Mechanochemically Accelerated Deconstruction of

Chemically Recyclable Plastics

Mutian Hua!, Zhengxing Peng?, Rishabh D. Guha’, Xiaoxu Ruan’, Ka Chon Ng? Jeremy
Demarteau®, Shira Haber!, Sophia N. Fricke®, Jeffrey A. Reimer’, Miquel Salmeron'#, Kristin A.

Persson!** Cheng Wang?, Brett A. Helms!*6*

"Materials Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road,
Berkeley CA, 94720 USA

2Advanced Light Source, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley
CA, 94720 USA

3Department of Materials Sciences and Engineering, University of California Berkeley, Berkeley,
CA 94720 USA

“The Molecular Foundry, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley
CA, 94720 USA

SDepartment of Chemical and Biomolecular Engineering, University of California Berkeley,
Berkeley, CA 94720 USA

®Chemical Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road,
Berkeley CA, 94720 USA

*Correspondence: bahelms@lbl.gov

https://doi.org/10.26434/chemrxiv-2023-rf93d ORCID: https://orcid.org/0000-0003-3925-4174 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-rf93d
https://orcid.org/0000-0003-3925-4174
https://creativecommons.org/licenses/by-nc-nd/4.0/

Abstract

Plastics redesign for circularity has primarily focused on how monomers should be configured to
permit deconstruction at reasonable rates and ensure recovery in high yield and purity. Yet, during
deconstruction, polymer chains interact with themselves and their reaction medium, introducing
new context and urgency for understanding how the reactivity of polymers differs from that of
small molecules. Here, we show that when polymers are deconstructed as solids in a reaction
medium that swells the polymer, the rate of chain cleavage is accelerated beyond that for bond
cleavage in small molecule analogues. Moreover, by tailoring the reactive medium to promote
swelling via kosmotropic and chaotropic principles, we show that the initial rates of deconstruction
can be accelerated by up to 90%. To understand this behavior, we advance and apply in-situ X-ray
spectroscopic characterization alongside computational modeling and simulation, where we reveal
ion-specific mechanisms for rate acceleration occurring at different length scales, tied not only to
mechanochemical activation of polymer chains, but also the structure of water near the bond
undergoing hydrolysis. Since residence time in reactors affects the economics of plastics recycling,
understanding factors governing polymer deconstruction rates emerges as critically important,

enabling the circular economy.

https://doi.org/10.26434/chemrxiv-2023-rf93d ORCID: https://orcid.org/0000-0003-3925-4174 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-rf93d
https://orcid.org/0000-0003-3925-4174
https://creativecommons.org/licenses/by-nc-nd/4.0/

Main

Closed-loop chemical recycling of plastic waste to reusable monomers can be undertaken with low
carbon and energy intensity when mechanically recycled plastics are deconstructed as solids,
suspended in a liquid reaction medium'~®. During deconstruction, various species from the reaction
medium partition into amorphous regions within the polymer, swelling the polymer and triggering
chemical transformations therein. Yet, it remains a significant challenge to monitor and track
reactions occurring in solvated polymer solids, leaving opaque the effects of polymer—solvent

interactions on polymer reactivity.

Here, we show by using in-situ near-edge X-ray absorption fine structure (NEXAFS) and nuclear
magnetic resonance (NMR) spectroscopic analysis that the rate of polymer deconstruction, thought
to be dictated exclusively by monomer designs'®'2, is substantially higher when the polymer chains
are stretched due to swelling in the reaction medium. Furthermore, by exploiting kosmotropic
(stabilizing hydrogen bonding between water molecules) and chaotropic (disrupting hydrogen
bonding between water molecules) counterions in the reaction medium to control the degree of
swelling, we can modulate the extent of mechanochemical activation of cleavable bonds at the
network level in circular plastics, increasing initial rates by nearly two-fold. Concurrent with these
effects, in-situ Raman spectroscopy studies and molecular dynamics simulations show that
counterions further influence deconstruction rates at the molecular level by altering the structure
of water near the sites of bond cleavage, which dictates the extent of bond activation toward
hydrolysis. By understanding these combined effects across scales, we reveal compelling, non-
obvious pathways for expediting polymer deconstruction: mechanochemical activation of

hydrolysable bonds in enables faster conversion of swollen polymer solids to dispersed particulates
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in reactive liquid media, which should be explicitly tailored to maximize hydrolysis rates yielding

reusable monomers in high yield through bond activation in smaller molecular fragments.

