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SUMMARY: Commodity polyolefins account for the majority of plastic waste but are challenging to depolymerize
or upcycle due to the high thermal and chemical stability of hydrocarbon polymer backbones. Herein, we report a
class of polyolefin that undergoes clean and selective chemical recycling at both the oligomeric and polymeric
stages. [2+2] cycloaddition of the monomer butadiene formed telechelic oligomers (1,n'-divinyl)oligocyclobutane
(DVOCB) that undergo deoligomerization back to butadiene. From the oligomer DVOCB, chain extension using
acyclic diene metathesis (ADMET) yielded the polyolefin pDVOCB. Reverse ADMET of pDVOCB enabled full
recovery of the telechelic oligomer. pDVOCB polymers are semicrystalline hydrocarbon polymers with high
melting temperatures (T, > 230°C) that have excellent chemical and hydrolytic stability and comparable mechanical
properties to commodity polyolefins such as polypropylene and polyethylene. Thus, this work demonstrates a class

of semicrystalline polyolefins capable of two tiers of chemical recycling.
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INTRODUCTION

Polyolefins account for more than 60% of global plastics production and are among the most ubiquitous
consumer materials.! Their favorable characteristics include robust thermomechanical properties, chemical inertness,
and sourcing from abundant feedstock olefins which translates to low cost.! These same qualities present barriers to
efficient recycling and are also responsible for the accumulation of polyolefins in landfills and the environment.'>?
Chemical recycling is gaining increased attention for its potential to depolymerize polymers directly to constituent
monomers that can be repolymerized into virgin-quality materials or upcycled by chemical modification to value-
added products. Such an approach turns plastic waste into a valuable resource and is a key step toward achieving a
circular plastics economy.*'> However, achieving the chemical recycling of commodity polyolefins such as

polyethylene (PE) and polypropylene (PP), which were not developed with end-of-life considerations in mind, is
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challenging due to their thermodynamic stability.* This limitation motivates the development of next-generation
polymer microstructures designed for closed-loop chemical recycling.®

Approaches to chemically recyclable polymers have relied on two primary strategies: (i) the incorporation
of cleavable heteroatomic linkages in the polymer backbone, and (ii) the engineering of cyclic monomers with
highly tailored ring strains (Figure 1A).7 The strategic placement of cleavable groups or comonomers in the

backbone of traditional polymers has been demonstrated to enable chemical recycling or upcycling while preserving
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material properties.®~!! A variety of cyclic monomers—most commonly cyclic esters, cyclic thioesters,
cyclic carbonates,'® cyclic acetals,' and cyclic olefins?>—have been designed to undergo reversible ring-opening
polymerization under mild conditions. However, polymers with heteroatomic backbones struggle to retain the
thermal and hydrolytic stability characteristic of traditional, fully hydrocarbon polyolefins while the use of
specialized monomers cannot compete with the scale and availability of feedstock olefins. Among the novel
polymer microstructures reported that are capable of chemical recycling to monomer, hydrocarbon-based polymers

are much less developed compared to those with heteroatomic backbones,?!-??

and pure polyolefins are particularly
rare. Olefin metathesis is an attractive strategy to synthesize recyclable polymers with hydrocarbon backbones as
polymerization and depolymerization take place only in the presence of catalyst and the functional group, air, and
water tolerance of ruthenium metathesis catalysts enables their application to a host of materials under a range of

conditions.??2*

For example, Wang and coworkers have reported a series of fused-ring cyclooctene monomers
including trans-cyclobutane- and frans-cyclopentane-fused cyclooctene that exhibit fine-tuned ring strain, enabling
reversible ring-opening metathesis polymerization (ROMP) under mild conditions (Figure 1B).'>?% Recently, the
groups of Chen?® and Hong?’ have expanded the fused-ring strategy to cyclohexene derivatives. The resulting
polymers feature excellent thermal stability and may have tunable properties through modifications of the fused-ring
component, but thus far are limited to amorphous polymers and require multi-step monomer syntheses. There is a
critical need to further expand the space of chemically recyclable hydrocarbon polymers, ideally prepared in

minimal steps from feedstock monomers to make use of the preexisting infrastructure and resources that support

