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Abstract 

Materials made from covalently crosslinked polymer networks are ubiquitous in everyday life but 

are difficult to process at the end of their life cycle. Materials designed with sustainability in mind 

will play a critical role in reducing the detrimental effects of plastic waste build-up. Functionalized 

triazines such as 1,3,5-triazine-2,4,6-triamine (melamine), hexamethylol melamine (HMM), and 

hexa(methoxymethyl)melamine (HMMM) are key components of robust thermosets, adhesives, 

and coatings. We combine HMM and HMMM with an alkoxysilane to produce transparent 

thermosets with remarkable glass adhesion. The dynamicity of silyl ether bonds in the network 

makes the materials susceptible to methanolysis, enabling the recovery of HMMM and the 

substrate. A combination of solution- and solid-phase techniques are used to elucidate both 

gelation and degradation pathways.   
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1. Introduction 

Thermoset materials are valued for their durability in a broad range of applications. The 

permanent crosslinks holding these polymer systems together create networks resistant to physical 

or chemical changes. These materials are used as coatings, adhesives, composites, and standalone 

resins with a growing global production exceeding 50 million tons.1,2 Triazine-based crosslinkers 

such as melamine (Figure 1a) are frequently used for rigid, thermally stable products thanks to the 

aromatic core.3–5 Melamine has been used in crosslinked polyureas, dinnerware, wood binders, and 

substrate coatings.6–10 When heated, or in sufficiently acidic or alkaline environments, the 

combination of melamine and formaldehyde forms a network of ether and methylene linkages.11 

Hexamethylol melamine (HMM) has been noted as an important intermediate in the formation of 

these networks12 and many additional alkoxy derivatives, such as hexa(methoxymethyl)melamine 

(HMMM), can be readily derived from HMM.13 These triazines are used as crosslinkers and are 

common additives to enhance the flame retardancy of various polymers.14–18  

The permanent covalent bonds between polymer strands that endow thermosets with robust 

physical and chemical properties also make these networks difficult to recycle or degrade. 

However, when the permanent crosslinks are replaced with dynamic bonds, molecular 

rearrangement can occur with appropriate thermal or chemical stimuli.19 Silyl ether dynamic bonds 

are attractive for the degradation and recycling of polymers due to their ease of incorporation and 

tunability.20–22 While observations of bond exchange in polydimethylsiloxane (PDMS) date back 

to the 1950s,23,24 recent work has expanded the possibilities for silyl ether materials using both 

exchange and metathesis pathways, which can be internally or externally catalyzed (Figure 1b).25–

27 We hypothesized that alkoxysilanes could be combined with the free hydroxy groups in HMM 

to afford dynamic triazine networks that are more sustainable than existing resins (Figure 1c). 
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Figure 1. (a) Triazines commonly used in thermoset materials. (b) Mechanisms of bond exchange 

in silyl ethers. (c) Components of our network with a representative sample overlaid on the 

proposed network structure. 

The combination of triazine materials and alkoxysilanes has been reported in niche applications, 

including non-linear optics, but there has been no exploration of bond exchange within these 

materials.28–30 In fact, reprocessable materials based on triazine compounds are largely unexplored. 

The only examples of reprocessable and degradable melamine materials are recent publications by 

Urdl and coworkers using the Diels-Alder reaction31–33 and by Zhang and coworkers using 

nucleophilic aromatic substitution.34 Here, we describe the preparation of triazine-containing silyl 

ether networks and their applications as degradable adhesives and coatings. 

2. Experimental 

2.1 Materials 
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Reagents and solvents were purchased from TCI, MilliporeSigma, Acros, Fisher Scientific, and 

Cambridge Isotope Laboratories and used without further purification. Deionized water was used 

exclusively in preparation and workups. 1,4-Bis(trimethoxysilylethyl)benzene (BTMSEB) was 

purchased from Gelest. pH was estimated using FishebrandTM plastic pH strips with a pH range of 

0–14. Glass slides were provided by McMaster-Carr (1 x 3 x 0.125 in.) or by Fisher Scientific (25 

x 75 x 1 mm). Additional details can be found in the Supporting Information (SI). 