This understanding is a departure from conventional wisdom that might otherwise seek to explain
polymer reactivity using theoretical insights or kinetic studies of small molecule models, which
rarely consider the combined influence of heterogeneity, macromolecular architecture, chain
conformation, solvation, and speciation'%!!"13-15, Furthermore, observations that mechanochemical
activation of bonds in swollen polymers is important during the early stages of polymer
deconstruction provide new lines of intrigue for mechanochemistry and its potential role in
informing plastics redesign for circularity!¢-!°. We also find that the selection of reaction medium

itself would benefit from the breadth of knowledge guiding the use of kosmotropic and chaotropic

20,21 22-24 25-27

ions when seeking control over solvation**~', nucleation*=*, crystallization~=’, particularly in
water-participating catalytic reactions®®?®. Doing so ensures that oligomer intermediates in
chemical recycling of plastics can be more efficiently deconstructed to monomers at high rates and
in high yield. This knowledge, when combined with information regarding the structure and
activity of water alongside solvation-induced mechanochemical activation of polymer bonds,
provides an unexpectedly clear vantage point that captures the underlying phenomena responsible

for polymer deconstruction across scales and opens the door to new design concepts exploiting

these behaviors in future plastics to enhance and ensure their recyclability.

Modular Platform for Controlling Polymer Swelling in Acidolytic Media

Polydiketoenamines (PDK) are an emerging family of highly recyclable polymers that are poised

to replace several classes of difficult-to-recycle polymers, such as epoxy and polyurethane resins.
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Polydiketoenamines are synthesized from a diverse array of polytopic triketone and amine
monomers via “click” polycondensation reactions®. Segmental chain flexibility inherent to many
polyetheramines enables the creation of polydiketoenamine elastomers that swell in acidolytic
media, returning reusable monomers with high yield and purity’’. Lacking, however, has been a
means to control the extent of PDK swelling in aqueous acid, which may depend on crosslinking

density as well as the choice of acid.

To create PDK elastomers 1-3 with controlled crosslinking density, we combined a simple ditopic
triketone® monomer (TK 1) with either one of three tritopic amine-terminated polypropylene
glycol crosslinkers (triamine 1-3)*!, whose number-average molar masses were M, ~ 440 g mol™
!, 3000 g mol™!, and 5000 g mol™!, respectively (Fig. 1b & Supplementary Figs. 1-3). PDK
elastomers therefrom were flexible and exhibited a broad range of mechanical properties, including
tensile strength up to 4.02 + 0.68 MPa and tensile strain up to 1730 £ 350%, similar to commercial
epoxy resins as well as highly stretchable elastomers (Fig. 1b, Supplementary Figs. 4-5).
However, PDK elastomers 1-3 are distinctive from commercial materials in that they are thermally

re-processible and chemically recyclable in a fully-closed loop (Supplementary Figs. 6-7)°.
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Fig.1 Enabling Circularity in Plastics by Accelerating Polymer Deconstruction Across
Scales. a, At early stages of heterogeneous polymer deconstruction, controlling the swelling of
polymer chains is key to accelerating reaction rates for bond hydrolysis. At longer time scales, the
structure of water near the remaining hydrolysable bonds in the dispersed solids dictates rates
through hydrogen bond-mediated bond activation. The acid counterion plays distinct roles during
each phase of deconstruction: the chaotropicity of the anion can be exploited to control swelling,
while its ability to engage in hydrogen bonding with water affects the solvation environment near
the bond undergoing hydrolysis. The inset photos showed the appearance of PDK elastomer discs
clamped by a tweezer undergoing deconstruction in 5.0 M H>SO4 (left) and 5.0 M HBr (right) for

the same duration under ambient temperature. b, Chemical structure of circular PDK elastomers.
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R is hydrogen, and 7 is one for triamine 1. R is ethyl group, and # is zero for triamine 2 and 3. ¢,
Tensile stress—strain curves of PDK elastomers 1-3. Error bars were calculated as the standard

deviation from the mean for three independently tested samples for each PDK formulation.

