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Abstract

Polyolefins are the most important and largest volume plastics produced. Unfortunately, the 

enormous use of plastics and lack of effective disposal or recycling options have created a plastic 

waste catastrophe. In this work, we report an approach to create chemically recyclable polyolefin-

like materials with diverse mechanical properties through the construction of multiblock polymers 

from hard and soft oligomeric building blocks synthesized with ruthenium-mediated ring-opening 

metathesis polymerization of cyclooctenes. The multiblock polymers exhibit broad mechanical 

properties, spanning elastomers to plastomers to thermoplastics, while integrating a high melting 

transition temperature (Tm) and low glass transition temperature (Tg), making them suitable for 

use across diverse applications (Tm as high as 128°C and Tg as low as −60°C). After use, the 

different plastics can be combined and efficiently deconstructed back to the fundamental hard and 

soft building blocks for separation and repolymerization to realize a closed-loop recycling process.
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Polyolefins make up over half of all plastics produced with diverse applications that 

impact nearly every aspect of modern life (1, 2). However, the inert characteristics that 

provide plastics their useful materials properties make them resilient to degradation in the 

environment, with an estimated lifetime of hundreds of years and unknown environmental 

consequences (3, 4). Mechanical recycling of plastics is largely unsuccessful for preserving 

their value or as a waste remediation strategy; only around 9% of all plastics have been 

recycled (5). A substantial challenge in mechanical recycling is the need for physical 

separation because mixing different types of plastics leads to macrophase-segregated 

materials with compromised materials properties (6). Even if separation is achieved, 

mechanical recycling initiates cross-linking and chain-scission reactions that abate materials 

properties. Valorization of plastics is an alternative approach to recapture resources but 

yields new chemicals rather than original monomer feedstocks (7, 8). For example, poly-

ethylene (PE) can be converted to low–molecular weight hydrocarbons for new applications 

including liquid fuels or waxes (9–11). An inspirational approach for a closed-loop life 

cycle of sustainable plastics is to design systems that are chemically depolymerizable back 

to the original monomers for purification and repolymerization (12). These technologies 

are not yet economically or technologically viable replacements for polyolefins because the 

complete depolymerization back to monomer maximizes the number of chemical bonds that 

must be broken and reformed during the recycling process, necessitating extreme reaction 

efficiency and increased energy inputs (13, 14). A more efficient strategy would de-construct 

plastics back to oligomeric units to allow for purification, yet minimize the number of bond 

transformations that must occur during chemical recycling.

Despite strong motivations, depolymerizable polyolefin-like materials have not yet been 

established as a broad replacement for the rich spectrum of polyolefin applications (15). The 

deconstruction of polyolefins is thermodynamically challenging, requiring energy-intensive 

conditions to break strong carbon-carbon bonds, leading to substantial side reactivity. As 

such, the incorporation of more chemically reactive functional groups into the polyolefin 

main chain to facilitate degradation has gained increasing attention (16, 17). Insertion of 

ketones into PE through the copolymerization of ethylene with carbon monoxide results in 

photo-degradable PE derivatives that can break down to smaller fragments but falls short 

of creating a circular plastics life cycle (18). The step-growth condensation polymerization 

of diester-functionalized alkanes with diols results in PE-like materials possessing ester 

functionality that enables depolymerization back to the building blocks for repolymerization 

(19). However, this approach produces a limited scope of materials and yields polymers 

that possess high ester content and lower thermal and materials properties relative to PE. 

The ester functionality does not drastically impact the unit-cell identity relative to PE but 

does lead to decreased lamellar thickness, destabilization of the crystal lattice, and lowering 

of the melting transition temperature (Tm) (20). Although condensation polymerization of 

dicarboxyl aliphatic oligomeric building blocks with small-molecule diols affords plastics 

with lower ester content for improved thermal and materials properties more comparable 

to PE (21), traditional step-growth polymerizations require precise stoichiometry matching 

of complimentary polymerizable groups (i.e., esters and alcohols) of the monomers to be 

coupled to achieve high molecular weight and technologically useful polymers. Even slight 

imbalances in stoichiometry result in drastically reduced polymer molecular weights and 
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associated properties (22). Therefore, because of this constraint it is difficult to access 

polymers that possess disparate properties through a step-growth polymerization without 

completely changing the chemical identity of the building blocks.

