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Abstract 
 
Heteroatoms along polymer backbones permit selective controlled polymerization and 

depolymerization relevant to sustaining life, storing and retrieving information, as well as 

recycling and composting plastics. While structural biology has provided insight into how enzymes 

interact with heteroatoms in biopolymers to direct their transformations, there remains much to be 

learned from related investigations for synthetic polymers, where conformational space sampled 

by chains is expected to play a more prominent role in governing polymer reactivity in the absence 

of enzymes. Here, we show that oxy-functionalization at specific sites along polydiketoenamine 

(PDK) backbones affects depolymerization rates by over three orders of magnitude, due to 

differences in distortion energies associated with reactive chain conformations in transition states 

for acidolysis. Site-specific oxy-functionalization, resulting in the fastest rates of acidolysis, opens 

the door to deconstructing linear PDK chain topologies for the first time, broadening the scope of 

applications for PDK plastics in a circular manufacturing economy, including chemically 

recyclable adhesives for a diverse range of surfaces.  

 
Main 
 
Encoding circularity in polymers is important for enabling and perfecting the chemical recycling 

of plastic waste1–4. However, monomer-to-monomer circularity remains out of reach for the most 

widely used plastics, particularly polyethylene and polypropylene, due to their lack of readily 
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cleavable bonds5. Introducing heteroatoms as cleavage sites along polymer backbones has 

emerged as a versatile solution6–8—reminiscent of how circularity is achieved with biopolymers 

in living systems9,10. Yet, it remains unclear how the proximity of polar functionality near cleavage 

sites affects hydrolysis rates in aqueous media, where a diverse range of intermolecular 

interactions can alter reaction coordinates, conformations, and energy landscapes governing the 

rate-limiting step. If this were understood, it would be possible to deconstruct plastics to specific 

monomers or even oligomers at tunable fast rates. 

 

Here, we show that oxy-functionalization of amine and triketone monomers at specific sites near 

acid-cleavable diketoenamine (DKE) bonds results in polydiketoenamine (PDK) deconstruction 

rates that are tunable over three orders of magnitude (Fig. 1a), enabling the creation of circular 

PDK thermoplastics and adhesives therefrom. To inform the basis by which oxy-functionalization 

might give rise to tunable deconstruction rates, we modeled the transition states for a series of oxy-

functionalized DKE molecules and calculated the standard free energies of activation for 

hydrolysis, which differed by up to 20.6 kJ mol–1 due to structural changes between reactive 

conformations. To varying degrees by each DKE variant, an incoming water molecule could be 

guided to the iminium reaction center by hydrogen bonding, balancing energetic contributions for 

intermolecular interactions and intramolecular distortion, ultimately lowering free-energy barriers 

and increasing reaction rates. We synthesized the corresponding polymers and evaluated their 

deconstruction behaviors in strong aqueous acid. Most notably, while we verified the 

computational predictions, we found that the extent of depolymerization to triketone and amine 

monomers was complete only for specific designs, being informative for this emerging family of 

circular materials. We were also able to deconstruct PDK co-polymers at specific sites, exploiting 

differences in hydrolysis rates for each co-monomer. Encoding circularity in PDK through oxy-

functionalization, optionally returning monomers or oligomers of defined length, is enabling in 

that chemical waste produced when recycling polymers is ultimately tied to the number of bonds 

breaking and reforming in the circular polymer lifecycle. We also find that oxy-functionalization 

improves the strength of PDK thermoplastics when they are used as hot-melt adhesives to a diverse 

range of substrates, particularly glass. 
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Fig. 1. Encoding circularity in polydiketoenamine thermoplastics. a, Oxy-functionalization of 

polydiketoenamines (PDK) enables closed-loop chemical recycling of thermoplastics at tunable 

fast rates via control over reactive polymer chain conformations in acidolytic media. b, 

Heteroatom-free and oxy-functionalized triketone and amine monomers used in the creation of 

circular PDK thermoplastics and adhesives. 
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This expanded family of circular PDK thermoplastics complements a growing number of 

chemically recyclable polymers that exploit heteroatoms to encode circularity, including 

polyesters6,7,11–20, polythioesters21–23, polycarbonates24–27, polythiocarbonates28, polyethers8,29, 

polythioethers30, polydisulfides31–33 and polyamides34–36. In those studies, remarkable insights into 

monomer designs have made it possible to controllably polymerize and depolymerize plastics, 

many of which also exhibit useful properties3,37. Here, we go further by highlighting the profound 

importance of remote substituent effects on the lability of cleavable bonds in condensation 

polymers via control over reactive chain conformations, which has largely been underexplored. 