2.2 Preparation of HMM 

1,3,5-triazine-2,4,6-triamine (5.00 g, 39.6 mmol) was suspended in 10 mL of water in a 100 mL 

round-bottom flask equipped with a stir bar. While heating to 65 °C in an oil bath, a formaldehyde 

solution was prepared by slowly adding 1M NaOH to 37 wt.% formaldehyde in water (7 eq., 20.7 

mL, 278 mmol) until the pH reached 9. The formaldehyde solution was added dropwise while 

stirring, the reaction was held at 65 °C for 2 hours, then removed from the heat and cooled for 1 

hour. The resulting white slurry was vacuum filtered and rinsed with 500 mL of cold water and 

dried. Additional preparations and characterization are provided in the SI. 

2.3 Preparation of networks 

HMM-net samples were prepared using a 0.65 M solution of HMM dispersed in tetrahydrofuran 

(THF) with 10 mol% p-toluenesulfonic acid monohydrate (PTSA) and 2 equivalents of BTMSEB. 

After everything was well combined, the mixture was heated to 50 °C with constant stirring until 

the solution began to clear after 10 minutes. Solutions were degassed before transferring to molds 

or glass slides. 

HMMM-net samples were prepared using a 1.6 M solution of HMMM dissolved in THF. This 

was diluted with 33 vol.% water containing 10 mol% PTSA followed by the addition of 2 
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equivalents of BTMSEB. The solution was mixed vigorously for 30 seconds, degassed, and 

transferred to molds or glass slides. 

For films, the molds were held under reduced pressure at 23 °C until gelation occurred and the 

materials were no longer tacky (16 hours for HMM-net and 10 minutes for HMMM-net). Any 

desired trimming was performed at this point when the materials were still flexible. This was 

followed by a final cure in a vacuum oven at 90 °C for 2 hours to produce clear, brittle films. 

Adhesive samples were prepared by transferring 50 μL of the degassed liquid to a 1 x 1 in. area 

of a glass slide precleaned with acetone. Samples were immediately clamped and cured at 90 °C 

for 2 hours under reduced pressure. Commercial adhesive samples were prepared according to the 

manufacturer’s label. Additional details regarding sample preparation are located in the SI. 

2.4 Adhesion testing 

Glass slides were secured in an MTS Criterion universal test system with a 100 kN load cell 

using offset manual vise grips 0.5 inches from the sample area. The upper grip was moved at a rate 

of 0.6 mm/s until failure and the type of failure was recorded. The maximum force was used to 

determine the shear strength of the adhesive. Full procedures and results can be found in the SI. 

Degradation of networks 

Pieces of HMM-net (50-100 mg) were placed in a pressure vessel and submerged in 10 mL of 

methanol. The sealed vessel was brought to 90 °C in an oil bath and held at temperature for 

between 30 minutes and 6 days. The contents of the vessel were vacuum filtered and washed with 

10 mL of methanol. The methanol fraction was collected and concentrated under reduced pressure, 

then both the sol fraction and gel fraction were dried overnight. Additional procedures can be 

found in the SI. 

2.5 Instrumentation 
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Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra were measured on 

Bruker AVANCE-500 spectrometers at 500 MHz and 125 MHz, respectively, and referenced to 

the residual solvent peak. A Bruker AVANCE HD Nanobay with BBFO probe was used to collect 

1H NMR spectra at 400 MHz and automated intervals for reaction monitoring. Infrared 

spectroscopy (IR) was performed at room temperature on a Bruker Tensor 37 FTIR Spectrometer. 

Transmittance of the coatings on Fisher Scientific microscope slides was measured on a Perkin 

Elmer LAMBDA 1050 UV/Vis/NIR double beam spectrophotometer. Small-amplitude oscillatory 

shear (SAOS) experiments were performed on a TA Instruments DHR-30 rheometer with a 25 mm 

diameter parallel plate geometry. Single lap shear adhesion tests were performed on an MTS 

Criterion universal test system. Thermogravimetric analysis (TGA) was performed under nitrogen 

on a TA TGA5500 instrument at a ramp rate of 10 °C/min. Differential scanning calorimetry 

(DSC) was performed under nitrogen on a TA Instruments DSC-250 at a ramp rate of 5 °C/min. 

