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C H E M I S T R Y

Circularity in polydiketoenamine thermoplastics via 
control over reactive chain conformation
Jeremy Demarteau1, Alexander R. Epstein2, Laura J. Reed1, Nicodemo R. Ciccia3,4, 
John F. Hartwig3,4, Kristin A. Persson1,2, Brett A. Helms1,5,6*

Controlling the reactivity of bonds along polymer chains enables both functionalization and deconstruction with 
relevance to chemical recycling and circularity. Because the substrate is a macromolecule, however, understand-
ing the effects of chain conformation on the reactivity of polymer bonds emerges as important yet underexplored. 
Here, we show how oxy- functionalization of chemically recyclable condensation polymers affects acidolysis to 
monomers through control over distortion and interaction energies in the rate- limiting transition states. Oxy- 
functionalization of polydiketoenamines at specific sites on either the amine or triketone monomer segments in-
creased acidolysis rates by more than three orders of magnitude, opening the door to efficient deconstruction of 
linear chain architectures. These insights substantially broaden the scope of applications for polydiketoenamines 
in a circular manufacturing economy, including chemically recyclable adhesives for a diverse range of surfaces.

INTRODUCTION
Encoding circularity in polymers is important for enabling and per-
fecting the chemical recycling of plastic waste (1–4). However, 
monomer- to- monomer circularity remains out of reach for the 
most widely used plastics, particularly polyethylene and polypropyl-
ene, due to their lack of readily cleavable bonds (5). Introducing het-
eroatoms as cleavage sites along polymer backbones has emerged as 
a versatile solution (6–8), reminiscent of how circularity is achieved 
with biopolymers in living systems (9, 10). Yet, it remains unclear 
how the proximity of polar functionality near cleavage sites affects 
hydrolysis rates in an aqueous medium, where a diverse range of 
intermolecular interactions can alter reaction coordinates, polymer 
chain conformations, and energy landscapes governing the rate- 
limiting step. If this were understood, then it would be possible to 
deconstruct plastics to specific monomers or even oligomers at tun-
able 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 more than three orders of magnitude (Fig. 1), enabling 
the creation of circular PDK thermoplastics and adhesives there-
from. 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 con-
formations. 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 intermo-
lecular interactions and intramolecular distortion, ultimately lower-
ing free- energy barriers and increasing reaction rates. We synthesized 

the corresponding polymers and evaluated their deconstruction be-
haviors in strong aqueous acid. Most notably, in verifying the compu-
tational predictions, we also found that the extent of depolymerization 
to triketone and amine monomers was complete in preferred versa-
tile designs, being informative for this emerging family of circular 
materials. We were also able to deconstruct PDK copolymers at spe-
cific sites, exploiting differences in hydrolysis rates for each comono-
mer. 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.

Our work lays a strong foundation for an expanded family of cir-
cular PDK thermoplastics to complement a growing number of 
chemically recyclable polymers that exploit heteroatoms to encode 
circularity (6–8, 11–42). While remarkable insights into monomer 
designs have made it possible to controllably polymerize and depo-
lymerize plastics along these lines, in this study we go further by 
highlighting the profound importance of remote substituent effects 
on the lability of cleavable bonds in condensation polymers via con-
trol over reactive chain conformations, which has largely been un-
derexplored. From this vantage point, we achieved high rates, yields, 
and purities for the recovered monomers while also uncovering the 
design rules for circularity with both molecular and macromolecu-
lar precision.

RESULTS
Modeling hydrolysis rates of oxy- functionalized DKEs
Until now, circularity in PDK resins had been demonstrated for 
cross- linked thermosets, elastomers, and filled rubbers (38, 43, 44). 
To enable chemical recycling of thermoplastics, which are com-
posed of linear chains, we hypothesized that the necessary low bar-
rier to acidolysis might be achieved through oxy- functionalization 
of the diamine, which should pre- organize the transition state into a 
more favorable reactive conformation, while also increasing the 
activity of water through hydrogen bonding. We also considered 
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whether a similar effect might be achieved in oxy- functionalized 
triketone monomers, given the proximal relationship of those seg-
ments along the polymer chain. This latter approach would be par-
ticularly attractive in that the diamine monomer would no longer 
require oxy- functionalization. It would, therefore, become possible 
to use simpler diamines to formulate PDK thermoplastics with dif-
ferent properties without sacrificing circularity.

