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ABSTRACT: Circular plastics thrive on the ability to chemically recycle polymers into reusable monomers, ideally closing the 
loop from manufacturing to end of life. Mechanisms for heterogeneous polymer deconstruction are complex, involving diffu-
sion and transport of reagents to reactive sites in a material continuously undergoing chemical transformations. A deeper 
understanding of deconstruction phenomena would better inform the molecular basis of circularity in plastics. Here, we show 
how nuclear magnetic resonance (NMR) spectroscopy, relaxometry, and diffusometry enable monitoring of heterogeneous 
deconstruction of a model elastomer with acid-cleavable diketoenamine bonds. In chaotropic aqueous HBr, polydiketoena-
mine (PDK) deconstruction is fast, enabled by macro- and micro-scale swelling in early stages, which facilitates acid penetra-
tion and protonation of reaction sites deep within the polymer sample. We observe a previously unrecognized hydrogen-
bond stabilized protonated amine intermediate that is persistent throughout deconstruction, and found a strong correlation 
of its reactivity with swelling and chain kinetics. In kosmotropic aqueous H2SO4, PDK deconstruction is notably slower. Swell-
ing occurred at a more gradual pace, creating a porous polymer matrix, yet polymer chain mobility remained low. Most nota-
bly, the kosmotropic character of aqueous H2SO4 resulted in a reaction site that was comparably less active in advancing 
hydrolysis and deconstruction to shorter oligomer chains, instead trapping acid in matrix pores and modifying the activity of 
the reaction medium under confinement in the process.

INTRODUCTION 

Circular polymers have emerged as a potential solution to 
the world’s growing disposable plastic waste problem.1–5 
One class of circular polymers are polydiketoenamine 
(PDK) resins, produced from triketone and amine mono-
mers that condense spontaneously, producing water as the 
sole byproduct.6 Deconstruction of these polymers is ena-
bled by a hydrolysis reaction in acid solution, decomposing 
the material to its initial reusable triketone and amine mon-
omers. The broad palette of triketone and amine monomers 
available permits the creation of circular thermoplastics, 
elastomers, and thermosets with unique architectures, as 
well as useful tunable properties for a range of applica-
tions.1,7 Furthermore, PDK deconstruction is an acid-cata-
lyzed reaction that occurs on spatially- and temporally-
evolving interfaces between two thermodynamic phases, 
and thus poses fundamental questions about non-linear and 
non-ideal heterogeneous chemical reaction rates. We con-
sider nuclear magnetic resonance (NMR) in its various 
forms as a non-invasive characterization strategy to study 

these fundamental phenomena and thus inform circular de-
sign of plastics on the basis of both polymers and processes. 

PDK (Figure 1a) is an exemplary system for studying pol-
ymer deconstruction. Deconstruction rates are known to be 
affected by the extent of swelling and ionization of polymer 
chains in acidic media, diffusion of reactants and products 
within the polymer milieu, solvation of ions in complex mul-
ticomponent solutions, and the activation of chemically la-
bile bonds.5,8–12 Heteroatom substitutions7,13 and spacing 
along amine and triketone segments14 also permit tunable 
fast hydrolysis rates. The initial stage of polymer decon-
struction is governed by swelling of polymer chains, while 
at later stages, the reaction becomes diffusion mediated, en-
hanced by activation through hydrogen bonds.15 Strict sep-
aration and deconvolution of the various chemical and ther-
modynamic factors affecting the deconstruction process is 
challenging, e.g., the non-linear reaction kinetics being re-
cently described with fractal-like mathematical model.16 
Nonetheless, a full molecular-level understanding of the de-
construction process is still lacking.  
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Herein, we monitor molecular transformations of PDK 
polymers during acid deconstruction with NMR techniques. 
Two acid solutions were selected: HBr, a chaotropic agent 
enhancing polymer–water interactions; and H2SO4, a kos-
motropic agent, increasing surface tension due to low poly-
mer–water interactions.12,15,17 Consistent with previous 
bulk studies,15,16 we find deconstruction rate constants for 
PDK to follow kHBr > kH2SO4. At episodic intervals, we 
quenched the HBr deconstruction of PDK polymers so as to 
employ 1H and 13C solid-state NMR (ssNMR) spectroscopy 
to probe the chemical structure of the recovered decon-
structed polymer. A combination of solution- and solid-
state multi-nuclei NMR, together with DFT calculations, re-
veal a reaction intermediate that inhibits further monomer 
formation, providing a key insight into design of more rap-
idly degrading PDK constructs. We further use relaxometry 
and diffusometry NMR methods to assess the molecular 
mobility of PDK and its fragments as a function of decon-
struction time, thereby revealing the mobility of specific 
chemical environments throughout the activation of the 
diketoenamine bond. Our results point to a previously un-
recognized mechanism for ensuring circularity in plastics 
undergoing heterogeneous deconstruction: control over lo-
cal chain mobility is critical in overcoming barriers in ac-
cessing reactive conformations. Our results also suggest 
that there are molecular-informed strategies for co-design-
ing polymers and process to deliver reusable monomers in 