X-Ray photoelectron spectroscopy (XPS) was performed on a ThermoFisher Scientific NEXSA 

G2 spectrometer. Further specifications and details regarding sample preparation can be found in 

the SI. 

3. Results and Discussion 

3.1 Monomer Selection and Reactivity 

3.1.1 Network Formation 

By controlling the temperature and acidity of the reaction between melamine and formaldehyde, 

HMM can be isolated without further conversion to a crosslinked network.11 Based on previous 

reports using silyl ethers in dynamic networks,25,26 we hypothesized that HMM could serve as a 

polyol to condense with a multifunctional silyl ether. We selected commercially available 1,4-

bis(trimethoxysilylethyl)benzene (BTMSEB, Figure 2a) as the alkoxysilane crosslinker, predicting 
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that the aromatic core would help maintain the desirable properties of melamine-formaldehyde 

resins.  

 

Figure 2. (a) Synthetic scheme starting from melamine, showing the formation of HMM-net as a 

clear, free-standing network. (b) Gel fractions of HMM-net recorded after soaking in various 

solvents for 72 hours at 23 ºC. (c) FTIR of the reaction stages with peaks consumed during the 

reaction highlighted in blue and dashed lines indicating the peaks from the starting materials that 

can be identified in the final network. 

To minimize self-condensation35,36 and promote silyl ether formation between HMM and 

BTMSEB, we attempted to combine the reagents in tetrahydrofuran (THF) without a catalyst. 

However, gelation did not occur and HMM remained insoluble. Para-toluenesulfonic acid (PTSA) 
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was thus selected as an acid catalyst to promote condensation based on prior uses with melamine 

and alkoxysilanes.30 While HMM is insoluble in THF, adding acid catalyst caused the cloudy 

solution to turn clear as HMM reacted with the BTMSEB, corresponding with a sharp increase in 

viscosity followed by gelation. As a control, HMM was combined with PTSA in THF at 23 °C 

and did not produce a gel. Likewise, BTMSEB in a THF/PTSA solution remained a stable liquid 

for over a week, showing that neither component forms a network alone (see SI). 

The clear HMM/BTMSEB solutions were transferred to molds, cured under reduced pressure to 

remove excess solvent, and annealed at 90 °C to produce a clear, brittle film. Gel fractions in 

various solvents were consistently greater than 95%, demonstrating a high degree of crosslinking 

and solvent resistance (Figure 2b). Fourier transform infrared (FTIR) spectroscopic analysis of the 

film showed near complete consumption of hydroxy groups from HMM (3233 cm-1) and the sharp 

methoxy peak of BTMSEB (2839 cm-1). Notably, the networks still exhibited peaks associated 

with the triazine (1553 cm-1), Si–O (1075 cm-1), and benzene C–H (794 cm-1) indicating that all 

starting materials were incorporated into the system as expected (Figure 2c).37,38 

3.1.2 Mechanism of Condensation 

We next evaluated gelation with several common Lewis and Brønsted acid catalysts. Two Lewis 

acid catalysts, zinc (II) triflate and scandium (III) triflate (Zn(OTf)2 and Sc(OTf)3, respectively), 

and a Brønsted acid catalyst, camphorsulfonic acid (CSA), were selected for comparison to PTSA 

based on previous reports.26 Solutions of HMM in DMSO-d6 (0.05 M) were prepared with dimethyl 

sulfone as an internal standard. After 10 mol% of the acid was thoroughly incorporated, 2 

equivalents of BTMSEB relative to HMM were added. NMR spectra were collected every minute 

for 30 minutes at various temperatures (Figures S8-14). The most striking change was the rapid 

production of methanol (MeOH) at 3.17 ppm, which was used to track the progress and efficiency 
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of the reaction. The formation of methanol was closely associated with changes in the peaks from 