Mechanochemical Acceleration of Polymer Network Deconstruction

To differentiate the reactivity of polymers (Fig. 2a) from small molecules (Fig. 2b) during
deconstruction, we carried out in-situ NEXAFS in an X-ray transparent liquid cell to monitor initial
rates of acidolysis in solid PDK elastomers in contact with prescribed amount of an aqueous acid.
Aqueous acid ionizes diketoenamine functionality comprising the network, which in turn swells
the polymer, in advance of hydrolysis reactions that ultimately generate triketone and triamine
products. At ambient temperature, the hydrolysis reaction for this specific PDK network is slow,
such that the X-ray set-up can be mounted without the PDK film experiencing significant chemical
changes until triggered at the elevated temperature. The sensitivity of our methodology is dictated
by the prevalence of spectroscopically distinctive chemical functionality in the reactants,
intermediates, and products. Accordingly, we chose to study the effects of the reaction medium on
deconstruction behaviors of elastomeric PDK 1, owing to its higher concentration of
diketoenamine bonds. To this end, we observed PDK 1 network deconstruction over 45 min at 60
°C, varying the acid as follows: 5.0 M H2SOs, 5.0 M HCl, and 5.0 M HBr (Fig. 2c—e). Prior to
these experiments, we carried out extensive studies, modulating the incident X-ray flux to
understand how best to minimize radiation damage to the sample as well as the volume of acid

added to the in-situ cell to ensure signal-to-noise was adequate (Supplementary Fig. 8).
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To interpret the data, we assigned features in the NEXAFS spectra by comparing them to simulated
spectra for small molecule analogues of reactants, intermediates, and products by using time-
dependent density function theory (TD-DFT)?? (Fig. 2f, Supplementary Fig. 9, 10). We assigned
the most prominent feature at 289.4 eV to C-N bonds exclusively present in liberated
polyetheramine crosslinkers (i.e., acidolysis products), which enabled quantification of acidolysis
rates. In contrast, less prominent features at 286.6 eV, corresponding to C=0O bonds, were
assignable to either diketoenamine moieties in PDK 1-3 (reactants) or liberated B-triketones
(products) and therefore less than ideal for precise quantification. To determine the initial rates of
diketoenamine acidolysis, we thus calculated the peak areas at 289.4 eV and fit the data to a model
for pseudo-first-order reaction kinetics (Supplementary Fig. 11). To our surprise, the initial rates
for PDK deconstruction varied substantially by the composition of the acidolytic reaction medium:
relative to the initial rate for PDK 1 deconstruction in 5.0 M HxSO4 (—d[DKE]/dt = 4.22 x 107* s~

1, those for its deconstruction in 5.0 M HCI and HBr were 62% and 90% faster, respectively (Fig.

2g9).

To clarify the origin of rate acceleration, we assessed by variable temperature 'H NMR the initial
rates of diketoenamine acidolysis for an analogous small molecule diketoenamine, DKE 1,
dissolved in each of the different acids. We conducted these studies at temperatures of 40 °C, 60
°C, and 80 °C, extracting the initial rates and then fit the data to a pseudo-first-order kinetics model
(Fig. 2h, Supplementary Fig. 12—14). In all cases, the initial rates of PDK 1 deconstruction (Fig.

2g) were substantially higher than the hydrolysis rates for DKE 1 in a given acidolytic medium at
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a prescribed temperature (Fig. 2h), despite DKE 1 having more degrees of freedom as a dissolved

solute than a diketoenamine bond would when part of a polymer network.

