroxyl groups, polyester covalent adaptable networks (PECANs) can be susceptible 

to transesterification for dynamic bond exchange in addition to solvent-mediated deconstruction chemistries (e.g. 

hydrolysis, methanolysis, etc.). It is important to note that the epoxy-anhydride polymerization to produce PECANs 

does require the use of a catalyst, routinely ~1 wt.% tertiary amine moiety, to initiate the polymerization. Generally 

increasing this loading leads to reduced curing inputs while hindering network architecture and thermomechanical 

performance.  

 

In 2011 Montarnal et al. first reported on rigid polyester vitrimers demonstrating the advantages of in-network 

transesterification for fully reprocessable, glassy thermosets from epoxy-acid and epoxy-anhydride precursors.4 

External addition (5 – 10 mol %) of zinc acetate, however, was required to observe feasible flow behavior otherwise 

inaccessible through the initial 0.1 mol % Zn loading. Since this discovery, a variety of developments have been 

made in enhancing the means of transesterification in PECAN materials.5-9 One of the more intriguing examples of 

enhancing transesterification was reported by Altuna et al. where they leveraged relatively high loadings of 

butylamine and di-butylamine bound into the network as tertiary amines following epoxide ring-opening initiation.10 

The covalent incorporation of the amine units presented an opportunity for an internal, embedded nucleophile to 

catalyze transesterification reactions. The above consideration highlights that the role of the amine catalyst is not 

limited to polymerization and can also catalyze important dynamic exchange reactions found in PECAN architectures 

through nucleophilic action.  

 

As the role of the tertiary amine efficacy in the triple catalytic action of polymerization, transesterification, and 

deconstruction is still not known, we set forth to understand this effect as a function of catalyst chemistry and 

structure. Specifically, we selected 12 tertiary amines spanning aliphatic, amidine, and R6 aromatic (R = C/N) classes 

with varying sterics and electronic environments. Tertiary amines were selected for this study because they are 

demonstrated to exhibit facile anionic polymerization mechanisms.11-14 We first demonstrate the role of the amine 

moiety in the epoxy ROCOP by comparing the polymerization of a model thermoplastic epoxy-amine and epoxy-

anhydride system through hydrogen nuclear magnetic resonance (1H NMR) studies. Subsequently, amine-catalyzed 

PECAN curing events are tracked by differential scanning calorimetry (DSC) at industrially relevant conditions. 

Finally, we evaluate the effectiveness of the internal catalysts to promote transesterification by rheological stress 

relaxation (reprocessing) and methanolysis deconstruction. Overall, all selected catalysts show increased efficacy in 

curing and dynamic exchange over the uncatalyzed system, and the experimental results are coupled with analysis of 

the amine structure towards the development of structure-function principles that drive the reported triple-catalytic 

action.  
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Results. 

Model ROCOP in situ NMR studies. Prior to any catalyst screening studies, we sought to understand the 

polymerization mechanism of the epoxy-anhydride (E-Anh) system. Specifically, as PECANs are commonly justified 

as a replacement for epoxy-amine (E-Ami) systems, we wanted to understand the differences between these two 

polymerization pathways.  For this study, model thermoplastic systems were devised to allow for in situ solution-

state NMR spectroscopic monitoring. These systems are amenable to in situ kinetics NMR because the polymer Tg 

remains below 80 °C during initial polymerization, maintaining molecular mobility required for solution-state NMR 

signal observability. In addition to quantitative ¹H kinetics monitoring, the high sample concentration (~10 M) 

allowed rapid acquisition of ¹³C and 2D HSQC spectra, providing detailed and comprehensive insight into evolving 

chemical environments during polymerization. 
 

For the E-Ami polymerization, we studied a system consisting of stoichiometric quantities (1:1 molar) of aniline and 

butanediol diglycidyl ether (BDODGE) that were dissolved in d8-toluene and equilibrated at 80 °C before successive 
1H NMR spectra (600 MHz). The reaction was monitored via integration of assigned proton peaks that are consumed 

or generated throughout the reaction, allowing for the quantification of constituent concentration and reaction rates. 