With this approach, we can achieve high rates, yields, and purities for the recovered monomers, 

while also uncovering the design rules for circularity with both molecular and macromolecular 

precision.  

 
Results and discussion 
 

Until now, circularity in PDK resins had been demonstrated for crosslinked thermosets, 

elastomers, and filled rubbers38,43. For those materials, chemical recycling to monomer was aided 

by a proximal tertiary amine in polytopic amine crosslinkers (e.g., tris(2-aminoethyl)amine, tris(3-

aminopropyl)amine, etc.) used to create them44. Because tertiary amines are absent in most 

diamine monomers, it is necessary to recapitulate their function in lowering the standard free 

energy barriers to diketoenamine acidolysis. We hypothesized that a similar low barrier might be 

achieved through oxy-functionalization of the diamine; moreover, we also considered whether 

such similar effect might be gained by oxy-functionalized triketone monomers. The latter approach 

would be particularly attractive in that the diamine monomer would no longer require oxy-

functionalization, since the oxy-group would be located on the triketone monomers. It would 

therefore become possible to use simpler diamines to formulate PDK thermoplastics with different 

properties without sacrificing circularity.  

Yet, it was unclear how oxy-functionalization of amine or triketone monomers at specific sites 

might influence hydrolysis rates through pre-organization of the transition state. Previous insights 

had focused on a proximal amine, which in its ionized state served as a hydrogen-bond donor, 

leading water (as hydrogen-bond acceptor) to a reactive iminium intermediate along the reaction 

coordinate. Because oxy-functionalization installs a remote substituent that instead serves as 

hydrogen-bond acceptor, this inversion of the role of hydrogen bond donors and acceptors required 
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further investigation for understanding and controlling its influence on diketoenamine acidolysis 

rates. This motivated us to consider the implications of oxy-functionalization on the structure of 

the transition state during diketoenamine acidolysis.  

To test these hypotheses, we determined the ensemble of lowest energy structures of ionized 

iminium intermediates and their subsequent transition states during acidolysis for small molecule 

diketoenamines, whose 1-hexylamine bonding partner featured either no oxy-functionalization 

(DKE 1) or site-specific oxy-functionalization within 1, 2, 3, or 4 conjoining bonds of the nitrogen 

(DKE 2–5, respectively). We generated these ensembles using the conformer–rotamer sampling 

tool (CREST)45 and refined their free energies using hybrid density functional theory (DFT). We 

then calculated the hydrolysis reaction rate with multi-path transition state theory (MP-TST)46,47, 

which we have found provides excellent agreement with experimental results for DKE hydrolysis 

by including statistics from higher-energy reactive pathways44 (Supplementary Fig. 1). We then 

examined the relative rates of acidolysis (k/kcontrol) for oxy-functionalized diketoenamines 2–5, 

using the rate for un-modified DKE 1 as the control (kcontrol) (Fig. 2a). 

Through this analysis, we found that all oxy-functionalized derivatives delivered rate increases 

over the unmodified control, which were concurrent with stabilizing hydrogen bonds between the 

sites of oxy-functionalization and the attacking water molecule. Yet, these rate increases were not 

uniform. The behavior overall was non-monotonic, with DKE 3 and 4 delivering the highest rate 

increases by over three orders of magnitude. To understand this trend, we examined more closely 

the atomic configurations during the addition of water to the iminium (Supplementary Fig. 2).  