BTMSEB, mainly the peak corresponding to the methoxy group of the alkoxysilane. This peak 

(3.46 ppm) rapidly disappears as the methanol concentration increases (Figure 3a). Different 

degrees of OH substitution of the Si center caused distinct shifts in the methylene peaks nearest 

the silicon atom of BTMSEB as the alkoxysilane is hydrolyzed to form silanol. The other 

BTMSEB peaks could not be deconvoluted, but the aromatic region maintained a constant 

concentration relative to the internal standard indicating that both alkoxysilane and silanol 

remained in solution. The methylene peak at 5.01 ppm corresponding to HMM showed some 

broadening and a slight decrease in concentration. This decrease could be attributed to 

oligomerization of HMM that would affect solubility. We were able to assign the broadening of 

the peak to the formation of HMMM, which has a methylene peak that overlaps with HMM. The 

presence of HMMM suggests that free methanol from the hydrolysis of BTMSEB can replace the 

hydroxy of HMM. Consumption of methanol through this pathway could explain why the final 

concentration of methanol does not match the amount expected from full BTMSEB hydrolysis. 

The hydrolysis of BTMSEB proceeded quickly in all cases, plateauing in under 30 minutes at 50 

°C for all catalysts except Zn(OTf)2 (Figure 3b). Only Sc(OTf)3 performed similarly to PTSA, but 

given the lower cost of the Brønsted acid, PTSA is the preferred catalyst for applications of these 

materials. 
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Figure 3. (a) Change in concentration of starting materials based on NMR during BTMSEB 

hydrolysis with Sc(OTf)3 at 25 °C. (b) Methanol evolution for various catalysts at 50 °C. (c) The 
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time to gelation, based on crossover point by SAOS, and time to BTMSEB hydrolysis, based on 

MeOH formation reaching a plateau, at different temperatures. 

While designing our network, we initially hypothesized that the hydroxyl group of HMM would 

act as a nucleophile, attacking the BTMSEB silicon and releasing methanol (Scheme 1a). While 

the methanol evolution observed by NMR results seemed to corroborate this hypothesis, we could 

only gain insight into soluble (non-network) species using this method. Therefore, we used small-

amplitude oscillatory shear (SAOS) rheology measurements to track the critical gel point, the 

crossover point between the storage and loss moduli, over time (Figure S16). These rheological 

experiments showed gelation occurred on a much longer timescale than MeOH generation, even 

though the rheological experiments were performed at higher concentration (0.22 M). For 

example, when using Sc(OTf)3 as the catalyst, hydrolysis of BTMSEB was complete within 5 

minutes at 25 °C by NMR, but the gel point only occurred after nearly 3.5 hours (Figure 3c). 

Increasing temperature sped up the gelation, but it still lagged significantly behind hydrolysis of 

BTMSEB. The fact that the system remains a liquid until high conversion of starting material is 

consistent with a step-growth mechanism. Nevertheless, we considered alternative mechanisms 

for network formation that could account for our observations.  

Scheme 1. (a) The originally hypothesized mechanism with HMM acting as the nucleophile and 

(b) the updated hypothesis involving the formation of an iminium ion and silanol.  
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Since we observed the formation of HMMM in the NMR experiments, we evaluated its viability 

as an intermediate by making films from HMMM and BTMSEB. Gratifyingly, films could be 

formed using the same alkoxysilane and catalyst, but additional water was required for complete 

conversion. When HMMM was directly substituted for HMM in our formulations, no gelation was 

observed in a sealed reaction vessel. However, leaving the vessels uncapped showed at least partial 

gelation, suggesting adventitious water from the air is required. We then adjusted the formulation 

with HMMM to include water (33 v/v%) and achieved rapid gelation even in sealed containers. In 

fact, the gelation of HMMM in the presence of water occurred faster than the gelation of HMM 

under standard conditions. Despite these differences, the networks appeared chemically similar by 

FTIR, so both formulations were adopted for sample production (Figure S1). 