The reaction scheme and corresponding proton assignments and color scheme are shown in Figure 1A (with spectral 

overlay given in Figure S1A). Figure 1B and 1C provide a time course of the E-Ami polymerization in terms of 
consumption and rate, respectively. In the E-Ami polymerization, aniline (6.43-6.50 ppm - grey) was initially 

consumed at twice the rate of BDODGE (2.79-2.93 ppm - blue) with consumption rates of ~9.7 and ~5 [μM]/s for 

the first  6 hours, respectively. This suggested that the reaction rate is first order in the epoxy and second order in the 

amine which was further corroborated with the presence of the di-amino trimer intermediate species (3.80-3.90 ppm 

- orange) depicted in Figure 1A. A reaction mechanism is proposed in Figure S2. In strong support, both aromatic 

and oxygenated aliphatic C-H signals assigned to the proposed intermediate are captured in the time-course 2D HSQC 

data (Figure S1C). Once the concentration of the intermediate peaks after 12-18 hours, the intermediate was then 

consumed over the next 8 hours with a rate ~twice that of BDODGE (11.1 vs 6.3 [μM]/s) as the trimer linkages are 

bridged together with BDODGE, and the E-Ami polymer (3.94-4.15 ppm - green) production significantly increases, 

consistent with step-growth kinetics. After 36 hours, the reaction is significantly slowed (< 2.5 μM/s) which was 

attributed to solvation limitations, gelation, or vitrification.  

 

For the E-Anh polymerization, stoichiometric (1:1 molar) methylhexahydropthalic anhydride (MHHPA) was 

combined with phenyl glycidyl ether (PGE) in d8-toluene with 0.02 molar equivalent (~1wt%) of N-methyl piperidine 

(MPip) as the reaction catalyst. Similarly, the reaction scheme and corresponding proton assignments studied are 

presented in Figure 1D (with a spectral overlay given in Figure S1B). As shown in Figure 1E, the E-Anh reaction 

proceeds significantly faster than the model E-Ami reaction as PGE (3.60-3.73 ppm - brown) and MHHPA (2.72-

2.87 ppm - purple) were consumed at a rate of 397 and 523 [μM]/s (Figure 1F), respectively. Importantly, MHHPA 

is consumed at a faster rate than PGE, which suggests that MPip catalyst initially attacked the anhydride carbonyl. A 

reaction mechanism is proposed in Figure S3. After a sharp increase in consumption of both monomers, the monomer 

consumption rates became equivalent as the alternating ROCOP continued. The E-Anh polymer product (5.18-5.46 

ppm – red) continued to grow, consistent with a chain-growth mechanism until polymerization slows which can again 

be attributed to limitations of the experiment. When all MHHPA is consumed, PGE continues to react. This 

phenomenon is could be attributed to homo-polymerization or etherification as documented by others.11, 13, 14 A 

mechanism of this side-reaction is proposed in Figure S4.  
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Figure 1. Epoxy ring opening polymerization mechanism studied via 1H NMR. A. Model 1H NMR E-Ami reaction of aniline (6.43-6.50 

ppm) with BDODGE (2.79-2.93 ppm) to generate a secondary intermediate species (3.80-3.90 ppm) before E-Ami polymer (3.94–4.15 ppm) 

conversion. The spectral overlay, with corresponding assignments, is provided in Figure S1. B. Calculated BDODGE (blue), aniline (grey), 

secondary amine intermediate (orange), and E-Ami polymer (green) concentrations from corresponding integrations over time. C. Derived 

reaction rates for E-Ami experiment with respect to time. D. Model 1H NMR E-Anh reaction of MHHPA (2.60-2.87 ppm, after spectral 

alignment) with PGE (3.60-3.73 ppm), catalyzed by 0.02 mol eq. MPip, to generate E-Anh polymer (5.18–5.46 ppm) product. The spectral 

overlay, with corresponding assignments, is provided in Figure S1. E. Calculated PGE (brown), MHHPA (purple), and E-Anh polymer 

concentrations from corresponding integrations over time. F. Derived reaction rates for E-Anh experiment with respect to time. G. Product 

conversion, normalized by initial concentration of MHHPA, for the E-Anh polymer at 0.02, 0.04, and 0.08 mol eq. of MPip catalyst loading. 

H. Product formation of E-Anh polymer, normalized by initial concentration of MHHPA, from 0.02 mol eq. of MPip (red), Pyr (blue), and 

Imid (black). I. Inset of E-Anh polymer formation depicted in H over the initial 3 hours.  

 

We then sought to gain a preliminary understanding of the effect of catalysts on this model system prior to its 

exploration in application relevant thermosetting PECAN systems. To start, the role of MPip in the E-Anh reaction 

profile is further explored at higher catalyst loadings of 0.04 eq. and 0.08 eq. (Figure 1G). As expected, increasing 

the loading of the initiating catalyst promotes accelerated product formation wherein 0.08 mol eq. of MPip product 

yields nominal (>60%) product formation after 3 hours. However, polymerization appeared to be stunted by this 

increased loading which can be attributed to higher, non-stoichiometric consumption of the anhydride, highlighting 

the delicate balance of catalyst loading. After consumption of the anhydride, etherification is expected to nominally 

take place, albeit much slower, at longer reaction times that were not tested.  