The computations suggest that two competing factors contribute to the extent of stabilization: 

first, the distance (d) between the site of oxy-functionalization and the nearest hydrogen in the 

attacking water molecule, where stronger dispersion interactions led to a shorter stronger bond; 

and second, the torsion angle ϕ(C=C–C=N) of the iminium in its reactive conformation, where a 

larger torsion angle resulted in a larger energetic penalty to reach the lowest-energy transition state 

(Supplementary Fig. 2). We observed that when no methylene unit was present between the 

amine and the site of oxy-functionalization (DKE 2), the interatomic distance between the site of 

oxy-functionalization and the closest hydrogen atom in water was too long in the transition state 

to establish a hydrogen bond. However, as the number of methylene spacers between the site of 

oxy-functionalization from the reaction center increased, d decreased and plateaued at a length 

characteristic of a hydrogen-bond, stabilizing the transition state. However, for DKE 4 and DKE 
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5, the torsion angle required to achieve a hydrogen-bonded reactive configuration substantially 

increased. Thus, the energetic stabilization from the hydrogen bond is partially cancelled by the 

strain energy to achieve a reactive conformation. Therefore, there are optimal sites for oxy-

functionality in DKE molecules (i.e., DKE 4) and likely motifs in polymers based on them that 

balance stabilization and strain. 

To understand whether the placement of oxy-functionalization in the triketone might achieve 

a similar balance, we performed the same sequence of calculations on DKE 6–9, where DKE 6 

served as an unmodified control and DKE 7–9 featured oxy-functionalization at progressively 

longer spacing along the triketone (Fig. 2b). We found that the highest rates of acidolysis were 

predicted for DKE 8 and DKE 9. The reactive conformations in their lowest-energy transition 

states for DKE 7–9 revealed a similar trend to that for DKE 2–5: DKE 9 forms a hydrogen bond 

with the attacking water, increasing the acidolysis rate, whereas DKE 7 and DKE 8 have weaker 

dispersion interactions (Supplementary Fig. 2). The most significant difference from these trends 

was observed for DKE 7, where the computed acidolysis rate is suppressed relative to the 

unmodified control. Here, oxy-functionalization directly affects the electronic structure at the 

reaction center.  
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Fig. 2. Relative rates of hydrolysis for oxy-functionalized diketoenamines. a, Relative rates of 

hydrolysis for DKE 1–5, which are differentiated on the manner and placement of oxy-

functionality in the amine coupling partner. Relative rates are normalized to DKE 1 as the control. 

b, Relative rates of hydrolysis for DKE 6–9, which are differentiated on the manner and placement 

of oxy-functionality in the triketone coupling partner. Relative rates are normalized to DKE 6 as 

the control. 

 

To assess the validity of these theoretical predictions that oxy-functionalization of amine and 

triketone monomers accelerates DKE hydrolysis rates, we synthesized from a selection of three 

triketones and five diamines (Fig. 1b) a focused series of PDK resins 1–7 (Fig. 3a) via “click” 

polycondensation. This focus reflects a few key observations we made during our investigations. 

We noted thermal instability of PDK materials generated using alkoxymethanamines, having 

similar structural characteristics to DKE 3; bonding motifs of that type were therefore not carried 

forward. Likewise, we did not further explore PDK designs based on bonding motifs similar to 

DKE 7, since those materials are known to undergo amine exchange twice, liberating the alcohol48–

50. This behavior does not permit retention of oxy-functionalization after polymerization; the 
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hypothetical PDK hydrolysis behavior is therefore untestable. With these considerations as a 

guide, we synthesized PDK 1–7 with molar masses (Mw) of 10–46 kg mol–1. We also determined 

their glass transition temperatures (Tg) by differential scanning calorimetry: Tg values ranged from 

16–63 °C (Supplementary Table 1 & Supplementary Figs. 4–6). We could conduct the 

polymerization in solution or in polymer melts (Supplementary Fig. 3). However, we found that 

for PDK 2, 6, and 7, addition of a solvent is beneficial, favoring higher degrees of polymerization 

(Supplementary Table 2 and Supplementary Fig. 7).  

We observed the deconstruction behaviors of PDK 1–7 in 5.0 M HCl at 20 °C for 96 h (Fig. 