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 
DKEs, whose 1- hexylamine bonding partner featured either no oxy- 
functionalization (DKE 1) or site- specific oxy- functionalization with-
in one, two, three, or four conjoining bonds of the nitrogen (DKEs 2 
to 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 multipath transition state theory (MP- 
TST) (fig. S1) (44, 46, 47) and examined the relative rates of acidolysis 
(k/kcontrol) for oxy- functionalized DKEs 2 to 5, using the rate for un- 
modified DKE 1 as the control (kcontrol) (Fig. 2A). Through this analy-
sis, we found that all oxy- functionalized derivatives delivered rate 
increases over an unmodified control concurrent with stabilizing hy-
drogen bonds between the sites of oxy- functionalization and the at-
tacking water molecule. Yet, these rate increases were not uniform. 
The behavior overall was non- monotonic, with DKEs 3 and 4 deliver-
ing the highest rate increases by more than three orders of magnitude.

The computational modeling suggests 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 at-
tacking water molecule, where stronger dispersion interactions led to 
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a shorter stronger bond; 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 tran-
sition state (fig. S2). 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. As the num-
ber of methylene spacers between the site of oxy- functionalization 
and the reaction center increased, however, d decreased and pla-
teaued at a length characteristic of a hydrogen bond, stabilizing the 
transition state. For DKE 4 and DKE 5, the torsion angle required to 
achieve a hydrogen- bonded reactive configuration substantially in-
creased. Thus, the energetic stabilization from the hydrogen bond is 
partially cancelled by the strain energy to achieve a reactive confor-
mation. 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.

We performed the same sequence of calculations on DKEs 6 to 9, 
where DKE 6 served as an unmodified control and DKEs 7 to 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 DKEs 7 to 9 revealed a sim-
ilar trend to that for DKEs 2 to 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 (fig. S2). The 
most substantial 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. Further investigations, 
for example, using molecular dynamics, could elucidate polymer 
chain conformation beyond the small- molecule approximation but 
are outside the scope of this work.

To assess the validity of theoretical predictions that oxy- 
functionalization of amine and triketone monomers is poised to ac-
celerate DKE hydrolysis rates, we synthesized from a selection of 
three triketones and five diamines (Fig. 3) a focused series of PDK 
resins 1 to 7 (Fig. 3A) via “click” polycondensation. This focus re-
flects a few key observations that we made during our investiga-
tions. We noted thermal instability of PDK materials generated 
using alkoxymethanamines, having similar structural characteris-
tics to DKE 3; bonding motifs of that type were, therefore, not car-
ried forward. Likewise, we did not further explore PDK designs 
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based on bonding motifs similar to DKE 7, because those materials 
are known to undergo amine exchange twice, liberating the alco-
hol (48–50). This behavior does not permit retention of oxy- 
functionalization after polymerization; the hypothetical PDK 
hydrolysis behavior is, therefore, untestable. With these consider-
ations as a guide, we synthesized PDKs 1 to 7 with weight- averaged 
molar masses (Mw) of 10 to 46 kg mol−1. The synthesis of PDKs 6 
and 7 resulted in the formation of oligomers, as shown in the SEC 
data (fig. S5), which were challenging to remove through precipita-
tion. We also determined their glass transition temperatures (Tg) by 
differential scanning calorimetry and found that Tg values ranged 
from 16° to 63°C (table S1 and figs. S4 to S6). We could conduct the 
polymerization in solution or in polymer melts (fig. S3); however, 
we found that, for PDKs 2, 6, and 7, addition of a solvent is benefi-
cial, favoring higher degrees of polymerization (table S2 and fig. S7).

Verifying predictions for deconstruction of 
oxy- functionalized PDK thermoplastics
We observed the deconstruction behaviors of PDKs 1 to 7 in 5.0 M 
HCl at 20°C for 96 hours (Fig. 3A). With regard to changes in physical 

states of the polymers undergoing acidolysis and the accompanying 
monomers generated therefrom, there were notably different behav-
iors for the unmodified control compared to oxy- functionalized poly-
mers. For PDK 1 and PDK 4, which do not feature 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 hy-
drolysis, 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 PDKs 5 to 7, we observed that, after ioniza-
tion 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 trik-
etone monomers after hydrolysis was complete.