 

Finally, the role of the amine catalyst was further explored by incorporating other catalysts into the model E-Anh 

system described above. Specifically, an amidine catalyst, imidazole (Imid), and an R6 aromatic (R refers to carbon 
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or nitrogen containing 6 membered rings) catalyst, pyridine (Pyr), were polymerized and polymer conversion profiles 

are shown in Figure 1H. At a 0.02 mol eq. loading, all three catalysts yield nominal conversion after 9 hours. 

Interestingly, all three reactions exhibit a small incubation period (0-3 hours) of regressed product formation before 

linear growth of the polymer (Figure 1I). Specifically, the MPip catalyzed reaction accelerates after 0.5 hours while 

the Imid and Pyr reaction begins a muted acceleration after 2 hours, each at different rates. Overall, the identity of 

the amine catalyst plays a role in E-Anh product formation that can inform processing parameters of a thermosetting 

system and merits further research. 

 

PECAN curing phenomenon. We further explored the role of the catalyst in the polymerization of E-Anh networks, 

by leveraging an industrially relevant thermosetting PECAN system with backbone ester and hydroxyl functionality, 

previously studied by our group. Specifically, we choose a PECAN network that was comprised of 0.7 mol eq. of 

BDODGE, 0.3 mol eq. sorbitol polyglycidyl ether, and 1.0 mol eq. of MHHPA.15, 16 In addition to the catalysts studied 

above, 9 additional catalysts, spanning the three subdivided classes, were added to the scope of this study for a 

thorough understanding of structure-property relationships for PECAN polymerizations. In addition to MPip, the 

aliphatic amines triethylamine (TEA), tripropylamine (TPA), and tributylamine (TBA) were studied. In addition to 

Imid, the amidines of 1-methyl imidazole (1MI), 2-ethyl-4-methyl imidazole (24EMI), and 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) were studied. In addition to Pyr, 3 more R6 amine derivatives were studied; 

dimethylaniline (DMAn), 4-dimethylaminopyridine (DMAP), and N,N,N,N-tetramethyl-1,4-phenylenediamine 

(TMPDA). The structures of the catalysts studied are given in Figure 2A.  

 
Figure 2. Tertiary amine catalyzed PECAN polymerization. A. Chemical structure, molar volume (Vm), and calculated pKb for all 12 

catalysts studied segregated by chemical class (aliphatic, amidine, and R6 aromatic) and color. B. DSC temperature ramping (2 °C/min) 

thermograms of PECAN resins overlayed and color coordinated. The uncatalyzed reaction is depicted in a dotted and light grey curve. C. Onset 

of cure temperatures are quantified with color coordination for each catalyst from DSC dynamic cures. D. Gelation points of PECAN resins 

with various catalysts were quantified by rheology experiments (80 °C, 1% strain, 10 rad/s) as the storage and loss modulus crossover and are 

presented in solid, color coordinated bars. Additionally, reaction endset times were determined from DSC isothermal experiments at 80 °C and 

are presented in semi-transparent, dashed, and color coordinated bars. Individual rheological graphs are given in Figure S6 and individual DSC 

isothermal thermograms are given in Figure S7. Onset temperatures, gel points, and endset temperatures are tabulated in Table S2. 
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Catalysts were selected due to their different structures to enable the elucidation of structure-property relationships. 

Specifically, we expected that the primary factors to contribute to the efficacy of the tertiary amine to act as a 

nucleophile in the epoxy thermoset polymerization are basicity and steric hindrance. To address the former, we 

predicted the relative basicity of the various tertiary amine catalysts via determination of pKb. For this study, we 

utilized a refined version of novel computational, DFT-based, method17-19 that demonstrated high accuracy in 

predicting the pKb of primary amines.20 We calculated the pKb at 25 °C for the 12 PECAN catalysts utilizing three 

explicit water molecules at the reaction center. A diagram of the coordination environment is exemplified in Figure 

S5 for TEA (and its protonated analog, triethylammonium) and calculated values are tabulated in Table S1 with some 

comparisons to those found experimentally. While the calculated pKb’s show good agreement with those found in 

literature, it is important to acknowledge that our calculations are made with three explicit water molecules and fail 

to account for the complex solvent environment of bulk experimentation. Further details on the computational 

methodology are reported in the Methods section. In addition to the pKb’s, molar volume was also calculated from 

each molecule’s molar mass (NIST) and density (CRC) to gauge steric hindrance. Both molar volume and the pKb’s 

for each catalyst are shown in Figure 2A with their corresponding structure, abbreviation, and color coordination 

used throughout this report.   