3A). With regard to changes in physical states of the polymers undergoing acidolysis and the 

accompanying monomers generated therefrom, there were strikingly different behaviors for the 

unmodified control compared to oxy-functionalized polymers. For PDK 1 and PDK 4, which do 

not feature any oxy-functionalization in either amine or triketone monomers, we observed a 

transition from a solid densified polymer sample suspended in the reaction medium to a viscous 

liquid, suggesting possible ionization, but little or no hydrolysis, i.e., the ionized polyelectrolyte 

served primarily as a viscosity modifier to the reaction medium. On the other hand, for oxy-

functionalized PDK 3 and PDK 5–7, we observed that after ionization and solubilization of 

polymer chains, the liberated triketones became apparent as dispersed solids in the reaction 

medium, yet at different times for variants within the series. PDK 3 and PDK 6 stood out for their 

fast progression from dense solids to ionized and then soluble polymers undergoing hydrolysis; 

we observed dispersed triketone monomers after hydrolysis was complete.  

In support of this interpretation of the visual progression, we confirmed by 1H NMR the 

chemical identities of the dispersed solids after filtration and drying as the original triketone 

monomers (Supplementary Figs. 8 & 9). For quantitative analysis of PDK deconstruction 

behaviors, we calculated the percent conversion from recovered solids, taking account of the 

triketone-to-oligomer ratio from the accompanying 1H NMR data (Fig. 3b & Supplementary 

Figs. 10–16); the chemical shift for hydrogen-bound O–H in the triketone monomer is at d 17–19 

ppm, while that for the hydrogen-bound N–H in oligomeric diketoenamines is at d 12–16 ppm.  
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Fig. 3. Chemical recycling of PDK 1–7 thermoplastics in strong aqueous acid. a, Visual 

progression of the depolymerization trajectory over time. b, Conversion of PDK resins to monomer 

after 96 h in 5.0 M HCl at 20 °C. c, Divergent conversion rates of oxy-functionalized PDK 3 and 

6 to monomer over time in 5.0 M HCl at either 20 °C or 60 °C, showcasing the benefits of 

implementing oxy-functionalized triketone monomers to facilitate PDK deconstruction at the 

fastest rates in the highest yields at the lowest temperature.  
 

 

We found that conversions for PDK 1 and PDK 4 bearing no oxy-functionalization were less 

than 16% by 1H NMR, consistent with our predictions that acidolysis rates would be slow. On the 

other hand, PDK 3 containing oxy-functionalized amine monomers achieved 93% conversion, 

consistent with the theoretical prediction of a markedly faster rate. Increasing the number of 

methylenes between the diketoenamine bond and the site of oxy-functionalization in the amine 

monomer led to a notable reduction in conversion as predicted, with PDK 5 achieving only 36% 

conversion after 96 h. However, no deconstruction of PDK 2 occurred under these reaction 
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conditions, deviating substantially with regard to theory. For PDK 6 and PDK 7 bearing oxy-

functionality in the triketone monomer, we found conversions of 100% and 60%, respectively. 

While the structural integrity of recovered TK 2 monomer from PDK 6 was pristine after chemical 

recycling (Supplementary Fig. 15), TK 3 recovered from PDK 7 exhibited signs of chemical 

degradation due to retro-Michael reactions with the appearance of multiple peaks in the d 17–19 

ppm region (Supplementary Fig. 16).  

Interestingly, even if deconstruction was relatively fast in the initial stages, depending on the 

site of oxy-functionalization within amine or triketone monomers, we recovered either exclusively 

the original triketone and amine monomers after acidolysis as desired, or monomers contaminated 

with oligomeric impurities (Supplementary Figs. 10–14). To understand the implications of these 

behaviors at different reaction temperatures, we quantified the isolated monomer yields and 

monomer:oligomer ratios for PDK 3, prepared with the fastest-to-deconstruct oxy-functionalized 

diamine monomer DA 3, and PDK 6, prepared with the fastest-to-deconstruct oxy-functionalized 

ditopic triketone monomer TK 2. When deconstructed at ambient temperature, PDK 3 returned 

solids with an overall conversion of 71%, yet a monomer-to-oligomer ratio of 93:7 