high yield and purity at fast overall rates by considering 
macromolecular dynamics and conformation. 

 

RESULTS AND DISCUSSION 

We monitored acid deconstruction of a PDK elastomer 
(PDK403) prepared from a simple ditopic triketone (TK) 
monomer and a triamine polypropylene glycol crosslinker 
with an average molar mass of 440 g mol–1 (T403) in an 
acidic medium via three methods. Firstly, we carried out in-
situ solution state NMR, probing the small molecules being 
released in solution during the course of the reaction. Dur-
ing the early stages of PDK403 deconstruction in acid, the 
polymer consists of a hydrophobic solid material with min-
imal 1H solution-state NMR signal. As deconstruction pro-
gresses, the soluble intermediates show an increase in NMR 
signal intensity, governed by their acid solubility, until the 
TK final monomer, an insoluble solid, precipitates and the 
solution-state NMR signal is lost. The rise and fall of these 
solution-state NMR signals thus follows soluble reaction in-
termediates. Secondly, we carried out multi-nuclear solid-
state NMR measurements on solid polymer samples decon-
structed for specific reaction times. The deconstructed pol-
ymer, consisting of only the distended outer layer of mate-
rial that reacted with the acid, was subject to the solid-state 
NMR experiments. Thirdly, we carried out spin-lattice re-
laxation measurements in the rotating frame (1H T1ρ relaxa-
tion) and in-situ pulsed field gradient (PFG) NMR, diagnos-
ing dynamic morphological heterogeneity of the polymer 
during the deconstruction process. 

 

In-situ characterization 

A circular punch (8 mm diameter and 1 mm height) of 
PDK403 elastomer (Figure 1a), was placed in 5 M deuter-
ated acid solution in an NMR tube and monitored hourly 
with solution-state 1H NMR (Figure 1b). Note that a shift of 
~ 2 ppm upfield of the proton resonances occurs as a result 
of the presence of high concentrated acids (Figure S1).  

At t=0 h (the time of acid addition), a very small 1H signal 
is detected for the polymer in both acid solutions, as ex-
pected for the insoluble hydrophobic PDK403 polymer (1H 
NMR spectrum of PDK403 in D2O can be found in Figure S2). 
Organic solvents lead to swelling of the polymer chains and 
do not further dissolve the polymer (Figure S3). As decon-
struction progresses, growth in proton signals emanating 
from the hydrocarbon region, –2 to 0.5 ppm (0–2.5 ppm in 
CDCl3, Figure S1), and the heteroatom region (N-CH and O-
CH), 1 to 3 ppm (3–5 ppm in CDCl3, Figure S1), is evident. 
These increases are the result of polymer protonation and 
further solvation and a decrease in hydrophobicity. These 
liquid-state NMR measurements do not show a significant 
spectral difference between the two acids. 