In support of this interpretation of the visual progression, we con-
firmed by 1H nuclear magnetic resonance (NMR) the chemical iden-
tities of the dispersed solids after filtration and drying as the original 
triketone monomers (figs. S8 and S9). For quantitative analysis of 
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PDK deconstruction behaviors, we calculated the percent conver-
sion from recovered solids, taking account of the triketone- to- 
oligomer ratio from the accompanying 1H NMR data (Fig. 3B and 
figs. S10 to S16); the chemical shift for hydrogen- bound O─H in the 
triketone monomer is at δ 17 to 19 parts per million (ppm), while 
that for the hydrogen- bound N─H in oligomeric DKEs is at δ 12 
to 16 ppm.

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 DKE 
bond and the site of oxy- functionalization in the amine monomer led 
to a notable reduction in conversion as predicted, with PDK 5 achiev-
ing only 36% conversion after 96 hours. However, no deconstruction 
of PDK 2 occurred under these reaction conditions, deviating sub-
stantially with regard to theory. For PDK 6 and PDK 7 bearing oxy- 
functionality in the triketone (TK) 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 (fig. 
S15), TK 3 recovered from PDK 7 exhibited signs of chemical degra-
dation due to retro- Michael reactions with the appearance of multiple 
peaks in the δ 17-  to 19- ppm region (fig. S16). We further confirmed 
structural features in materials (monomers, oligomers, or polymers) 
recovered after hydrolysis to those of pristine PDK (i.e., before depo-
lymerization) using matrix- assisted laser desorption/ionization 
(MALDI) time- of- flight mass spectrometry (figs. S17 to S23).

Even if deconstruction was relatively fast in the initial stages, de-
pending 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 contami-
nated with oligomeric impurities (figs. S10 to S14). To understand the 
implications of these behaviors at different reaction temperatures, we 
quantified the isolated monomer yields and monomer- to- oligomer ra-
tios 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 (fig. S12). 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 impu-
rities (fig. S15). This is further corroborated by monitoring and track-
ing conversion, monomer:oligomer ratios, and isolated triketone yields 
for PDK 3 and PDK 6 deconstruction at either 20° or 60°C (Fig. 3C). At 
20°C, PDK 6 achieved 90% conversion of DKE bonds to triketones 
within 72 hours; PDK 3 required 10 days to reach the same conversion. 
At 60°C, PDK 6 reached complete conversion in only 2 hours; PDK 3 
reached 93% conversion after 24 hours.

In short, if the goal is to deconstruct PDK resins with linear topolo-
gies at the fastest possible rates with exclusive monomer recovery in 
high yield and high purity, then oxy- functionalization of amine mono-
mers is preferred with two methylenes separating amine and ether 
functionalities. More preferred, however, is the oxy- functionalization 
of the triketone monomer with a single methylene spacer between the 
exocyclic ketone and ether functionalities. In support of this recom-
mendation, 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 recycling (51, 52).

We recognize that this recommendation will most likely appeal 
to those interested in recovering exclusively monomers when chem-
ically recycling plastics. Nonetheless, this knowledgebase of poly-
mer reactivity also suggests that 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 ex-
perimentally accessible reactions conditions due to the effects of 
oxy- functionalization on the local chain conformation in acidolytic 
medium, rather than the intrinsic lability of the cleavable bond in 
the absence of oxy- functionalization.

Selective chain deconstruction in oxy- functionalized 
PDK copolymers
To demonstrate that PDK circularity is encodable via oxy- function-
alization, we introduced oxy- functionalized TK 2 as a preferred 
cleavage site in otherwise slow- to- deconstruct PDK chains compris-
ing TK 1 and DA 4 monomers (Fig. 4A); PDKs 8 to 11 comprising 
0.02, 0.07, 0.24, and 0.37 equivalents of TK 2, respectively, exhibited 
weight- averaged molar masses ranging from 85 to 158 kg mol−1 (fig. 
S24 and table S3). 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 PDKs 8 to 11 after deconstruction by size exclusion 
chromatography (SEC) (fig. S25 and table S3). We found that the 
ratio of final to initial molar masses scaled with the extent of oxy- 
functionalized TK 2 monomer in the feed ratio (Fig. 4C).

Oxy- functionalization enhances the adhesive properties of 
circular PDK thermoplastics
Considering the thermal properties of these PDK thermoplastics 
(Tg = 16° to 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 recycling (53). As such, most complicate recy-
cling 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, and stainless steel. As test cases, we 
initially used either heteroatom- free PDK 1 or oxy- functionalized PDK 
3 (Fig. 5A and table S4) 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 higher 
values compared to heteroatom- free PDK 1, suggesting a general posi-
tive influence of oxy- functionalization on enhancing adhesive strength 
compared to its exact heteroatom- free analog.