(Supplementary Fig. 12). Increasing the temperature to 60 °C resulted in a 99:1 monomer-to-

oligomer ratio. Acidolysis of PDK 6, on the other hand, gave an 86% isolated yield of monomer 

with no oligomer impurities (Supplementary Fig. 15). This is further corroborated by monitoring 

and tracking conversion, monomer:oligomer ratios, and isolated triketone yields for PDK 3 and 

PDK 6 deconstruction at either 20 °C or 60 °C (Fig. 3c). At 20 °C, PDK 6 achieved 90% 

conversion of diketoenamine bonds to triketones within 72 h; PDK 3 required 10 days to reach the 

same conversion. At 60 °C, PDK 6 reached complete conversion in only 2 h; PDK 3 reached 93% 

conversion after 24 h.  

In short, if the goal is to deconstruct PDK resins with linear topologies at the fastest possible 

rates with exclusive monomer recovery in high yield and high purity, we recommend that oxy-

functionalization of amine monomers is preferred with only two methylenes separating the amine 

and ether functionalities. Ideally, however, we suggest oxy-functionalization of the triketone 

monomer with a single methylene spacer between the exocyclic ketone and ether functionalities. 

Acidolysis rates are substantially faster with PDK 6 (and likely variants thereof), monomers are 

recovered in the highest yield and purity, and, when practiced at scale, the shorter residence time 

in the reactor ultimately lowers the costs of chemical recycling51,52.  
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We recognize that this recommendation will most likely appeal to those interested in 

recovering exclusively monomers when chemically recycling plastics. Nonetheless, this 

knowledgebase of polymer reactivity also suggests it should be possible to control which bonds in 

PDK chains hydrolyze, e.g., through copolymers where oxy-functionalization is introduced at 

intervals determined by monomer placement within the chain, on the basis of the more favorable 

energetics associated with the reactive conformation of the polymer in acid. This is underexplored 

in synthetic polymers, yet a natural consequence of requirements for transition-state pre-

organization. In other words, oxy-functionalization encodes when and where the PDK chain is 

kinetically likely to cleave under experimentally accessible reactions conditions due to the effects 

of oxy-functionalization on the local chain conformation in acidolytic media, rather than the 

intrinsic lability of the cleavable bond in the absence of oxy-functionalization.  

To demonstrate that PDK circularity is encodable via oxy-functionalization, we introduced 

oxy-functionalized TK 2 as a preferred cleavage site in otherwise slow-to-deconstruct PDK chains 

comprising TK 1 and DA 4 monomers (Fig. 4a): PDK 8–11 comprising 0.02, 0.07, 0.24 and 0.37 

equivalents of TK 2, respectively, exhibited molar masses ranging from 85–158 kg mol–1 

(Supplementary Fig. 17 and Supplementary Table 3). After deconstruction at 20 °C in 5.0 M 

HCl (Fig. 4b), heteroatom-free PDK 8 exhibited minimal physical changes as expected, while 

PDK 11 with 37% oxy-functionalization in the triketone monomer feed lost its original shape and 

exhibited features reminiscent of a soft hydrogel. This is consistent with the expectation that 

deconstruction at the preferred sites produces oligomers of defined length, depending on extent of 

oxy-functionalization. To support this interpretation, we assessed the molar masses of the 

deconstructed PDK 8–11 after deconstruction by size-exclusion chromatography (SEC) 

(Supplementary Fig. 18 and Supplementary Table 3). We found that the ratio of final to initial 

molar masses indeed scaled with the extent of oxy-functionalized TK 2 monomer in the feed ratio 

(Fig. 4c).  
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Fig. 4. Depolymerization of oxy-functionalized co-polymers PDK 8–11 thermoplastics in 

strong aqueous acid. a, The extent of oxy-functionalization was encoded by the relative amount 

of TK 1 and 2 in the monomer feed alongside DA 4. b, Visual trajectory of the chemical 

depolymerization of PDK 8–11 over time in 5.0 M HCl at 20 °C. c, Ratio of deconstructed molar 

mass to the initial molar mass of PDK 8–11 as a function of TK 2 incorporation. 