Interestingly, a peak resonating at 5.5 ppm in D2SO4 and 
5.8 ppm in DBr (Figure 1b, asterisk) emerges and grows 
with reaction time. The chemical shift suggests that this 
peak emanates from the protonated amine that detaches 
from the polymer. Indeed, the protonated state of the cross-
linker monomer T403 (-NH3+) is soluble in both acids 

Figure 1. (a) Chemical structure of the deconstruction of pol-
ydiketoenamine (PDK403) to its monomers, triamine polypro-
pylene glycol crosslinker (T403) and triketone (TK) and the 
circular process to create PDK403. (b) In-situ solution-state 1H 
NMR measurements of PDK403 in 5 M DBr/D2O (blue) and 
D2SO4/D2O acid (red) solutions performed at 11.7 T. Chemical 
environment regions and water peaks are labeled. An asterisk 
marks the presence of a new environment. 
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(Figure S4). TK monomers, however, are not soluble in acid 
solutions and precipitate or float to the acid surface. Figure 
S5 shows the lack of 1H signal from the measurement of TK 
in deuterated acid/D2O as compared to 1H spectrum of TK 
in CDCl3. We conclude that the molecular origin of the new 
peak is unclear from these solution NMR data alone, and the 
differing solubilities of the various species (polymers, mon-
omers, and deconstructed intermediates) during the decon-
struction process establish the need for further analyses. 

 

Polymer Deconstruction Pathways from Solid-state NMR 

In-depth investigation of polymer deconstruction, with 
high resolution and high sensitivity, was enabled with multi 
nuclear solid-state NMR measurements performed on de-
constructed polymer samples that consist of only the dis-
tended outer layer of material that reacted with acid (de-
tailed sample preparation can be found in Materials and 
Methods section and Figure S6). Figure S7 shows the com-
parison of in-situ and ex-situ NMR spectra for 1H and 13C 

measurements, demonstrating that the integrity of the sam-
ple remains with both measurement setup conditions. Fig-
ure 2a and 2b show the quantitative 1H-13C multi-CP18–20 
measurements of the recovered deconstructed polymer in 
5 M HBr and 5 M H2SO4, respectively. Four regions of inter-
est have been labelled as follows: methylene CHx moieties 
resonating at 0–40 ppm that correspond to carbons of the 
polymer chains; C-O-C, ether carbons resonating at 65–75 
ppm; C=C double bonds resonating at 105–115 ppm; and 
C=O, carbonyls resonating at 170–210 ppm. Clear changes 
in carbon environments are evident as a function of poly-
mer deconstruction time in HBr.  

Peaks associated with methylene CHx groups become 
broader with reaction time, yet after 5 h sharpen and nar-
row. The ether region’s signal intensity decreases with time, 
likely a result of elimination of the protonated amine cross-
linker. After one hour in acid, new peaks emerge that origi-
nate from TK monomer formation (shown in first stacked 
row), growing in intensity as deconstruction advances. As 
the reaction proceeds past five hours, polymer chain lin-
ewidth decreases, particularly for the HBr-reacted system. 
This is presumed to be associated with increased mobility 
of the monomer-like CHx bonds, further supporting the en-
hanced deconstruction rate of PDK in HBr acid medium, and 
will be discussed further. In comparison, 13C spectra of de-
constructed polymer in H2SO4 acid show very subtle 
changes. A small peak at 112 ppm (C=C bond) emerges after 
1 h but does not grow with deconstruction time, indicating 
that hydrolysis is taking place, but at a much slower rate. 