We recognized that a major challenge to realizing diverse and recyclable polyolefin-

like materials through a step-growth polymerization would require a polymerization 

methodology able to overcome the constraints of precise stoichiometry matching of chain-

end groups and allow for deviations in monomer feed ratios. Notably, a step-growth 

polymerization of monomers or oligomers possessing identical chain-end groups would 

overcome this challenge and allow for modulation of the monomer feed composition 

to produce diverse high–molecular weight polymers with functionality designed for 

recyclability (Fig. 1A). The polymerization of oligomers presents the opportunity to 

readily produce multiblock polymers that can integrate multiple properties into a single 

macromolecule. For example, multiblock polyolefins with sequences of crystalline high-

density PE and amorphous low-density polyolefin have both a high Tm and a low glass 

transition temperature (Tg), which provide strength and elasticity across a large window 

of operating temperatures and conditions (23). By contrast, the Tm of ethylene and α-

olefin statistical copolymers decreases with increasing a-olefin incorporation (23). With 

this objective in mind, we were inspired by the ruthenium-catalyzed dehydrogenation 

polymerization of alcohols to produce polyesters (24). Furthermore, in the presence of 

hydrogen, the ruthenium complex can catalyze the depolymerization of polyesters to diol 

building blocks (25, 26), which suggests that a system for closed-loop chemical recycling 

could be developed using this methodology. This proposed circular plastics life cycle would 

be driven by the closed-loop removal and incorporation of hydrogen, the simplest and 

smallest molecule possible for a condensation polymerization and a sought-after foundation 

for green energy (27). Here, we report an approach for synthesizing multiblock polyolefin-

like materials constructed from hard and soft aliphatic oligomeric building blocks with 

highly tunable materials properties dictated by the ratio of the two types of blocks. Notably, 

the different multiblock polymers can be mixed and efficiently depolymerized back to their 

building blocks for purification and repolymerization, demonstrating the recycling of these 

different plastics.

Oligomer synthesis and copolymerization

To produce the required telechelic diol-functionalized hard [HO-HB-OH; HB, hydrogenated 

poly(cyclooctene)] and soft [HO-SB-OH; SB, hydrogenated poly(3-hexylcyclooctene)] 

oligomeric blocks, we used ruthenium-mediated ring-opening metathesis polymerization 

(28) of cyclooctene or 3-hexylcyclooctene, respectively, in the presence of cis-hexadec-6-

ene-1,16-diol as a chain-transfer agent (fig. S1). These oligomers were subsequently 

hydrogenated (40 bar H2, 100°C for 36 hours), catalyzed by residual ruthenium in the 

unpurified product, to yield the hard HO-HB-OH [weight-average molecular weight (Mw) 

= 3.3 kDa] and soft HO-SB-OH (Mw = 3.0 kDa) building blocks (figs. S2 to S4). 

The crystallizable hard block was designed to imbue high Tm and modulus into the 

polymer, whereas the hexyl-functionalized soft block was designed to introduce controlled 

short-chain C6 branching to create noncrystallizable, elastomeric soft domains. Branching 

has substantial influences on polyolefin thermal and mechanical properties, primarily 
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by reducing the allowable degree of crystallinity and increasing free volume (29). The 

oligomers were polymerized in high yields (>90%) with varying ratios of hard and 

soft blocks to modulate the hard content from 0 to 100% (figs. S5 to S10) by using 

ruthenium-catalyzed dehydrogenation polymerization to high–molecular weight polymers 

(Mw = 62.7 to 90.4 kDa) (figs. S11 to S14 and table S1) with high dispersity (Ð > 2.2), as 

expected for polymers produced through a step-growth polymerization (Fig. 1B and table 

S2). The branching content of the polymers was determined by proton nuclear magnetic 

resonance spectroscopy (1H NMR) and was consistent with the block feed ratios (Fig. 2A). 

Although the catalyst proved difficult to remove and colored the polymers (tables S3 and 

S4), advantageously, depolymerization could be successfully performed with this residual 

catalyst (table S9, entry S22). From sustainability and practical perspectives, precious metal 

catalysts for commodity plastic production are undesirable, and the residual ruthenium 

contamination could impede use in biomedical or food packaging applications, especially 

those in which transparency is desired. Toward addressing this concern, lowering the catalyst 

concentration or using a different ruthenium complex produced considerably less colored 

materials (table S5 and figs. S15 and S16).