 

Considering the thermal properties of these PDK thermoplastics (Tg = 16–63 °C), their adhesive 

properties may be of interest. Hot melt adhesives typically comprise epoxies or polyurethanes, 

which struggle to close the loop in chemical recycling53. As such, most complicate recycling 

efforts for materials in bonded assemblies, including aluminum, polymers, glass, and stainless 

steel. We bonded pairs of substrates taken from aluminum, nylon 6,6, glass, or stainless steel. As 

test cases, we initially used either heteroatom-free PDK 1 or oxy-functionalized PDK 3 (Fig. 5a 

and Supplementary Table 4) as the hot melt adhesive. We identified glass substrates as having 

the best adhesive properties, with the lap shear strength averaging ~11.1 MPa for oxy-

functionalized PDK 3. Across all substrate types, oxy-functionalized PDK 3 consistently showed 
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higher values compared to heteroatom-free PDK 1, suggesting a general positive influence of oxy-

functionalization on enhancing adhesion strength compared to its exact heteroatom-free analogue.  

To verify this hypothesis across the entire series, we performed tests for the lap shear strength 

for pairs of glass substrates bonded together by PDK adhesives. In standardized tests with 

adhesives configured with rectangular areas, lap shear tests of PDKs 3–6 consistently caused the 

bonded assemblies to fail due to excessive adhesive force (i.e., their lap shear strength was too 

high). We reduced the test area to 3–5 mm diameter discs, which yielded testable specimens across 

all samples. PDKs 3–6 exhibited the highest lap shear strength values, where oxy-functionalized 

PDK 5 showed a value of 25.0 MPa for (Fig. 5b & Supplementary Table 5). To quantify the 

benefits of oxy-functionalized PDK adhesives over their exact heteroatom-free counterparts, we 

calculated the lap shear strength ratios (Fig. 5c). Oxy-functionalized PDK 3 demonstrated hot melt 

adhesive properties that are 4.5 times greater than their respective heteroatom-free counterpart; 

PDK 5 exceed those of PDK 4, although the difference is less pronounced compared to the ratios 

observed between PDK 3 and 6 (Supplementary Table 6). Indeed, PDK 6 was 6.3 times stronger 

as an adhesive than the corresponding heteroatom-free PDK 1. 

 

 
Fig. 5. Lap shear adhesion of PDK thermoplastics on different substrate. a, Lap shear 

adhesion on aluminum, nylon 6,6, glass, and steel surfaces of PDK 1 and 3. b, Lap shear adhesion 

of PDK 1–7 on glass surfaces. c, Ratio of lap shear strength of oxy-functionalized PDKs to their 

exact heteroatom-free counterparts.  

 

Conclusion 
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Our findings demonstrate that polymer reactivity can be controlled by understanding how remote 

functionalization to cleavable bonds influences the energetics of transition states of bond cleavage 

from the perspective of their reactive chain conformation. These effects are exquisitely tunable, 

shown here via oxy-functionalization and rate acceleration in the deconstruction of 

polydiketoenamines, which is immediately relevant to plastics recycling and circularity. This 

includes the creation of circular adhesives, where oxy-functionalization produces more strongly 

bonded assemblies of a diverse range of materials. From a broader perspective, the placement of 

heteroatoms in polymers appears to be a general strategy for promoting chain cleavage across 

natural and synthetic polymers, albeit with different mechanistic underpinnings, e.g., if 

deconstruction is spontaneous, promoted by an endogenous enzyme, or an exogenous catalyst. 

Yet, in all these instances, reactive polymer chain conformation manifests as a guiding principle 

not often considered in polymer reactivity. Moreover, the implication that a synchronicity of non-

covalent interactions is necessary to attain a reactive chain conformation suggests polymer 

dynamics may also play an important role. From this vantage point, we see exciting opportunities 

to explore the macromolecular context underlying circularity principles for chemical and 

biological deconstruction of plastics with deep relevance to sustainability, environmental health, 

and the manufacturing economy. 

 

Data availability 

All data is available in the main text or the Supplementary Information. 
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