Enhanced deconstruction kinetics in HBr vis-á-vis H2SO4 
can also be seen from fast magic angle spinning (MAS) 
quantitative 1H Hahn echo measurements plotted in Figure 
2c and 2d. PDK403 shows two broad overlapping peaks in 
the 0–4 ppm region, corresponding to CH3, CH2 and CH2-O 
bonds, and the amine proton that resonates at 13.6 ppm. Af-
ter 1 h deconstruction in both acids, a new peak emerges at 
18 ppm, which is assigned to the enol proton of the TK mon-
omer (Figure 1a and S8). Two small new proton peaks are 
observed in H2SO4 deconstruction (red). The first peak, res-
onating at 7.4 ppm, is assigned to protonated amine, -NH3+ 
(Figure S4). This peak is also seen with in-situ monitoring of 
the reaction in deuterated sulfuric acid in Figure 1b (note 
the chemical shift is shifted upfield due to high concentra-
tion of acid). In addition, a second new peak appears at 
9.85–10.1 ppm, shifting downfield and increasing in inten-
sity as deconstruction progresses. This peak is assigned to 
residual HSO4– that is trapped in the newly formed pores of 
the deconstructed polymer21 (refer to Figure S9 and Figure 
S10 for additional confirmation). As deconstruction ad-
vances, the polymer matrix swells slowly, enabling larger 
volumes of acid to penetrate through the polymer chains; 
this acid is then captured during the reaction quenching 
process. The increase in residual acid intensity is supple-
mentary evidence that the system undergoes molecular 
swelling and expansion, with increased porosity. This swell-
ing is further discussed below in the context of NMR relax-
ation and diffusion. 

Polymer deconstruction in HBr acid leads to the evolution 
of a distinct proton environment at 8–9 ppm. Given the 

Figure 2. 1H–13C multi-CP spectra of recovered PDK403 after 
different deconstruction times in (a) 5 M HBr solution (blue) 
and (b) 5 M H2SO4 solution (red) acquired at 9.4 T. Various 
chemical environments are labelled. Normalization according 
to number of scans and sample weight was performed. Spin-
ning sidebands are marked with an asterisk. 1H Hahn echo 
spectra of recovered PDK403 after different deconstruction 
times in (c) 5 M HBr solution (blue) and (d) 5 M H2SO4 solution 
(red) acquired at 9.4 T. Insets magnify the 18 ppm peak as-
signed to the monomer enol proton environment. Normaliza-
tion was performed according to number of scans and sample 
weight. 
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efficient protonation abilities of the amine reaction site, we 
suggest that the 8–9 ppm peak is associated with the for-
mation of a rather stable intermediate that remains in the 

reaction medium even after 5 h of deconstruction time. This 
intermediate is also formed in the deconstruction of addi-
tional PDK formulations with structurally similar 

Figure 3. (a) 1H spectra of recovered DKE after 1 h in 5 M HCl, extracted with DMSO-d6 (bottom spectrum) and solid sample 
of recovered PDK403 after 1 h in 5 M HBr dissolved in DMSO-d6. (b) 1H–1H COSY measurement of recovered polymer after 1 h 
in 5 M HBr dissolved in DMSO-d6. A cross peak can be seen between 1H at 8 ppm and 1H at 3.4 ppm, assigned to CH2-O site. (c) 
1H–1H NOESY measurement of recovered polymer after 1 h in 5 M HBr dissolved in DMSO-d6. Two cross peaks with 8 ppm are 
evidenced: the first correlates with 3.4 ppm, assigned to CH2-O site The second cross peak correlates 1H at 8 ppm with 1.2 ppm, 
assigned to hydrocarbon group of the methylene chain. (d) 1H–15N HSQC correlation of recovered polymer 1 h in 5 M HBr 
dissolved in DMSO-d6. Inset shows the proposed structure of the intermediate material formed during deconstruction. Central 
cross peak is attributed to the 15N-H-O site at 45 ppm correlating with 1H at 8 ppm as discussed in the main text and SI. Spectra 
were acquired at 11.7 T. 
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crosslinkers, but varying in molar mass (Figure S11) and 
does not change with varying temperature or after a base 
treatment (Figure S12 and S13), demonstrating its relative 
stability. The question remains as to the identity of an inter-
mediate that presents itself as an ~8 ppm proton NMR peak 
in HBr depolymerization.  

A comparative study of the deconstruction of PDK403 
and the equivalent small molecule, diketonenamine (DKE) 
in acid was conducted. Figure 3a presents 1H spectra of re-
covered small molecule and polymer after 1 h in acid solu-
tion, showing a clear presence of the 8 ppm proton environ-
ment. 1H–1H 2D COSY and NOESY measurements were per-
formed for both samples, with comparable cross peaks (Fig-
ures 3b-3c, S15–S16). The proton environment is coupled 
through bonds to the proton adjacent to the ether group, 
CH2-O-CH2, and through space to the protons in the meth-
ylene chain (see SI for detailed cross peak data and Figure 
S17). 1H–13C HSQC experiments did not show any cross 
peaks, suggesting an OH or NH bond.  