 

With a basic understanding of the molar volumes (Vm) and catalyst basicity, we applied these metrics to the PECAN 

resin. Specifically, liquid PECAN resins with 0.02 mol eq. of studied catalyst were combined and subject to 

differential scanning calorimetry (DSC) curing experiments. The thermosetting solution was dynamically cured 

within a DSC at 2 °C/ min to garner the thermal response of each system as a function of temperature. Dynamic cures 

for each catalyst are overlayed and shown in Figure 2B for all 12 catalysts as well as the uncatalyzed PECAN system 

(dashed grey line). The total exotherm of the reactions with respect to temperature were conserved (360 ± 20 J/g) as 

the total molar quantity of reactive groups were held constant.  

 

For each catalytic system we studied the thermodynamic barrier to polymerization that we correlated as the onset 

temperature. The onset temperature was calculated as the temperature when the exotherm begins to dramatically 

increase and is presented in Figure 2C as a bar chart. Without catalyst, the PECAN resin exhibits a complex curing 

profile with two shallow peaks that do not significantly exotherm until temperatures > 150 ⁰C. Conversely, the 

catalyzed PECAN resins exhibit monomodal cure behavior at lower temperatures. Specifically, among the aliphatic 

series, MPip exhibits the lowest Vm and comparable pKb (within an order of magnitude), suggesting that it will be a 

strong nucleophile which is supported by an onset temperature lower than the other studied aliphatic amines (87 °C 

vs. 103 °C). Comparing imidazole to its derivations also leads to some structure property relationships. For example, 

replacing a proton with a methyl group (from Imid to 1MI) marginally increases the size of the catalyst, however the 

ensuing reduction in pKb (7.20 to 5.41) could be responsible for the reduction in onset temperature (90 °C vs. 85 °C). 

The addition of a methyl and ethyl group to the imidazole ring (24EMI) increases the basicity of the catalyst further, 

however the ensuing steric hindrance resulted in an onset temperature of 10 °C higher than that of Imid. Despite the 

bulkiness of the chemical structure, DBU exhibits one of the lowest onset temperatures which is owed to the 

appreciably low pKb (-1.61) and unencumbered amine site. Similar relationships can be made by comparing pyridine 

derivatives. Compared to Pyr, DMAn is much bulkier, specifically hindered by the nitro-methyl groups and 

consequently did not initiate until 6 °C higher than the Pyr analog. Appropriately, DMAP exhibited a lower initiation 

temperature than DMAn, owed to the unencumbered active site as well as the appreciably lower pKb (3.39 vs. 8.90). 

Within this study TMPDA exhibited the lowest onset temperature that can be attributed to 2 equivalent and basic 

nitrogen active sites that circumvent expected steric limitations inherent to the dimethyl groups. This observation 

highlights not only the importance of basicity on curing initiation, but also the quantity of the active sites within the 

catalyst structure which play a pivotal role in catalyst efficiency.  

 

The DSC experiments provided insight into the thermodynamic consequences of catalyst choice, but the 3-

dimensional PECAN network will also be subject to kinetic limitations that, too, could be artifacts of catalyst identity. 

Therefore, rheological and additional thermal studies were conducted to understand the efficacy of the monomers to 

solidify and complete polymerization of the network which can inform crucial processing parameters for industry 

relevance. Specifically, an oscillatory (1% strain, 10 rad/s), isothermal (80 °C) rheological experiment was performed 

on all PECAN formulations to determine the gelation (gel) point which was determined as the crossover point of the 

storage and loss modulus. The reaction temperature was methodically chosen as it is industrially relevant and below 

the thermal barrier to polymerization of all tested mixtures. In tandem to these experiments, the PECAN mixtures 
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were cured isothermally at 80 °C within a DSC to thermally evaluate the completion of the reaction; quantified here 

as the reaction endset, or the time when the exotherm begins to drastically reduce. Both gel point (solid fill) and 

endset (semitransparent, dashed border) are depicted in Figure 2D in color coordinated fashion.  

 

Most of these polymerization metrics follow similar trends to the onset temperature calculations (Figure 2C) which 

can be attributed to the explanations above for the role of the nucleophilic catalyst. However, TEA surprisingly 

exhibits the longest endset temperature (247 minutes) despite having a similar gel point to its propylated derivative 

(79 minutes). This observation is attributed to the volatility of TEA (Tboiling=89 °C) where the catalyst could volatilize 

over the course of the slow reaction resulting in diminished curing efficiency. Within the amidine series, the curing 

efficacy of DBU is thwarted by the bulky nature of the molecule (Vm = 150 cm3/mol) resulting in an extended thermal 

and rheological curing profile compared to the other amidine derivates as well as the trends observed for onsetting 

temperature. As evident from the curing profile of TMPDA (Vm = 166 cm3/mol), the employ of multiple, equivalent 

nitrogen active sites can circumvent this artifact as TMPDA completes the cure well before DBU (103 min. vs. 171 

min.). Taken together, we assert that tertiary amines follow expected characteristics of a nucleophile in the 

polymerization of epoxy-anhydride systems but exhibit diffusion limitation effects in a thermosetting network.  