To verify this hypothesis across the entire series, we performed 
tests for lap shear strength for pairs of glass substrates bonded 
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together by PDK adhesives. In standardized tests with adhesives con-
figured with rectangular areas, lap shear tests of PDKs 3 to 6 consis-
tently 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-  to 5- mm- diameter discs, which yielded testable specimens 
across all samples. PDKs 3 to 6 exhibited the highest lap shear 
strength values, where oxy- functionalized PDK 5 showed a value of 
25.0 MPa (Fig. 5B and table S5). As reference points, commercially 
available adhesives, ethyl cyanoacrylate (Loctite Super Glue), epoxy 
(J- B Weld), and Gorilla Glue, have shown lap shear strength values 
ranging from 6.5 to 9.4 MPa on glass as a substrate (53). 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; the adhesive strength of PDK 5 exceeds 

that of PDK 4, although the difference is less pronounced compared 
to the ratios observed between PDKs 3 and 1 or between PDKs 6 and 
1 (table S6). PDK 6 was 6.3 times stronger as an adhesive than the 
corresponding heteroatom- free PDK 1.

DISCUSSION
Our findings demonstrate that polymer reactivity can be con-
trolled by understanding how remote functionalization to cleav-
able bonds influences the energetics of transition states of bond 
cleavage from the perspective of their reactive chain conforma-
tion. These effects are exquisitely tunable, shown here via oxy- 
functionalization and rate acceleration in the deconstruction of 
PDKs, which is immediately relevant to plastics recycling and cir-
cularity. This includes the creation of circular adhesives, where 
oxy- functionalization produces more strongly bonded assemblies 
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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 en-
zyme 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 that polymer dynam-
ics 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 de-
construction of plastics with deep relevance to sustainability, envi-
ronmental health, and the manufacturing economy.

MATERIALS AND METHODS
Materials
1,8- Diaminooctane (99%), 1,12- diaminododecane (98%), 2,2′- (ethyl 
enedioxy)bis(ethylamine) (98%), 4,9- dioxa- 1,12- dodecanediamine 
(99%), suberic acid (>98%), dodecanedioic diacid (99%), 5,5- dimethyl- 1,
3- cyclohexanedione (dimedone, 95%), N,N′- dicyclohexylcarbodiimide 
(99%), 4- (dimethylamino)pyridine (>99%), 1,6- dibromohexane (96%), 
N- hydroxyphthalimide (97%), 1,8- diazabicyclo[5.4.0]undec- 7- ene 
(>99%), hydrazine monohydrate (N2H4, 64 to 65%; reagent grade, 
98%), aluminum oxide (Al2O3), sodium trifluoroacetate (NaTFA, 99%), 
dithranol (99%), sodium sulfate (anhydrous, >99.5%), potassium hy-
droxide (KOH, 99%), and hydrochloric acid (HCl) were purchased 
from Sigma- Aldrich and used as received. 2,2′- [1,2- Ethanediylbis(oxy)]
bis[acetic acid] (97%) was purchased from Ambeed and used as re-
ceived. Bis- PEG2- acid was purchased from AccelaChem and used as 
received. All solvents—methanol (MeOH) (>99.9%), dimethylfor-
mamide (DMF) (>99.8%), ethanol (96%), cyclohexane (99%), hexane 
(99%), dichloromethane (DCM) (99%), acetone (99%), chloroform 
(CHCl3) (>99%), and ethyl acetate (>99%)—were purchased from 
VWR and used without further purification.

Methods
NMR spectroscopy
1H and 13C NMR spectroscopy were carried out using a Bruker 
Avance II at 500 and 125 MHz, respectively. Chemical shifts are re-
ported in δ (ppm) relative to the residual solvent peak, CDCl3: 7.26 
for 1H and 77.16 for 13C. Splitting patterns are designated as s (sin-
glet), d (doublet), t (triplet), q (quartet), and m (multiplet).
Fourier transform infrared spectroscopy
Data were acquired using a Thermo- Fisher Nicolet iS50 spectrom-
eter in attenuated total reflectance mode, as an average of 32 scans 
over 400 to 4000 cm−1.
Size exclusion chromatography
SEC using DMF (containing 0.2% w/v LiBr) as the mobile phase was 
carried out using a customized system consisting of a Shimadzu LC- 
20 AD pump, Viscotek VE 3580 refractive index detector, and two 
mixed bed columns connected in series (Viscotek GMHHR- M). 
The system was operated at a temperature of 55°C and at 0.7 ml 
min−1. Calibration on the system was performed using the refrac-
tive index increment (dn/dc) calculated from the measured refrac-
tive index values (with refractometer) at different concentrations.