Polymer properties

The resulting polymers were thermally stable, with high decomposition temperatures at 

5% weight loss (Td5 = 406° to 421°C; fig. S17), consistent with commercially available 

high-density PE (HDPE; Td5 = 430°C) or linear low-density PE (LLDPE; Td5 = 434°C) 

samples (Table 1). With increasing hard content, the crystallinity of the polymers increased 

from 0 to 68% (Fig. 2B). Polymers with hard content <80% exhibited low glass transition 

temperatures (Tg = −46.5° to −60.0°C; figs. S18 and S19 and table S6), whereas a high 

melting transition temperature (Tm = 106° to 124°C) was observed for all multiblock 

polymers containing hard blocks, similarly to olefin-block copolymers (OBCs). (Fig. 2C and 

table S7). Further examination of the crystallinity by wide-angle x-ray scattering (WAXS) 

showed peaks corresponding to the orthorhombic unit cell of PE (fig. S20), although 

polarized light optical microscopy revealed that the crystallites were smaller in size than 

LLDPE or HDPE samples because of the presence of the ester group (fig. S21) (20). Thus, 

the multiblock polymers possessed both a high Tm and low Tg to allow for thermoplastic and 

elastic properties across a wide operating temperature.

Rheology was performed to investigate the creep compliance and zero-shear viscosity 

(η0) of the multiblock polymers. Generally, η0 increased with increasing hard content 

from PE0 to PE100 (η0 = 3.45 to 447 ×105 Pa·s), indicating that the introduction 

of short-chain branching reduced entanglement (fig. S22 and table S8). The molecular 

weight variations, combined with different hard and soft compositions and statistical block 

sequence formations, led to imprecise correlations with these properties (30). In comparison 

with polyolefins of similar molecular weights, these multiblock polymers exhibit increased 

η0, which hints at different interactions that may prove advantageous for use at temperatures 

approaching the Tm with reduced concern for material deformation (table S8). We postulate 

that this result may be due to structural effects imparted by functional group interactions 

from the addition of esters or from the block-polymer organization and effects due to the 

disparity in block sequences across varying compositions.
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The mechanical properties of the multiblock polymers were investigated by uniaxial tensile 

testing (Fig. 2D and figs. S23 and S24). Polymer properties spanned drastic regimes, from 

elastomers to plastomers to thermoplastics, by increasing the hard content. Both Young’s 

modulus (E) and tensile strength (σUTS) increased by over three orders of magnitude (E = 

580 kPa for PE0 to 800 MPa for PE100; σUTS = 40.5 kPa for PE0 to 24.7 MPa for PE100) 

(Fig. 2E and fig. S25). Furthermore, all samples spanning these regimes demonstrated 

excellent extensibility, with the average strain at break (εb) for all multiblock polymers 

exceeding 700%, with PE20 and PE40 achieving >1000% strain at break. These materials 

also exhibited tunable tensile toughness (UT) ranging from 0.19 to 150 MJ•m−3 (Fig. 2F). 

PE60, PE80, and PE100 all exhibited thermoplastic behavior with yield points and strain 

hardening, whereas a yield point was not observed for elastomeric polymers containing 

lower PE content. The overall thermal and materials properties of these polymers are akin 

to commercial OBCS. They also exhibit greater strain at break relative to commercially 

available HDPE and LLDPE samples tested in this work, and the toughness of PE80 and 

PE100 are comparable to or exceed that of very tough engineering plastics (>100 MJ•m−3) 

(table S7).

Recycling studies

To complete the closed-loop chemical recycling process, the depolymerization of PE0 was 

optimized to convert the polymer back to the fundamental oligomeric building blocks (fig. 