Figure 3d displays a 1H–15N HSQC spectrum acquired 
from deconstructed PDK403 after 1 h in HBr acid (full 
chemical shift range of the 2D correlation is found in Figure 
S18-19). Two cross peaks are observed: 1H at 7.8 ppm cor-
related to 15N at 32 ppm, and 1H at 8 ppm correlated to 15N 
at 45 ppm. DFT calculations for suspected chemical struc-
tures of reaction intermediates were performed and are 
summarized in Table S1. Based upon these calculations, the 
first smaller cross peak is assigned to a protonated primary 
amine;22 this is further supported by 15N chemical shift of 
T403 that resonates at 34 ppm (Figure S20). The second 
cross peak is assigned to the hydrogen–nitrogen bond in the 
proposed structure in the inset of Figure 3d (see SI and Ta-
ble S2 for detailed analysis). Intramolecular hydrogen 
bonding of five-membered rings in benzoxazines, reported 
to resonate at 8.4 ppm, leads to enhanced stability of this 
structure.23,24 The additional oxygen–hydrogen bond main-
tains the structure of the intermediate state, further stabi-
lized by a solvation shell of the counter ion, resulting in en-
hanced stability evidenced by its presence even after 5 h of 
deconstruction in 5 M HBr acid. This intermediate is not a 
byproduct; it is present in the polymer matrix and can dis-
appear as deconstruction progresses, enabling elimination 
of the protonated amine and further monomer formation. 
However, its stability may lead to inhibition of the decon-
struction process. Monitoring the presence of this interme-
diate as a function of reaction time yields insight.  

Quantitative 1H high-speed MAS Hahn echo spectra (Fig-
ure 2c and 2d) were deconvoluted, separating the proton 
environments into four groups, according to their chemical 
shift and peak linewidth. Broad peaks, with chemical shifts 
originating from PDK403, were designated as “polymer”; 
peaks resonating at 7.3-7.6 ppm were grouped as “NH+”; 
“Intermediate / HBr” was assigned to peaks at 8-8.5 ppm; 
narrow, sharp peaks were grouped as “monomer” (Figure 
S23). Figure 4a shows the proton populations of the desig-
nated groups for recovered PDK403 samples as a function 
of deconstruction time, in both 5 M HBr (blue) and 5 M 
H2SO4 (red) systems (for numeric percentages see Table 
S3). The protonated diketoenamine bond (NH+) is evident 

after 1 h reaction in acid and slowly increases with decon-
struction time. Monomer formation in HBr is apparent al-
ready after 1 h, stays stable after 3 h, and greatly increases 
after 5 h. It is noteworthy that the intermediate group (cy-
clic hydrogen bond structure) is constant throughout the 
deconstruction process (~10%), suggesting complex mo-
lecularity. Nonetheless, after 5 h in HBr, there is still 30% of 
NMR intensity associated with polymer-like proton envi-
ronments that have not reacted. It is important to note that 
this polymer-like proton signal is not pristine PDK403 situ-
ated in the inner part of the cylindrical piece, where acid 
cannot or has not penetrated yet (see Method and Materials 
section for more details on sample preparation). In compar-
ison to HBr, deconstruction in 5 M H2SO4 yields less mono-
mer formation throughout the process, with a constant

Figure 4. (a) Integration of deconvoluted normalized 1H Hahn 
echo spectra (Figure 2c and 2d) of recovered PDK403 in 5 M 
HBr (blue) and 5 M H2SO4 (red) acid solutions as a function of 
deconstruction time. (b) Peak linewidth of 13C chemical shift 
region of 0–30 ppm, corresponding to carbon resonance from 
polymer chains, was fit and plotted vs deconstruction time in 
5 M HBr acid (blue) and H2SO4 acid (red). 
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percentage of -NH+ intermediate throughout the reaction 
(~8%). This is consistent with polymer deconstruction in 
H2SO4 being much slower than the deconstruction rate in 
HBr.  