We hypothesize that network formation in fact occurs via silanol attack on iminium derived from 

HMM or HMMM (Scheme 1b). Using HMM as the starting material, acid-catalyzed dehydration 

produces the electrophile and generates water. The water rapidly hydrolyzes BTMSEB, resulting 



 13 

in the formation of MeOH observed by 1H NMR and a proposed silanol intermediate. The iminium 

either reacts with MeOH, which can ultimately produce HMMM, or with silanol, which generates 

the silyl ether network. Consistent with this hypothesis, in the absence of water, HMMM, 

BTMSEB, and PTSA undergo no reaction up to 115 ºC (Figure S15). When 75 μL of water (30 

vol.%) is added, BTMSEB is consumed and methanol is produced at 25 °C. Thus, HMMM is not 

a direct intermediate in the formation of our networks, but rather the product of a reversible side 

reaction of HMM with methanol.  

To provide computational support for the proposed mechanism, we calculated DFT-derived 

Fukui functions of proposed reactants to determine their potential reactive sites  (Figure S17).39,40 

Fukui functions are local reactivity descriptors that emerge from conceptual DFT. Specifically, the 

nucleophilic susceptible regions of the hydrolyzed BTMSEB, HMM, and dehydrated HMM 

(iminium) were determined by subtracting the electron density of the related anion from the neutral 

one. Similarly, the electrophilic sites were characterized by subtracting the electron density of the 

neutral system from that of the cation. The differences in electron density showed the electrophilic 

region of silanol is centered on the benzene ring, which is unlikely to be a reactive site, but reveals 

a significant nucleophilic region in the silanol groups of the hydrolyzed BTMSEB. Although 

HMM is thermodynamically stable, removing water to form an iminium ion provides a good 

electrophile. Therefore, we propose that ethers most likely form through attack of the silanol 

nucleophiles on the HMM-derived iminium electrophiles. 

3.2 Adhesive Properties 

Since silanol is a proposed intermediate in the formation of our networks, we explored our 

materials as adhesives for glass. We hypothesized that our network could chemically crosslink 

with free silanol on the glass surface, enabling strong adhesion. Solutions of HMM or HMMM, 
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BTMSEB, and PTSA in THF were applied to overlapping 1/8-inch-thick glass slides and cured at 

90 °C for 2 h with clamping to produce samples for single lap shear analysis. The formulation 

based on HMM was applied as soon as it became homogeneous, whereas the HMMM formulation 

included 30 vol.% water and was used immediately after mixing. Force was applied parallel to the 

slide alignment and the cured slides were pulled apart until either adhesive or substrate failure.  

Both HMM and HMMM-based networks (HMM-net and HMMM-net) were tested and 

compared to several commercial adhesives (Loctite® Glass Glue, Gorilla Glue® Clear, and Gorilla® 

Max Strength Construction Adhesive Clear) designed for use with glass (Figure 4a). HMM-net 

demonstrated the highest lap shear capacity and typically resulted in substrate failure before failure 

of the adhesive (Figure 4b). This performance was comparable to both Gorilla Glue® (GG) 

samples, which also resulted in substrate failure. HMMM-net, in contrast, was on par with the 

commercial Loctite samples but showed signs of adhesive failure to the substrate as opposed to 

cohesive failure of the sample. This difference in performance could be attributed to processing 

conditions and rates of polymerization. In the case of HMM-net, when it is applied at room 

temperature, polymerization within the sample may be slow enough to have some surface 

interaction with the glass. However, HMMM could be condensing with BTMSEB too quickly 

within the solution to form network-substrate bonds.  

In addition to being remarkably strong, smaller quantities of HMM-net were required to achieve 

adhesion compared to the commercial adhesives (Table S2). The thickness at the lap shear joint 

was recorded after curing to determine the height of the adhesive layer. HMM-net and HMMM-

net typically added negligible thickness, similar to Loctite®, whereas the Gorilla Glue® Clear and 

Max Strength samples required more adhesive, increasing the total thickness by 0.02 and 0.20 mm, 
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respectively. Minimizing the amount of adhesive material in a joint can be important in structural 

applications to reduce the weight of adhered parts and maximize space efficiency.41 

 

Figure 4. (a) Lap shear capacity as determined by single lap joint adhesion tests. Asterisks indicate 

that substrate failure was observed. (b) Example of substrate failure from HMM-net samples. (c) 
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Prepared glass slides coated with HMM-net (A) and HMMM-net (B). (d) TGA of HMM-net and 

HMMM-net plotted with the first derivative (dotted line). 