SEC using THF as the mobile phase was performed on a Malvern 
OMNISEC equipped with refractive index, light scattering, and in-
trinsic viscosity detectors calibrated using a triple detection system. 
The system was operated at a temperature of 35°C and at 1 ml min−1.
Differential scanning calorimetry
Data were acquired using a TA Instruments Q200 differential scan-
ning calorimeter. Samples were heated over a temperature range of 
−50° to 250°C for PDKs 1, 3, 4, and 5; −50° to 120°C for PDKs 2, 6, 
and 7, at a rate of 10°C min−1 for the heating step and 50°C min−1 
for the cooling step under a N2 atmosphere. For each sample, data 
acquisition runs consisted of a heating step, a cooling step, and a 
second heating step. Glass transition temperatures (Tg) were inter-
preted and reported from the second heating curve.
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed on a TA Instru-
ments TGA5500 thermal analyzer. First, samples were heated under 
nitrogen from 20° to 150°C and held at 150°C for 60 min. Then, the 
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samples were heated under nitrogen at a rate of 10°C min−1 from 
20° to 800°C. Mass loss and degradation temperatures were inter-
preted and reported from the second heating ramp (20° to 800°C).
Matrix- assisted laser desorption/ionization time- of- flight 
mass spectrometry
MALDI mass spectra were recorded using a Bruker rapifleX spec-
trometer in positive reflector mode. A solution containing equiva-
lent volume of analyte solution (1 mg ml−1 in CH2Cl2), matrix 
solution (dithranol, 10 mg ml−1 in CH2Cl2), and sodium trifluoro-
acetate solution (NaTFA, 1 mg ml−1 in CH2Cl2:MeOH 1:3 v:v) was 
prepared, and 1 μl of this mixture was applied to a stainless- steel 
target plate and allowed to dry completely before analysis.
Lap- shear tensile testing
Lap shear adhesion testing was conducted according to ASTM 
D1002- 10 on an Instron universal materials tester equipped with a 
1- kN load cell with a shear rate of 1.5 mm min−1. Four types of sub-
strates were used: aluminum, nylon 6,6, glass, and steel. Aluminum, 
nylon, and steel were each 0.16 to 0.4 cm thick by 1 cm wide by 
10 cm long. For glass substrates, standardized rectangular area lap 
shear testing of PDKs 3 to 6 consistently led to the failure of the glass 
due to excessive adhesive force. Consequently, the testing area on 
glass substrates was reduced to 3-  to 5- mm- diameter round- shaped 
adhesives to produce viable specimens. PDKs were applied as hot- 
melt adhesive using a hot plate (60°C) for 1 min to create a homog-
enous layer of the melted polymer on the lower substrate. Then, the 
sample was clamped with the upper substrate and thermally pro-
cessed at elevated temperature in a convection oven (140°C for 
PDKs 1, 3, 4, and 5; 100°C for PDKs 2, 6, and 7).

Shear strength was determined using the following equation be-
low. The maximum force (F) was divided by the bonded area (A) 
covered by PDK, which was measured with digital calipers prior 
to testing

Values in Fig. 5C were calculated using the equation of the inde-
pendent quotient: q = x

y
, where q corresponds to the PDK ratio and 

x and y correspond to the mean lap shear strength values of the cor-
responding PDK.

The uncertainty of the independent quotient was calculated 
as follows

Theoretical methods
Acidolysis rates were calculated using a MP- TST approach, where 
the multiple low- energy conformers are included in the total rate 
calculation (46)

Here, we first take the rate according to a single- structure ener-
getic span approach

where QTS and ETS,0 are the energy and partition functions of the 
lowest- energy transition state conformer, QR and ER,0 are the ener-
gy and partition functions of the lowest- energy reactant conformer, 
kB is Boltzmann’s constant, T is temperature, and h is Planck’s con-
stant. MP- TST then adjusts this single- structure by modifying the 
partition functions to be summed over all conformers of the transi-
tion state and reactant where each is weighted by its Boltzmann 
probability relative to the lowest- energy conformer. These terms are 
the partition function QTS,i and the energy difference ΔEi for the ith 
transition state conformer and QR,i and ΔEj for the jth reactant con-
former. In this work, the number of conformers and the size of the 
molecule make the sum over all conformers computationally intrac-
table. Instead, we used contributions from the lowest- energy con-
formers, which have previously been shown to yield accurate 
reaction rates for DKE acidolysis (44).