 

PECAN Transesterification. After elucidating structure property relationships for the role of the catalyst in 

polymerization of a PECAN system, we sought to determine the efficacy of the now internal amine catalyst in 

transesterification (Figure 3A). To these ends, PECAN resin mixtures were cast into desired geometries and cured 

isothermally at 80 °C for 5 hours and then post-cured at 180 °C for 1 hour, to ensure the reaction of all functional 

groups. Stress relaxation experiments within a dynamic mechanical analyzer (DMA) were used to quantify the 

transesterification of cured PECAN resins. Within these experiments, the PECAN resins are loaded in a single 

cantilever geometry and heated to 200 °C at which point a 0.25% strain is applied and modulus is measured. Over a 

5-hour experiment, the bond exchange will enable the network to reconfigure into this strained environment, 

exemplified in a reduction of modulus. The modulus is normalized to time zero and reported in Figure 3B.  

 
Figure 3. Catalyzed covalent adaptable network rearrangement. A. Abbreviated reaction scheme for internal transesterification (left) and 

depiction of methanolysis products (right). B. Overlay of DMA stress relaxation experiments (200 °C, 0.25% strain, 5 hour) performed on 

cured PECAN resin bars. The full relaxation profiles are given in Figure S8. C. Bar charts depicting normalized mass loss (depicted as 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 8 

deconstruction) after 130 °C methanolysis experiments (36 hours, 5mL methanol/g PECAN). The dotted bar represents the deconstruction of 

a PECAN thermoset disk without an internal catalyst. The deconstruction data is also presented in Table S3. 

 

Within a highly crosslinked PECAN network, the efficacy of the bound catalyst is expected to be severely diminished 

because of the reductions in diffusion potential. This hypothesis is supported where the larger, bulkier aliphatics of 

TEA, TPA, and TBA exhibited reduced relaxation efficiencies compared to MPip. Within the R6 aromatic series, 

PECAN with DMAP exhibited the fastest relaxation which is counter-intuitive to this theory and merits future 

research. However, the other thermosets cured with R6 aromatics showed expected relaxation profiles based on their 

molar volume where Pyr (Vm = 81 cm3/mol) exhibited 82% relaxation, DMAn (Vm = 127 cm3/mol) exhibited 90% 

relaxation, and TMPDA (Vm = 166 cm3/mol) showed 94% relaxation over 300 minutes.  Overall, the amidines, and 

especially the imidazoles, exhibited the fastest relaxation of the tested catalyst sub-sets which is likely attributed to 

the reduced size of the imidazole family having a better propensity to diffuse into the network. Specifically, Imidazole 

showed 75% relaxation over 45 minutes. Within this subset, DBU (Vm = 150 cm3/mol) still showed accelerated 

relaxation compared to other catalysts with similar volume. Overall, the catalyst used for curing the PECAN polymer 

was found to also assist in bond exchange. 

 

Finally, the ability of the internal amine catalysts to aid in external transesterification with methanol (methanolysis) 

was explored. Cured PECAN disks (12mm diameter, 7mm thick) were polymerized with alternative catalysts as 

described above and subsequently added to methanol (5mL/g) into a high-pressure glass vial at 130 °C for 36 hours 

without external catalyst. From previous work, the PECAN deconstruction can take place without external catalyst 

within 6 hours at 225 °C, therefore this reaction temperature was chosen to elicit variable deconstruction behavior 

allowing for the quantification of trends. The mass loss (% deconstruction) was then calculated with results presented 

in Figure 3C. In all cases, the catalyzed PECAN thermosets deconstructed to a greater extent than the uncatalyzed 

analog which emphasized the beneficial role of the nitrogen moiety in this reaction. Clear trends are observed from 

the aliphatic series, particularly among the linear alkanes where the smaller TEA catalyst has greater efficiency in the 

deconstruction than the TPA and TBA analogs (4.42% vs. 3.86% vs. 2.94%). Corroborating the stress relaxation 

experiments, Imid was the most efficient deconstruction catalyst (9.8%) owing to the small size and labile nitrogen 

positioning. Surprisingly, PECAN polymer cured with 24EMI exhibited the least amount of deconstruction in this 

experiment, contrasting the observed stress relaxation profile. This anomaly could be attributed to the ethyl group 

alpha to both nitrogens disrupting coordination but requires further investigation. Unfortunately, the deconstruction 

of the R6 aromatic set exhibited a tight variance (s2=0.22%) and meaningful conclusions could not be made. To 

garner a more differentiable difference in deconstruction efficacy, a secondary experiment was conducted from a 

method previously reported by Wang et al.15 Specifically, select alternatively catalyzed PECAN thermosets from 

each subgroup were subjected to methanol (10mL/g) within standard 20mL scintillation vials at 65 °C for 48 hours. 