Figure 4b tracks the change in 13C peak linewidth as a 
function of deconstruction time of the polymer chain envi-
ronment (Figure 2a and 2b). We correlate the increase in 
linewidth to swelling of polymer chains on the microscopic 
level where relaxation and/or spectral dispersion broadens 
lines. Macroscopic chain swelling has been reported to oc-
cur upon polymer immersion in acid,15,16 leading to a distri-
bution of 13C chemical environments and broadened peak 
linewidths. An alternative rationale, given that the samples 
were quenched and dried, is that line broadening is associ-
ated with amorphous chain packing. As the reaction pro-
ceeds past three hours, polymer chain linewidth decreases, 
particularly for the HBr-catalyzed system. This is presumed 
to be associated with increased mobility of the monomer-
like CHx bonds, further supporting the enhanced decon-
struction rate of PDK in HBr acid medium. In comparison, 
broadening of the CHx chain region is seen over the course 
of 5 h in H2SO4 and presumably continues. This supports the 

hypothesis of slow chain swelling in H2SO4 which can lead 
to larger pores and acid entrapment. 

Considering the data presented above, we propose the 
following mechanistic insight (Figure S24): acidolysis of the 
polymer in 5 M HBr acid occurs in a swelled matrix, under 
stress and strain of the polymer chains. Protonation of the 
nitrogen leads to an activated diketoenamine bond which 
can further form a stable intermediate. The stretching and 
strain of swelling, distorts the hydrogen bonds of the stable 
intermediate, resulting in further formation of an iminium 
bond, water attack, and monomer generation. As chain de-
construction progresses, the matrix begins to break, result-
ing in an unreactive conformation for the intermediate 
which sterically hinders access to the protonated NH+-C 
bond. The unreactive intermediate stays constant through-
out the deconstruction process, most likely as a relatively 
stable untethered arm. In contrast, the kinetics of polymer 
acidolysis in 5 M H2SO4 are much slower, enabling longer 
swelling times and increased porosity.  

In summary, these NMR methods applied to acid decon-
struction of PDK explain the chemistry shown in Figure 1a, 
with the formation of a protonated reaction intermediate at 

Figure 5. (a) 1H T1ρ populations and (b) 1H T2 populations of PDK403 and deconstructed polymer in 5 M HBr (blue) and 5M 
H2SO4 (red). Long relaxation is represented with dark color shade and short relaxation with lighter color shade. 1H T1ρ meas-
urements were acquired with a spin lock field of 80 kHz. Distribution of diffusion coefficients (measured with 1H PFG-NMR) 
analyzed with inverse Laplace transform as a function of PDK403 deconstruction time in 5 M DBr/D2O (c) for reaction active 
site (-NH+-) proton environment and (d) for polymer chains (-CH2-) proton environment. 
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the amine site in PDK deconstruction in HBr that persists 
throughout the deconstruction process. The reactivity of 
the intermediate is greatly affected by the polymer chain 
dynamics during matrix expansion and swelling, and final 
chain deconstruction. We next turn to characterization of 
the motional dynamics of the residual polymers to further 
understand the implications of chain mobility on the reac-
tivity of deconstruction.  

 

Molecular Motion and Reactivity throughout Polymer De-
construction  

The linewidths shown in Figure 4b reflect the relaxation 
rates R2* (=1/T2*) and thus are influenced by molecular mo-
tion with longer relaxation times associated with increased 
mobility (longer T2* and narrow lines).25 Measurements of 
spin-lattice relaxation in the rotating frame (R1ρ = 1/T1ρ) are 
also sensitive probes of molecular motion on the timescale 
of ms–s, corresponding to spin-lock frequencies of a few Hz 
to a few kHz.26 Faster rotating frame relaxation rates 
(shorter T1ρ) are associated with increased molecular mo-
tion. For longer T2 and shorter T1ρ relaxation to be associ-
ated with increased mobility, one has to be on the right of 
the τcω0 minimum, with increased motion resulting in 
shorter correlation times.27 Finally, pulsed field gradient 
diffusion measurements (PFG-NMR) probe longer length 
scale motion of chemical moieties in an applied magnetic 
field gradient. Here the derived “self-diffusion coefficient” D 
(dimensions of m2/s) quantitates the macroscopic motion 
where larger D corresponds to faster motion. We examine 
all these measurements for the HBr and H2SO4 deconstruc-
tion reactions.  

