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Abstract

The linear "take-make-dispose” model of conventional plastics has led to severe environmental pollution and resource depletion,
necessitating a paradigm shift towards a circular economy. Chemically recyclable polymers, designed to revert to their original monomers or
other valuable feedstocks at end-of-life, present a foundational solution for achieving true circularity in polymer materials. This review
examines the molecular design principles underpinning such polymers, focusing on thermodynamic and kinetic strategies to balance robust
performance during use with efficient depolymerization. We analyze major polymer classes enabling monomer recovery, including
polyacetals, polyesters, polycarbonates, and polyolefins with low ceiling temperatures. Case studies of polydiketoenamines (PDKs), poly(y-
butyrolactone) (PyBL), and redesigned polyethylenes are discussed. Furthermore, we evaluate the integration of chemical recycling within
broader technological systems, including catalysis, process engineering, and supply chain logistics. Finally, we identify key challenges in
scalability, economics, material performance, and policy, outlining a multidisciplinary roadmap for transitioning from niche innovations to
mainstream, sustainable materials that enable a closed-loop plastic economy.
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1. Introduction

Global plastic production exceeds 400 million metric tons
annually, with less than 10% successfully recycled.
Mechanical recycling, the dominant method, suffers from
downcycling-quality degradation with each cycle due to
chain scission and additive mixing. This fundamental
limitation underscores the need for chemical recycling,
which breaks polymers down to molecular building blocks.
The most ambitious and atom-efficient form is chemical
recycling to monomer (CRM), where polymers are
depolymerized to pristine monomers, enabling infinite re-
polymerization without loss of properties.

This paper explores the design, synthesis, and application of
polymers engineered for CRM. We posit that for polymers
to be truly circular, monomer recovery must be a primary
design criterion, not an afterthought. The challenge lies in
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creating materials that are stable during their use phase but
readily deconstruct under specific end-of-life triggers.

2. Molecular Design Principles for Monomer Recovery
The feasibility of CRM is governed by polymer
thermodynamics and kinetics.

2.1 Thermodynamic Considerations: The Ceiling
Temperature (Tc): The ceiling temperature (Tc) is the
temperature at which the rate of polymerization equals the
rate of depolymerization. For CRM to be energetically
favourable, the polymer must have a moderate Tc-high
enough for stability at service temperatures but low enough
for depolymerization at a practical, energy-efficient
temperature. Design strategies include:

= Incorporating Steric Strain: Cyclic monomers with
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ring strain (e.g., lactones, lactides) polymerize via ring-
opening polymerization (ROP) and can often be
reverted.

= Tailoring Backbone Bond Energies: Introducing
weaker or more polarizable bonds (e.g., acetals, silyl
ethers) can lower depolymerization barriers.

2.2 Kinetic Control: Designing Triggerable Linkages

Advanced designs incorporate bonds stable under ambient

conditions but cleavable under specific chemical or physical

stimuli:

= Acid/Base-Triggered Depolymerization: Polymers
with pH-labile linkages (e.g., polyacetals, PDKS).

= Catalyst-Switched Systems: Using a proprietary
catalyst to polymerize and a different, “trigger" catalyst
to selectively depolymerize.

= Light-or Heat-Triggered Reactions: Incorporating
photo-cleavable or thermolytic moieties.

3. Classes of Chemically Recyclable Polymers

3.1 Polymers from Cyclic Monomers

»  Aliphatic Polyesters (e.g., PLLA, PyBL): Polylactide
(PLLA) can be depolymerized to lactide via
thermolysis or catalysis, though purity challenges exist.
PyBL, derived from vy-butyrolactone, was historically
considered "unpolymerizable” until catalyst advances
enabled its ROP and subsequent near-quantitative
CRM.

= Polycarbonates and Polyacetals: Polymers from
cyclic carbonates or acetals can exhibit excellent CRM.
Poly(cyclopentadecalactone) and related aliphatic
polycarbonates demonstrate high-performance
properties and solvent-triggered depolymerization.

3.2 Dynamic Covalent Polymers

= Polydiketoenamines (PDKs): A landmark system
where monomers triketone and amine form PDKs in
acidic conditions. Immersion in strong acid (e.g., 20 M
HCI) severs the polymer back to pristine monomers,
even from mixed waste streams, due to the insolubility
of the recovered amine.

= Vitrimers: While not always focused on monomer
recovery, Vitrimers' bond-exchange mechanisms offer
routes to chemically recycle cross-linked networks, a
major challenge for thermosets.

3.3 Redesigned Polyolefins

Traditional polyethylene (PE) and polypropylene (PP) have

extremely high Tc, making CRM energetically prohibitive.

New strategies include:

= Incorporating ''Break Points': Introducing low
fractions of functional comonomers (e.g., ester, ketal, or
olefinic units) that upon hydrogenation or oxidation
provide sites for chain scission back to defined
oligomers or monomers.

= Cyclic Olefins: Designing polymers from cyclopropane
or cyclobutane-containing monomers that polymerize
via a ring-retaining mechanism, allowing reversion.
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4. Systems Processes, and
Lifecycle

4.1 Catalytic Innovation

Advanced catalysts are crucial. For  example,
organocatalysts and metal complexes (e.g., based on Zn,
Mg, Al) can be tuned to control polymerization degree and,

reversibly, depolymerization selectivity and rate.

Integration: Catalysis,

4.2 Process Engineering & Life Cycle Assessment (LCA)

The environmental benefit of CRM polymers is not

inherent; it must be validated through LCA. Key factors

include:

= Depolymerization Conditions: Energy
solvent use, and monomer purification.

= Feedstock Source: Integrating bio-based or waste-

intensity,

derived monomers (e.g., from CO:) enhances
circularity.
= System Boundaries: Comparing the full impact

(energy, emissions) of CRM systems against virgin
production, mechanical recycling, and alternative waste
management (incineration, landfill).

5. Challenges and Future Perspectives

5.1 Technical and Economic Hurdles

= Performance Parity: New polymers must match the
cost, durability, and functionality of incumbents.

= Scalability: Moving from gram-scale synthesis to
industrial production.

= Waste Stream Complexity: Real-world plastics
contain additives, fillers, and mixtures;
depolymerization processes must be robust or coupled
with effective sorting.

= Economics: Establishing collection infrastructure and
achieving cost-competitiveness with cheap virgin
plastic.

5.2 A Multidisciplinary Roadmap

5.2.1 Progress requires convergence

1. Chemistry: Discover new monomer/polymer systems
with tunable Tc and enhanced properties.

2. Chemical Engineering: Develop efficient, continuous-
flow depolymerization processes.

3. Systems Analysis: Conduct rigorous techno-economic
analysis and LCA at an early stage to guide research.

4. Policy: Implement extended producer responsibility
(EPR), recycled content mandates, and incentives for
chemical recycling infrastructure.

6. Conclusion

Designing polymers for chemical recyclability to monomer
is a critical frontier in materials science for sustainability.
By embedding circularity at the molecular level-through
strategic manipulation of ceiling temperatures, introduction
of triggerable linkages, and innovation in catalysis-we can
transition from a linear plastics economy to a closed-loop
system. While significant challenges in performance,
processing, and economics remain, the convergence of
green chemistry, process engineering, and supportive policy
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frameworks provides a viable pathway forward. The
ultimate goal is a new generation of polymers that serve
their  purpose  without permanent  environmental
consequence, embodying the principles of a true circular
economy.
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