While the origin of this rate acceleration was not immediately clear, we observed differences in
the degree of swelling depending on the acid type. Solvent up take in polymer networks leads to
development of stress to balance the decrease in entropy!®!7, thus higher degree of swelling
generates higher stress in the polymer network. Connecting the trend of swelling and rate of
polymer deconstruction could imply a mechanochemical effect introduced by the kosmotropic or
chaotropic characters of the different acid anions 223, Consistent with this line of reasoning, the
maximum swelling ratio increased in the order of HSO4~, Cl-, and Br~ (Fig. 2i, Supplementary
Fig.15). It is generally accepted that less-solvated chaotropic anions (CI-, Br) are driven to
polymer—water interfaces, which in this case enhances swelling via more favorable solvation
thermodynamics?!. Most notably, we found a strong positive correlation between the ratio of initial
rates of diketoenamine bond hydrolysis in networked PDK 1 to those of small molecule DKE 1 in
different acidolytic media as a function of the swelling ratio. Thus, solvation of polymer networks
leads to pronounced mechanochemical activation of hydrolysable bonds, regardless of the acid
type; this effect is most pronounced in acidolytic media whose chaotropic anions collude with
water to swell the network to the greatest extent (Fig. 2j, k). Likewise noteworthy is the apparent
influence of acid type on acidolysis rates for small molecules featuring a diketoenamine bond (i.e.,

DKE 1), which was unexpected (Fig. 2h).
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H>SO4, HCI and HBr. f, TD-DFT simulated NEXAFS spectrum of protonated DKE 1, and 2-
Acetyl-5,5-dimethyl-1,3-cyclohexanedione (TK), and 1-methoxy-2-propylamine, the acidolysis
product of DKE 1. g, Deconstruction rates of PDK 1 in 5.0 M H>SO4, HCl and HBr. h,
Deconstruction rates of DKE 1 in 5.0 M D2SO4, DCI and DBr. i, Maximum swelling ratio of PDK
1 during deconstruction in 5.0 M H>SO4, HC] and HBr. j, Mechanochemical acceleration of
diketoenamine acidolysis in solvated polymer networks. k, Ratio of deconstruction rates for PDK

1 and DKE 1 as a function of PDK elastomer swelling ratio in different acidolytic media.

Understanding Bond Activation in Solvent-Separated Ion Pairs

To understand the apparent role of acid type on molecular diketoenamine hydrolysis rates (Fig.
2h), we considered the effects of solvation and ion-pairing as well as the activity of water and their
relation to bond activation in the rate-limiting step, where water adds to an iminium intermediate
along the reaction coordinate. It was clear from the standard free energies of activation (AG*) for
DKE 1 hydrolysis—which were extracted from temperature-dependent 'H NMR kinetics
experiments (Fig. 3a, Supplementary Fig. 16)—that the energy landscape for diketoenamine
hydrolysis was substantially altered in different acidolytic media. We carried out MD simulations
of DKE 1 in those media (i.e., with explicit solvent and acid molecules) and evidenced solvent-
separated ion pairs, where a single water molecule was simultaneously bound to the iminium and
any of the chaotropic halide ions through a series of hydrogen bonds (DKE 1 N-H:---O, Fig. 3b—
d). Furthermore, with increasing chaotropicity of the halide ions, we found that the number of

hydrogen bonds between water molecules (Solvent H-O---H) was reduced (Fig. 3b), which is
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concomitant with an increase in the activity of water towards participating in hydrolysis reactions,
owing to the greater availability of oxygen lone pair electrons. Concurrently, the residence time of
water molecules at the reaction center was increased (Fig. 3¢). The confluence of increased bond
activation in solvent-separated ion pairs, higher water activity, and longer residence time near
bonds undergoing hydrolysis produced improved kinetics as well as thermodynamics for

acidolysis with increasing chaotropicity of the acid anions.