S26 and table S9). Although the residual ruthenium catalyst in the polymer with 40 bar H2 

at 160°C in toluene was found sufficient to catalyze the depolymerization after 24 hours 

(entry S22), additional catalyst was added to ensure sufficient active species in recycling 

studies (table S3). The closed-loop chemical recycling process of mixed-plastic waste was 

demonstrated; in doing so, the multiblock polymers of all compositions following tensile 

testing were combined for simultaneous depolymerization (>99% conversion) and the hard 

and soft oligomeric building blocks were separated and purified in 91.7% isolated yield with 

no observable signs of oligomer decomposition by 1H NMR (Fig. 3A and figs. S27 and 

S28). The hard and soft blocks were readily separated through industrially viable selective-

solvent isolation (31) by precipitation of the hard block and purified to remove catalyst 

residues to low parts-per-million levels such that ruthenium levels did not increase during 

subsequent polymerizations. These recovered oligomers were successfully repolymerized 

to PE80, which was subsequently depolymerized and repolymerized back into PE80 for 

two additional cycles with all steps proceeding in high yields (tables S10 and S11). The 

molecular weights of the recycled PE80 multiblock polymers remained consistent (Mw = 

73.8 to 96.6 kDa) (figs. S29 and S30), demonstrating the robustness of this closed-loop 

recycling process. Notably, tensile testing of all recycled PE80 samples revealed that the 

modulus, tensile strength, elongation at break, and toughness were comparable to the virgin 

PE80 sample (Fig. 3, B and C, and fig. S31). We demonstrated that these multiblock 

polymers can be separated from technologically important isotactic polypropylene (PP) 

(Fig. 3C and figs. S32 and S33). Mixtures of PE and PP are difficult to separate, do not 

homogeneously blend, and result in materials with compromised properties, emphasizing the 

importance of being able to separate mixed plastics or devise strategies for compatibilization 

(32). In the presence of commercially available PP, the depolymerization of PE60 was 
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efficient, and the oligomers were readily separated from the PP in high yield (92%) (fig. 

S32).

Despite vast synthetic strategies available to produce polymers, the ability to synthesize 

multiblock polymers remains a challenge most commonly met through tedious sequential 

monomer additions (33). Synthesizing multiblock polymers from hard and soft aliphatic 

oligomers possessing identical chain-end groups creates a platform to produce highly 

tunable polyolefin-like materials and their closed-loop chemical recycling process, including 

in the presence of other commercially important plastics. The modularity of this approach 

coupled with improvements focused on enhancing sustainability will further allow 

realization of other chemically recyclable plastics enabled by the multiblock polymer 

architecture for the union of otherwise unobtainable polymer compositions (34). Although 

this approach provides a promising resolution to pressing challenges of plastic recycling, 

we foresee that forthcoming endeavors will uncover nonprecious-metal catalyst systems that 

exhibit enhanced performance to enable commercial impact.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overview of chemically recyclable polyolefin-like multiblock materials with tunable 
properties from polymerization of hard and soft oligomers.
This strategy (A) successfully builds on an approach for the synthesis of ester-linked 

polyolefin-like multiblock polymers to create a platform for closed-loop recycling of mixed 

plastics catalyzed by a ruthenium complex (B).

Zhao et al. Page 8

Science. Author manuscript; available in PMC 2024 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Properties of multiblock polymers can be modulated over diverse regimes.
(A) Stacked 1H NMR spectra, (B) normalized differential scanning calorimetry traces, (C) 

melting temperature of multiblock polymers, commercial olefin block copolymers (OBCs), 

HDPE, LLDPE, and statistical olefin copolymers as a function of density, (D) representative 

stress-strain curves, (E) modulus, and (F) property comparison of toughness and modulus 

between multiblock polymers, HDPE, and LLDPE. Error bars represent standard deviations 

from the mean value of four to six samples.
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Fig. 3. Chemical recycling of multiblock polymers.
(A) Photographs of the chemical recycling of mixed multiblock polymers. (B) 

Representative stress-strain curves of virgin PE80 and repolymerized PE80 RP-1, 

PE80 RP-2, and PE80 RP-3. (C) Tensile strength and toughness of virgin PE80 and 

repolymerized PE80 RP-1, PE80 RP-2, and PE80 RP-3. Error bars represent standard 

deviations from the mean value of four to five samples. (D) A mixture of PP and PE60 as 

an example of a potential polyolefin waste stream. Photographs of mixed plastics in toluene 

(left), reaction after 72 hours (middle), and the separated PP, HO-HB-PH, and HO-SB-OH 
(right). See supplementary materials for details.
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