In this case, 5wt% (relative to PECAN mass) of potassium carbonate catalyst was used to accelerate deconstruction. 

The results of this experiment are depicted in Figure S9. The same trends, albeit on a larger scale (>8x higher 

deconstruction efficacy), are observed in this deconstruction experiment (Method B), when compared to the above 

experiment (Method A). Importantly, all thermosets deconstructed more than the uncatalyzed counterpart. PECAN 

thermosets cured with TEA deconstructed more than the aliphatic analog MPip (42% vs. 26%) and those cured with 

1MI deconstructed to a greater extent than 24EMI (46% vs. 27%), corroborating the above observations and 

interpretations from Figure 3C. Again, the R6 aromatic amine catalysts were not found to exhibit significantly 

different deconstruction efficacy. Overall, the electronics and more importantly, the structure of the catalyst used to 

cure the PECAN resin also offers the ability to catalyze dynamic exchange mechanisms after crosslinking.  

 

Discussion.  

Epoxy-amine systems belong to the most commercially available thermosetting polymer systems available and 

consequently have been studied for decades.21 The reaction mechanism for the thermosetting systems, as well as 

thermoplastic analogs, have been well documented and are ubiquitously agreed to proceed via autocatalytic, step-

growth mechanisms, to which our studied model is in agreement with.22-24 Despite research spanning more than 60 

years, the exact mechanism that dictates the polymerization of epoxy-anhydride systems have not been concretely 

defined. For example, the initiation of these systems has been reported to begin via nucleophilic addition to the 
oxirane ring, however some reports also show coordination to the anhydride monomer that begins the polymerization. 

There are even some reports that justify a complex coordination mechanism through hydroxyl activation and eventual 

ring opening polymerization.11, 14, 25-29  
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To bolster the industrial relevance of E-Anh thermosets, particularly PECAN thermosets, this work targets a 

fundamental understanding of the role of the catalyst, not only in ROCOP, but also in the development of a 3-

dimensional thermosetting system. To the former point, a model E-Anh reaction, when catalyzed by a tertiary amine 

moiety (MPip in this study) was found to polymerize in a manner consistent with a chain growth mechanism, 

contrasting the step growth polymerization of an E-Ami polymer. These observations corroborate the fundamental 

understanding of the catalyst’s role in the polymerization, although the exact mechanism of the tertiary amines 

catalyst prompts further research. Within a thermosetting, PECAN system the studied catalysts exhibited onsets of 

polymerizations within a 20 °C range (83-103 °C), gel points within a 50-minute range (40-93 minutes), and cure 

completions (via thermal endset) within a 153-minute range (95 – 247 minutes) range. All of these experiments were 

performed at only a 0.02 or ~1wt% loading of catalyst, highlighting the importance of the catalyst in PECAN systems. 

While these loadings were chosen for industrial relevance, they still require large processing inputs (Tcure ≥ 80 °C, 

timecure >90 minutes) which can limit their application space to low volume manufacturing. However, a report by 

Rocks et al. utilized nitro glycidyl ether and anhydride moieties to increase the nitrogen loading (stoichiometric) and 

consequently observed reaction onset temperatures < 40 °C, validating the efficacy of the nitrogen content.30 

 

In stark contrast to E-Ami thermosets, E-Anh systems can leverage labile ester bonds to enable reprocessing or 

chemical recycling. Within this report, PECAN resins cured with alternative catalysts show varied stress relaxation 

responses and deconstruction efficiencies. To that end, it was found that Imid was the most effective catalyst in both 

processes which is owed to its exuberantly low molar volume (Vm = 66 cm3/mol) that affords better diffusion in a 

densely crosslinked network. However, within this studied system, we acknowledge that >60 minutes for 75% stress 

reduction is not conducive to thermal processing techniques like extrusion, compression molding, and thermal 

stamping. Aligned with other observations, increasing the nitrogen content can illicit faster transesterification. 

Specifically, stoichiometric diamines have been showed to easily react with glycidyl esters generating polyester 

covalent adaptable networks with stoichiometric nitrogen quantities that, consequently, exhibit melt-like 

processing.31  Almost all reports on PECAN deconstruction techniques leverage external catalyst to increase the 

efficacy of the deconstruction, however the role of the amine catalyst used for curing has seldom been reported as 

also being responsible transesterification (via stress relaxation), with known reports showing only the effect of 

concentration instead of composition.13 Therefore, these experiments offer a pivotal platform for future research in 

recyclable by design thermosets where catalyst designed for curing can also be designed for facile deconstruction or 

reprocessing.  