To identify the most important contributions to the MP- TST rate 
calculation, we used the following conformer searching workflow. 
First, a guess for a transition state structure for the addition of water 
for each DKE was taken from the acidolysis reaction pathway iden-
tified in previous work (40) and depicted for DKEs 1 to 9 in Fig. 2. 
The transition state was identified by optimization to a saddle point 
geometry at the wb97XD/6- 311+G(d,p)/SMD level of theory 
(54, 55). We then performed a conformer search using CREST to 
identify the ensemble of conformers with the lowest energy. CREST 
was run with constraints on the geometry local to the reaction cen-
ter: the distance between the O nucleophile and the C electrophile 
and the distance between the O nucleophile and the H that dissoci-
ates to the cyclic ketone. For the 20 lowest- energy transition states, 
final transition state geometries were optimized at the wb97XD/6- 
311+G(d,p)/SMD level of theory. Reactants were then generated by 
perturbing transition state structures along the vibrational mode 
corresponding to the single imaginary frequency in the Hessian to 
generate reactants. In addition, CREST was run on the reactant 
structure, and the lowest- energy conformer from CREST was added 
to the reactant ensemble. Reactants were then also optimized at the 
wb97XD/6- 311+G(d,p)/SMD level of theory. The free energy of the 
reactant was taken with the H2O and DKE at infinite separation due 
to the variability in energies from small differences in the location of 
the single water molecule and the frequent failures in geometry op-
timization with one explicit water molecule. All hybrid- DFT calcu-
lations were performed using Gaussian 16 (56). The vibrational 
component of the partition function was calculated using the quasi- 
rigid rotor harmonic oscillator approximation for the vibrational 
entropy (57).

To assess the impact of only including 20 conformers in the MP- 
TST rate calculation, fig. S1 depicts the convergence of the MP- TST 
as a function of the number of transition state conformers included. 
The rate is depicted below as a rate relative to the control, which 
contains no oxy- functionality, as differentiation of DKE acidolysis 
rates is of primary interest here rather than quantitative precision in 
the absolute rate. As the number of conformers included in the MP- 
TST rate calculation increases, the relative rate is affected, but by less 
than an order of magnitude. In general, this does not change the 
qualitative ordering of acidolysis rates as a function of oxy spacing. 
However, the corrections are quite important in identifying the 

Lap shear strength, τ (MPa) =
F (N)

A (mm2)

�q =∣q ∣

√(
�x

x

)2

+

(
�y

y

)2

kMP−TST =
kBT

h

⎛⎜⎜⎜⎜⎜⎝

TS conf.�
i

e
−

ΔEi
kBT QTS,i

R conf.�
j

e
−

ΔEj

kBT QR,j

⎞⎟⎟⎟⎟⎟⎠

e
−

ETS,0−ER,0

kBT

k =
kBT

h

QTS

QR

e
−

ETS,0−ER,0

kBT



Demarteau et al., Sci. Adv. 11, eads8444 (2025)     22 January 2025

S c i e n c e  A D v A n c e S  |  R e S e A R c h  A R t i c l e

9 of 10

decrease in rate observed for an amine- oxy spacing of three methy-
lene units.
Acid- catalyzed hydrolytic depolymerization of 
thermoplastic PDK
General procedure. Thermoplastic PDK (~500 mg) were each placed 
in a 20- ml vial containing strong acid (5.0 M HCl, 15  ml) and a 
magnetic stirrer. Depolymerization reactions were conducted at ei-
ther 20° or 60°C at different time points.

Quantitative recovery. Hydrolysis reactions for yield determina-
tion were stopped at determined time points. The mixture was cen-
trifuged, and the liquid was separated from the solid. This step was 
repeated twice with fresh portions of HCl (5.0 M, 15 ml), followed 
by two successive centrifugations of the solid with fresh portions of 
deionized water (15 ml).

NMR kinetics. Hydrolysis kinetics were proceeded by sampling 
out aliquots (50 to 100 μl) of the reaction mixture, which were then 
transferred into separate NMR tubes for extraction of the soluble 
monomer in CDCl3, seeking 1H NMR analysis and conversion de-
termination.
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