Supporting these simulations, we found by Raman spectroscopy of DKE 1 in 5.0 M acid solutions
(Fig. 3e) that the ionization of the diketoenamine bond is evident in the blue shift of the feature at
1375 cm™! (characterized in water) to 1403—1410 cm™! (characterized in acids), which was assigned
to the C=N bond. With increasing chaotropicity of the acid anion (HSOs~ < CI- < Br~ <I"), the
C=N bond was weakened characterized by an increasing red-shift in the peak position relative to
the same peak observed in the least chaotropic acid (HSO4") and therefore was more susceptible
towards hydrolysis (Fig. 3f). This is consistent with stronger hydrogen bonds in solvent-separated
ion pairs, i.e., anion—water—-NH(iminium)*#*°> . We also evidenced changes in the structure and
activity of water in the region of 3100-3700 cm™!. The O-H stretching band in all samples was
composed of two principal components: the first at ~3200 cm™!, corresponding to tetrahedral water
with four hydrogen bonds (4 H-bond H>0); the second at ~3440 cm™, corresponding to water with
two hydrogen bonds (2 H-bond H>0)*%¥7. With increasing chaotropicity of the anions, the
tetrahedral structure of water was increasingly disrupted, as indicated by the diminution in the peak
around 3200 cm™!; the prevalence of higher-activity 2 H-bond H>O features was increasingly
dominant (Fig. 3g). This observation was further corroborated by Diffusion Ordered Spectroscopy

(Supplementary Table 1) characterization of the same system, where increasing chaotropicity of
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the acid anion led to increased diffusivity of hydroniums in the reaction medium, as a result of the
increased activity of water. Thus, stronger H-bonds in solvent-separated ion pairs weakens the
hydrolysable iminium bond, activating it towards acidolysis, while the structure of water is re-

organized to show higher activity, promoting acidolysis (Fig. 3h).
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Fig. 3 Matched High Water Activity and Diketoenamine Bond Activation in Solvent-
Separated Ion Pairs. a, Experimentally determined AG* for DKE 1 hydrolysis in 5.0 M D2SOs4,
DCI and DBr. b, Average number of hydrogen bonds (H-bond) per water molecule in bulk solvent,
per DKE 1 near the iminium obtained from molecular dynamics (MD) simulations. ¢, Water
residence time at the electrophile carbon of DKE 1 obtained from molecular dynamics (MD)
simulations. d, Snapshots of the MD simulations for DKE 1 in different acidolytic media. e, Raman
spectra of DKE 1 in deionized water and 5.0 M H>SO4, HCI, HBr, and HI. Gaussian distributions
are shown in blue for species of water with different hydrogen bonding configurations. The red
dotted line is the fitted spectrum, combining the two Gaussians. f, Shifts of C=N peak as a function
of anion type. g, Population of 4 H-bond water and 2 H-bond water as a function of anion type. h,
[lustration of bond activation due to the change in the structure of water. In the presence of
chaotropic anions, stronger hydrogen bonds are formed between it, bound water, and the out-of-
plane iminium species in solvent-separated ion pairs after the diketoenamine undergoes ionization

in acid. Less hydrogen bonded water also exhibits higher activity during acidolysis.

Impacts of Accelerated Deconstruction Across Scales on Monomer Recovery

Understanding the implications of bond activation at the two length scales, we sought to control
deconstruction of PDK elastomers by exploiting their interactions with the acidolytic reaction
medium. At 60 °C, PDK 1 underwent deconstruction at different rates in 5.0 M HBr, HCI and
H>SO4, which resulted in the progressive formation of smaller PDK solids (process 1) and
ultimately colorless triketone precipitates (process 2) (Fig. 4a). While process 1 and 2 take place