 

Conclusion.  

Within this work, we utilized 1H NMR experiments on model E-Ami and A-Anh systems to compare and contrast 

the different reaction pathways of the epoxy ROCOP with different reactive catalysts, noting the E-Ami system 

prescribes to a conventional step-growth polymerization while the E-Anh system classifies more to a chain-growth 

mechanism. Furthermore, the E-Anh polymerization is dependent on the amine-based catalyst concentration and 

identity. To further this understanding, a total of 12 amine-based catalysts were studied in the thermosetting 

polymerization of a PECAN thermoset. After quantification of the catalysts’ nucleophilic characteristics, the efficacy 

was determined to follow, for the most part, expected trends in polymerization with some discrepancies noted from 

molar volume and catalyst volatility. Finally, the same, now internal, catalyst was discovered to play a crucial role in 

the covalent adaptable nature of the system. However, the expected nucleophilic role of the catalyst was complicated 

by other factors not explicitly studied, but are grounds for further, more comprehensive studies.   
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Materials and Methods.  

Materials. MHHPA was purchased from Broadview Chemicals. The sorbitol polyglycidyl ether (epoxide equivalent 

weight – EEW: 179 g/eq) and BDODGE (EEW: 126.4 g/eq) used in the PECAN formulation were purchased from 

Huntsman. The BDODGE used for the NMR E-Ami model system was purchased from Sigma Aldrich. 24EMI, 1MI, 

Imid, DBU, TMPDA, Pyr, DMAn, TEA, TPA, and aniline were also purchased from Sigma Aldrich. d8-toluene was 

purchased from Cambridge Isotope Laboratory. MPip was purchased from Thermo Scientific. Methanol was 

purchased from Fisher Chemical. PGE was purchased from AABlocks. TBA and DMAP were purchased from TCI 

Chemicals. All chemicals were used as received.  

 

Resin Synthesis. Neat polymer samples were prepared by mixing 0.3 mol eq. of SPGE (17.3 wt%), 0.7 mol eq. 

BDOGE (28.5 wt%), and 1.0 mol eq. MHHPA (54.2 wt%) at ~20 g scales in plastic polypropylene cups. To this 

mixture, 0.02 mol of tested catalyst was then added volumetrically (for liquid catalysts) or gravimetrically (for solid 

catalysts) and the mixture was hand mixed for 2 minutes and then speed mixed at 1000 rotations per minute for 10 

seconds and 2000 rotations per minute for 2 minutes. Subsequently, the resin was cast into Teflon molds with a pre-

designated geometry [rectangular DMA bars (12mm wide x 60mm long x 2mm thick) or resin disks]. Finally, the 

PECAN resin was cured in an oven at 80 °C for 5 hours and 180 ⁰C for 1 hour. Uncatalyzed resin samples were cured 

at 180 °C for 5 hours.  

 

Catalyzed Resin Deconstruction. PECAN resin disks (12mm diameter × 7mm thickness) were fabricated by the above 

curing protocol utilizing each amine catalyst individually. Pre-weighed, cured and post-cured cubes were placed in a 

sealed microwave vial with a solution of methanol (5 mL/g of resin) and heated to 130°C, under stirring for 8 hours, 

cooled to room temperature overnight, and then continued heating for 28 hours. After reaction, the remaining resin 

was collected by filtration, dried overnight in a vacuum oven (40 °C), and the final mass was recorded. 

 

% Deconstruction = 
(𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑃𝐸𝐶𝐴𝑁 𝑚𝑎𝑠𝑠)

(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑃𝐸𝐶𝐴𝑁 𝑚𝑎𝑠𝑠)
  X 100 

 

Density functional theory (DFT) calculations for pKb. All calculations were performed with Gaussian 16.32 DFT 

calculations for determining pKb values utilized the CAM-B3LYP functional due to its consolidated reliability in 

computing pKb and pKa.
17, 18, 20 Solvation model based on density (SMD) was demonstrated as a reliable model in 

mimicking water as solvent, especially in combination with CAM-B3LYP.20 6-311 G+(d, p) was selected as basis set 

for its reliability in describing the geometry of small organic compounds and hydrogen bonds.33, 34 Initial geometries 

were constructed with the goal of achieving a water position as close as possible to ones in solution. Based on previous 

work unveiling the most stable configuration of water molecules in acid and basic environments,35 three-water 

molecules were initially placed at the reaction center of the neutral (amine) and protonated (ammonium) species,35 as 

demonstrated in Figure S6 for triethylamine (TEA); initial geometries for the other catalyst molecules were built 

starting from either optimized TEA or piperidine configurations. pKb values were calculated using a refined version 

of a novel computational method17-19 that demonstrated high accuracy in predicting the pKb of primary amines.20 This 

method does not use de facto corrections but it is able to accurately predict pKb with low computational cost, utilizing 

only two explicit water molecules at the reaction center.20 This method involves calculation of the energy difference 

between the protonated and neutral forms of each catalyst molecule for incorporation into the ionogenic equation pKb 