Another remarkable quality of our thermoset was its transparency. To test its potential as a glass 

coating, samples were applied as a liquid and drawn across the slide to form a thin layer. These 

samples were cured at room temperature and formed a thin, clear layer (Figure 4c). The glass slides 

were affixed to the aperture of an integrating sphere to test the transparency. We observed no 

significant difference in transmission between the coated and uncoated slides in the visible range 

(Figure S18). 

We also explored the thermal properties of our networks to establish their stability. 

Thermogravimetric analysis (TGA) of the networks showed good thermal stability with a 

decomposition temperature at 5% weight loss (Td,5%) near 200 °C for both HMM-net and HMMM-

net (Figure 4d). Even with a second thermal decomposition over 350 °C (corresponding to the 

degradation of the triazine ring), the materials maintained a char mass of over 50% even after an 

isothermal period of 10 minutes at 550 °C. This high char mass can be attributed to the stability of 

the aromatic components, which has previously been credited with fire-retardant properties. 

Differential scanning calorimetry (DSC) was used to probe the glass transition of the network 

between 25 °C and the onset of degradation at 150 °C but showed no thermal events in that range 

(Figure S2). Dynamic networks are often mechanically reprocessed if there is enough segmental 

motion. However, the glass transition temperature of our system was too high to use this method 

of reprocessing without significant degradation. 

3.3 Degradation 

3.3.1 Monomer Recovery 
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Since free alcohol groups are known to exchange with silyl ether bonds in polymer networks,25 

we predicted that exchange with an alcohol solvent could be used to recover the starting materials 

or other useful small-molecule products. We tried soaking HMM-net in a range of alcohols with 

varying sterics and polarity, from methanol to butanol and ethylene glycol. All of the alcohols 

resulted in similar or higher gel fractions at room temperature compared to methanol, which had a 

gel fraction of 98%. Since HMMM can be synthesized from HMM using excess methanol (see 

preparation in SI), we moved forward with methanol as the preferred solvent for degradation.13 

Soaking the samples at room temperature for as long as 6 days showed no significant changes in 

gel fraction, nor did the addition of more catalyst (Table S1). Performing solvolysis at increased 

temperatures lowered the gel fraction to 94% at 60 ºC for 72 hours and 70% at 90 ºC for 48 hours 

(in a pressure vessel). Degradation in 90 ºC methanol was monitored over time from 30 minutes 

to 6 days (Figure 5a). The remaining solid film was dried thoroughly and used to calculate the gel 

fraction. The methanol solution was filtered to remove any stray solids and collected as the sol 

fraction. The volatiles were then removed in vacuo and the mass of the residue was recorded as 

the sol fraction. The sol fractions were redissolved in deuterated solvent and analyzed by NMR to 

identify the products. These spectra indicated the majority soluble product was HMMM, with side 

products increasing at later timepoints (Figure S19). Surprisingly, there was no sign of 

alkoxysilane products in the sol fraction. 

The combined sol and gel fractions typically accounted for the initial sample mass. However, 

while the gel fraction began to level off after 24 hours, the total mass recovery decreased. 

Concomitantly, for dissolution beyond 1 day at 90 ºC, we observed formation of a clear film at the 

solvent level. This new solid was collected during the filtration of the sol fraction, dried, and its 

mass was measured. Gratifyingly, this material completed the mass balance for those experiments. 
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Therefore, mass recovery is maximized and side products are minimized if the degradation is 

stopped between 12 and 24 hours. However, due to the lack of alkoxysilane recovery in the sol 

fraction, a more thorough analysis of the insoluble products from degradation was necessary. 

We used X-ray photoelectron spectroscopy (XPS) to analyze the elemental composition of the 

film before and after degradation, as well as the new solid that was collected from the sol fraction. 