Figure 5a shows our analysis of 1H spin lattice relaxation 
times in the rotating frame (T1ρ) of the polymer samples 
during the first 5 h of deconstruction (see Table S4 for nom-
inal results); nominal analysis of these rates produces bi-
exponential decays shown as the ratio between the popula-
tions of slow and fast 1H T1ρ relaxation times. From the point 
of view of polymer motion, pristine PDK403 consists of two 
dynamic regimes, 26% with more rapid relaxation (530 μs) 
corresponding to faster motion and 74% with slower relax-
ation (2.5 ms) corresponding to slower motion. As decon-
struction proceeds in HBr acid, harvested residual polymer 
shows an increasing fraction of the region associated with 
short T1ρ values, i.e., faster relaxation rates and more rapid 
motion. We submit here, monomer formation occurs, lead-
ing to the presence of fast-moving smaller chains. Further 
supporting evidence of the fast motion regime can be seen 
in Figure 5b, portraying the increase in 1H T2 values as de-
construction proceeds (nominal T2 relaxation results can be 
found in Table S5).  

The ratio of populations associated with slow and fast 
motion as a function of deconstruction time agrees with the 
fractional line shape analysis portrayal shown in Figure 4a 
(Figure S25). A similar trend is observed for the relative 
segments of fast and slow 1H T1ρ relaxation times of decon-
structed samples in 5 M H2SO4, though the increase in pop-
ulation of faster moving polymer chains is more gradual in 
time due to slower deconstruction kinetics in this system. 
However, two distinct domains of motion, with the higher 

mobility fraction increasing with deconstruction time, are 
clearly observed for all deconstructed samples, further sup-
porting the dynamic morphological heterogeneity of the de-
construction process. It should be noted that 1H T1ρ relaxa-
tion times presented here, equivalent to local motion in the 
samples, are averaged over the entire sample volume, with-
out chemical specificity. Figure S26 shows a normalized 
comparison of linewidths and relaxation rates for the HBr 
and H2SO4 residual polymers where the trend for increased 
regions of polymer mobility in the residual products is 
clear. 

Self-diffusion measurements in-situ of the acid decon-
struction process are shown in Figure 5c and 5d. Measure-
ments were performed over a course of ~ 8 h of deconstruc-
tion, utilizing multi-exponential Inverse Laplace transform 
(ILT)28 to analyze the attenuation of the 1H PFG-NMR signal, 
resulting in a distribution of the translational self-diffusion 
coefficients (D) for the specific proton chemical environ-
ments. Figure 5c and 5d show the distributions of D for the 
protons in CH2 polymer chains (integration of peak at 0.8 – 
1.5 ppm) and for the reaction site (protonated amine group, 
integration of peak at 7.5 – 8.5 ppm), as a function of reac-
tion time in DBr/D2O, respectively. Both functional groups 
exhibit bimodal distributions of self-diffusion coefficients D. 

Polymer chain diffusion (Figure 5c) can be parsed into 
two domains of motion, with average diffusion coefficients 
of 1.7*10–10 m2 s–1 and 1.6*10–11 m2 s–1. We assign the slower 
motion to semi-ordered, unreacted polymer chains that re-
main largely unaffected during the reaction time. The larger 
self-diffusion coefficient can be assigned to polymer chains 
that are “splaying” as the reaction proceeds, hence present-
ing increased local mobility. Further assessment of the mo-
bility of a swelled polymer matrix was performed by moni-
toring PDK403 in different solvents and can be found in Ta-
ble S6. Concentrated acid shows better polymer swelling ca-
pabilities than pure D2O, and consequently faster self-diffu-
sion, but inferior to swelling properties of an organic sol-
vent like chloroform.  