= ΔEdeprotonation/2.302*RT + 15.74. According with referenced literature,20 a preliminary computation of the pKb for 

the 12 PECAN catalysts in water at 25°C was performed. We found that the errors with the tertiary amines utilized 

in the present study gave larger mean absolute errors than the primary amines and anilines reported previously. We 

thus adjusted the methodology to include three explicit water molecules within the reaction. Further details will be 

presented in a follow-up paper.  

 

In Situ Nuclear Magnetic Resonance Spectroscopy. 1H NMR kinetics measurements were performed in-situ on a 600 

MHz Bruker AV4 NEO NMR spectrometer equipped with a 5 mm BBFO iProbe. Samples were prepared and tightly 

sealed J-Young NMR tube at room temperature and inserted into the magnet. After room-temperature data were 

collected, the sample was heated to 80 °C to initiate the polymerization reaction using the default Bruker variable 

temperature controller (80 °C Nitrogen at 525 L/h flow rate). After reaching target temperature, samples were quickly 

removed from the magnet, inverted a few times to achieve complete mixing and sample homogeneity, then re-

inserted, and a n NMR time series was then executed in Automation in IconNMR including 1H, 13C and 2D 1H/13C 
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HSQC experiments. Since samples were prepared at high (10 M) concentration, each 1H NMR spectrum was obtained 

with a short tip angle of 2 degrees to prevent detector saturation. Acquisition parameters were as follows: for 1H 

NMR, 16 scan averages and 4 dummy scans per timepoint, 25 ppm spectral width, 2.2 second acquisition time, and 

2.5 second recycle delay (1.5 minutes per spectrum), all with a 2 degree tip angle. 13C spectra were obtained with the 

zgpg30 Bruker pulse sequence using 128 scan averages (6 minutes per spectrum), and HSQC data with the 

hsqcedetgpsp.3 pulse sequence, 2 scan averages, 256 complex points, and 50% Non Uniform Sampling (10 minutes 

per spectrum). Further, IconNMR was programmed to throttle on / off sample rotation (20 Hz rotation) during 5 or 

10 minute gaps before each 1H NMR experiments to aid sample mixing throughout the in-situ reaction. Each 

individual spectra were processed using MestreNova version 15, and kinetics were monitored by tracking assigned 

and resolved 1H spectral integrals over time, starting from the first 1H NMR after sample inversion and re-insertion. 

 

Dynamic Scanning Calorimetry (DSC). A Discovery X3 (TA Instruments) DSC was used for dynamic and isothermal 

measurements. 10 ± 2mg of mixed PECAN resin (with or without catalyst) was added to a high volume, o-ring sealed 

DSC pan. For dynamic curing experiments, the DSC pan was heated at 2 °C/min from 0 °C to 200 °C. For isothermal 

experiments, the uncured PECAN resin (with or without catalyst) was equilibrated at 80 °C before being isothermally 

cured at that temperature for 300 minutes. The thermal endset was determined by intersecting tangent lines from the 

diminishing exotherm and the end of the test.  

 

Dynamic Mechanical Analysis (DMA). A Discovery DMA 850 (TA instruments) was for stress relaxation 

experiments. Rectangular bars were fabricated as described above and loaded into the instrument in a single cantilever 

geometry. The DMA furnace was then heated to 200 °C and 0.25% strain was applied for 5 hours and the modulus 

was recorded. The relaxation modulus was then normalized to the initial modulus and reported as the Relaxation 

Modulus (E0/E).  

 

Oscillatory rheology. A hybrid rheometer – HR20 (TA Instruments) was used for quantification of the gel points for 

each amine catalyzed PECAN system. Within these tests, ~0.5g of uncured PECAN mixtures were loaded onto 25 

mm aluminum disposable plates at room temperature. The plates were then brought together to the trim gap of 1050 

μm where excess resin was wiped from the perimeter of the plates. The plates were then closed to the testing gap of 

1000 μm before the oscillatory experiment was performed. Within the oscillatory experiment, the plates oscillated at 

1% strain and 10 rad/s while being heated at 5 °C/min to 80 °C. At his isothermal temperature, the reaction continued 

until the storage and loss modulus crossover event was observed.  

 

Supplementary Information (SI).  

An SI PDF is provided containing Figures S1-S9, Tables S1-S3, and applicable references. 

 

Data Availability. 

All data to reach the necessary conclusions are presented in the main text and SI. Upon reasonable request, the 

authors will provide additional data. 
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