concurrently during PDK deconstruction, here we delineated the two processes for clarity of
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discussion. Processes 1 and 2 of PDK 1 deconstruction were fastest in 5.0 M HBr, where after only
1 h, triketone monomer had begun to precipitate from the reaction mixture; in 5.0 M HCI, this
onset took 2 h; in 5.0 M H>SOs, 3 h was required. While we observed similar trends with acid
composition for PDK 2 (Supplementary Fig. 17) and PDK 3 (Fig. 4b), it was notable that process
1 was slower overall for networks with lower crosslinking density. Therefore, polymer networks
with low crosslinking density (and concomitantly low volume fractions of ionizable functionality
contributing to swelling) require tailored acidolytic media when it is desirable to accelerate their
deconstruction via mechanochemical bond activation. For instance, the time to full disintegration
of PDK 3 in 5.0 M H>SO4 and 5.0 M HCI was 7- and 3-times longer than that in 5.0 M HBr,
respectively. Thus, the density of cleavable bonds within the network controls the rate at which
bulk solids transform into smaller dispersed solids, allowing process 2 to proceed at rates dictated
by surface area and the aforementioned polymer interactions with the acidolytic reaction medium
vis-a-vis bond activation, water activity toward hydrolysis reactions, and water residence time near

hydrolysable bonds.

In large reactors, where such transformations will eventually take place, stirring rates and residence
times impact energy requirements for executing circularity at scale. The physical mechanisms
described here are a means to tailor these to minimize such costs in the future, provided there are
no discernable differences in the quality of recyclates produced by comparison to first-generation
monomers. To verify this, we analyzed the purities and quantified the yields of TK 1 and triamine
crosslinkers 1-3 recovered from deconstructed elastomeric PDK 1-3, respectively, in each of the
three acidolytic reaction media (Supplementary Fig. 18). In all cases, recovered TK 1 and

triamine 1-3 were essentially indistinguishable from pristine monomers by 'H NMR (Fig. 4c, d,
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Supplementary Fig. 19-27). The recovery yields were >90% with no obvious distinction between
different acids. Thus, the interactions with polymers and acidolytic reaction media during polymer
deconstruction can be tailored to more quickly generate higher surface area particulates that are
easier to distribute within a reactor with stirring, such that subsequent monomer generation in the
final stages of hydrolysis benefits from increased surface area. More specifically, the first process
of network deconstruction can be accelerated by mechanochemical effects tied to degree of

swelling, while the second process can be accelerated by bond activation in solvent-separated ion

pairs.

a b

PDK 3
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Fig.4 Ion-Specific effects in PDK deconstruction in acid. a, Snap-shots of PDK 1 undergoing
acidolytic deconstruction in 5.0 M H>SO4, HCI, and HBr. b, Snap-shots of PDK 3 undergoing

acidolytic deconstruction in 5.0 M H2SO4, HCI, and HBr. ¢, 'TH NMR spectrum of pristine (top)
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and recovered (bottom) TK 1 from PDK 1 deconstructed in 5.0 M HCI. d, '"H NMR spectrum of
pristine (top) and recovered (bottom) triamine 1 from PDK 1 deconstructed in 5.0 M HCl. e, Yields

of recovered TK 1 and triamines 1-3 from PDK 1-3, respectively, deconstructed in 5.0 M H2SOs,

HCI and HBr.

Discussion

Deconstruction of polymer networks in acidolytic media reveals distinctive roles at different time
and length scales played by network architecture and acid counterions. At early stages of
deconstruction of macroscopic polymer solids, solvation and swelling of the network lead to an
acceleration of deconstruction rates due to mechanochemical activation of hydrolysable bonds.
Network swelling is enhanced for acid anions with increasing chaotropicity, resulting in initial
rates that are up to 6-fold higher than those for small molecule analogues. As deconstruction
proceeds, the influence of the reaction medium remains prominent due to the activation of
hydrolysable bonds at the molecular scale, particularly in solvent-separated ion pairs; the activity
of water also changes substantially with acid composition at high concentration, affecting rates in
a manner which is matched to those of bond activation with different acid anions. These molecular-
scale phenomena not only alter energy landscapes for bond hydrolysis (AAG* up to 3 kJ mol™),
but also affect the water residence time near activated bonds and therefore the statistics of reactions
producing reusable monomers. Thus, polymer—solvent interactions must be explicitly taken into
account alongside monomer design when considering the fundamental and practical basis for
recycling efficiency and circularity in plastics. Moreover, these interactions can now be accounted
for by implementing workflows that combine synthetic chemistry, advanced in-situ

characterization, and computational simulations at their relevant length and time scales.
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