The reaction site (Figure 5d) also presents two regions of 
local motion where the slower component likely arises from 
the strong effect of the polymer backbone. Indeed, the dis-
tribution of this slower D is the average of the slow and 
moderate polymer chain motions, seen in Figure 5c. The 
faster self-diffusion coefficient is on the same order of mag-
nitude as H3O+ molecular diffusion15 measured during de-
construction of DKE. This enhanced mobility results from 
increased movement of protons at the reaction site that un-
dergo fragmentation and exhibit escalated free motion in 
the acid solution. (Further discussion of the ILT analysis and 
ratio of the fast and slow motions as a function of decon-
struction time can be found in the supporting information 
and Figures S27-30). 

It should be noted that the deconstruction time depend-
ence of the diffusion coefficients is not straightforward and 
does not show a clear increase or decrease of D in time. The 
non-linearity of the molecular diffusivity and the complex-
ity of the deconstruction process result from the intercala-
tion of different factors affecting the deconstruction, such as 
swelling, diffusion and reaction. Correlation of polymer 
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deconstruction with fractal kinetics has been reported re-
cently,16 where fractal-based equations are employed to pa-
rameterize rate laws. Nonetheless, the diverse, heterogene-
ous essence of polymer motion throughout the deconstruc-
tion process is clear. In our analyses, the slow diffusive mo-
tion of the rigid polymer chains greatly affects the motion of 
the reaction site, at times being the dominant motion meas-
ured, while the fast mobility of the reaction site steers the 
hydrolysis forward. These results provide experimental ev-
idence supporting a multi-pathway deconstruction mecha-
nism in HBr, shedding light on the importance of local chain 
dynamics and its control over the reactivity and stability of 
the formed intermediate. 

 

CONCLUSIONS 

Heterogenous deconstruction of a model elastomer fea-
turing acid-cleavable diketoenamine bonds is presented in 
5 M HBr and H2SO4 acid solutions, with the advancement 
and application of magnetic resonance methodologies of-
fering insights.  

Polymer deconstruction is complex and not uniform: dif-
ferent regions of the polymer begin to react, becoming more 
susceptible to acid penetration, while other regions remain 
unaffected by the contact with acid. Although monomer for-
mation is evident even at early stages of the deconstruction 
process, remnants of polymer can be seen even after 5 h in 
both HBr and H2SO4 concentrated acid systems.  

On the molecular level, it is clear that deconstruction in 
HBr is faster than in H2SO4 acid solution. We show clear ev-
idence of different deconstruction mechanisms in these ac-
ids. The chaotropic nature of HBr facilitate the high mobility 
of the reaction site, prompting formation of a rather stable 
intermediate and necessitating an additional energy barrier 
for completion of the reaction. Stretching and strain during 
polymer matrix swelling promotes the reactive confor-
mation of the intermediate, resulting in monomer for-
mation. After chain deconstruction occurs, the intermediate 
remains in its stationary form. The diffusivity behavior of 
the reaction site, strongly linked to the moderate-to-slow 
kinetics of the polymer chains further demonstrates this 
complex polymer deconstruction process. To promote a re-
active configuration for deconstruction, chain dynamics 
need to be addressed. In contrast, slow deconstruction ki-
netics of the polymer follows from slower swelling in H2SO4, 
enabling emerging porosity of the polymer and acid entrap-
ment within.   

The ability to understand reaction mechanisms allows re-
finement of deconstruction conditions. We submit that en-
hanced local chain mobility is critical to ensure reactive 
configurations and fast and clean polymer deconstruction; 
such local mobilities can be controlled with material design 
e.g., by the addition of heteroatoms in the polymer back-
bone.      

We conclude that NMR methodologies provide molecular 
insight into polymer deconstruction by relating local struc-
ture to molecular mobility, thereby adding further guidance 
in the planning and production of future circular materials. 
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