The initial film composition matches what would be expected based upon the formulation of our 

networks (Figure 5b). The gel fraction showed an increase in the percent composition of silicon 

relative to the total count after degradation. The new solid showed only trace amounts of Si in the 

composition. We therefore propose that the triazine elements are selectively removed from the 

network via methanolysis, while the silyl ether network remains intact. Despite nearly 75% of the 

material remaining as a solid, HMM makes up 28% of the initial film by weight, indicating that a 

high recovery of the triazine component is achieved. By adjusting the formulation to 1:1 

HMM:BTMSEB (44 wt% HMM), we recover a sol fraction of 46%, but still do not see any 

alkoxysilane in the sol fraction by NMR. The 1:1 formulation is unfortunately accompanied by a 

decrease in adhesive properties, suggesting that selection of an appropriate formulation should 

take into consideration the relative importance of strength vs. degradability (Figure 4a, Table S2). 
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Figure 5. (a) Mass balance of methanolysis procedure (75 mg HMM-net in 10 mL MeOH at 90 

°C) over time with an inset presenting the different fractions that were measured. (b) Elemental 

composition of various components in the degradation experiment based on XPS survey scans. 

These observations indicated that any remaining network would be composed mainly of Si–O 

bonds, so we tried harsher conditions to further break down HMM-net. A 1 M solution of 

tetrabutylammonium fluoride (TBAF) in THF did not show any significant degradation of the 

material, but 24 hours in a 70% hydrofluoric acid solution in pyridine resulted in 42% mass loss. 

Given the hazards associated with handling concentrated HF, we did not explore this pathway 
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further, but have proven that further degradation is possible through conditions aside from 

methanolysis.  

3.3.2 Adhesive Degradation 

To demonstrate the advantage of dynamic bonds in our network, single lap shear samples were 

soaked in 60 °C methanol overnight before being tested for adhesive strength. The degraded 

HMM-net samples (HMM-deg) could not be loaded into the clamps of the instrument before 

showing cohesive failure (Table S2). Degraded HMMM-net (HMMM-deg), on the other hand, 

produced inconsistent results. Most samples broke while loading while others showed only a 

minimal decrease in strength, limiting the circularity of these degradable materials. These 

differences could be attributed to differences in processing conditions, reaction kinetics, or 

network connectivity. One possible explanation for the resistance of HMMM-net adhesives to 

methanolysis is greater formation of homo-coupled silyl ether oligomers, which are not degraded 

under these conditions. This conclusion is supported by a comparison of FTIR of the gel fractions 

from the degraded networks. HMMM-deg shows more evidence of Si–O bonding than either 

HMM-deg or HMMM-net (Figure S1). Changes in the rate of gelation could also affect how the 

networks bind to the surface. All of the HMMM-net and HMMM-deg samples displayed adhesive 

failure, indicating preferential binding to one of the glass slides. Therefore, lap shear adhesion tests 

of the HMMM-based adhesives may be more indicative of the strength of the substrate–network 

bond as opposed to the strength of the internal chemical bonds. If adhesive failure is contributing 

to the maximum force applied during the lap shear tests, the effects of degradation on network 

strength could be less pronounced. 

4. Conclusions 
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We have demonstrated ultra-strong, transparent, and degradable adhesives can be derived from 

both HMM and HMMM in tandem with alkoxysilanes. Our proposed mechanism involves the 

attack of silanol crosslinker on an iminium ion that is formed by either triazine in the presence of 

acid catalyst. The silyl ether bonds in the network add dynamicity that can be used to solvolyze 

the network, freeing the triazine component. These thermosets can achieve glass adhesion that is 

competitive with commercial products while requiring less material. The transparency of the cured 

network makes it even more desirable for use with transparent materials like glass. Solvolysis 

allows recovery of both the glass substrates and HMMM, which can be re-used as a rubber 

additive, flame retardant, and crosslinker.16–18 This work contributes to the growing body of 

materials that combine degradability and performance, and our mechanistic studies revealing the 

curing mechanism will prove useful in expanding the scope of sustainable polymer networks. 
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