commodity polyolefins.
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Butadiene is a feedstock monomer that can be produced both by petrochemical*® and bio-based routes
and serves as a building block for synthetic rubbers and a host of other applications. Chirik and coworkers have
reported a unique, iron-catalyzed method for the [2+2] cyclo(oligomerization) of butadiene resulting in a 1,3-
enchained cyclobutyl microstructure with telechelic vinyl end groups known as (1,n'-divinyl)-oligocyclobutane
(DVOCB) (Figure 1C).3!:32:33 Notably, this microstructure was shown to undergo retro-[2+2] cycloaddition to
regenerate butadiene, demonstrating the potential for chemical recycling. However, two major issues limit the
development of DVOCB as a chemically recyclable polyolefin; the high crystallinity of DVOCB resulted in
precipitation from the oligomerization reaction at low molecular weights (M, < 1,000 g/mol) and the
deoligomerization to butadiene was a time consuming and low yielding process. Alternative strategies to increase
polymer chain length and improve the efficiency of chemical recycling are needed to achieve a truly chemically

recyclable polyolefin. The terminal vinyl groups of DVOCB and its selective synthesis make it well suited as a

monomer for acyclic diene metathesis (ADMET)* polymerization, where through olefin metathesis and loss of



ethylene, chain-extension of DVOCB to form a polyolefin, pPDVOCB, is possible (Figure 1D). Unlike ROMP which
is driven by monomer ring-strain and relies heavily on monomer design, ADMET is driven by removal of ethylene
and is reversed by ethenolysis, *> enabling the depolymerization of pDVOCB back to DVOCB. ADMET
depolymerization has also been demonstrated in the conversion of conventional polymers such as 1,4-polybutadiene
to precise telechelic oligomers.>®3” More recently, it has been employed in the catalytic deconstruction of PE to
propylene through a combination of dehydrogenation, ethenolysis, and isomerization.$-3

Here, we describe the synthesis, characterization, and properties of a chemically recyclable polyolefin
microstructure derived from butadiene using reversible iron-catalyzed [2+2] cycloaddition-oligomerization in
conjunction with ruthenium-catalyzed ADMET polymerization. pPDVOCB is a semicrystalline material with high
thermal stability (onset of degradation temperature, Tq = 365°C) and storage modulus comparable to semicrystalline
commodity polyolefins such as isotactic PP (iPP) and high-density polyethylene (HDPE). Investigation into the
structure-property relationships of pPDVOCB established a dependence of the crystallinity on the chain length of the
DVOCB subunit, allowing for easily tunable material properties without increasing synthetic complexity.
Depolymerization of pDVOCB afforded pristine DVOCB with minimal purification, and repolymerization achieved
both the molecular weight and physical properties of the virgin polymer. Furthermore, a scalable and efficient
method for the deoligomerization of DVOCB back to pristine butadiene closes the loop between polymer and

feedstock monomer.

RESULTS AND DISCUSSION

DVOCB Oligomer Synthesis and Thermal Properties. In the previously reported synthesis,?!

only a narrow
range of DVOCB oligomers was prepared, consisting of mostly insoluble oligomers with poor control over average
chain-length and little insight into the molecular weight distribution (MWD). To prepare soluble oligomers more
amenable to polymerization and on larger scale, initial efforts were focused on the synthesis and characterization of
short-chain (n < 8) DVOCB. Ideally, the developed method would reliably generate different average oligomer
lengths to probe the effects of the value of n on the chain-extended polymer.

Experimental conditions for oligomerization using the iron precatalyst (M*EtPDI)FeN;)2(u-Nz) (MEtPDI = 2,6-
(2,6-Mer-CeH3-N=CEt),CsH;N)*® were systematically explored to determine their effects on DVOCB length and
yield. The most effective and reproducible method to target specific oligomer chain lengths was by moderating the
reaction time using neat conditions with a catalyst loading of 0.075-0.1 mol %. Short-chain oligomers with n = 4-7
(12-45% yield) were successfully isolated with consistent yields that increased with average oligomer length
(Figure 2). While the yield for oligomers was low to moderate per batch, unreacted butadiene was directly and
repeatedly resubjected to reaction conditions without additional purification, resulting in a combined yield of up to
72% based on the initial charge of butadiene (Table S2). Additional butadiene may be added to replace the butadiene
consumed per cycle, enabling continuous and consistent generation of the desired DVOCB(n). This process enabled
the production of multi-gram quantities of short-chain oligomer sufficient for polymerization. The presence of
solvents, change in catalyst loading, and reduced reaction temperatures did not improve chain length control or

oligomer yield (Table S3). The tacticity of these short-chain oligomers is consistent with previous observations,’!



that is an equal fraction of syn and anti cyclobutane rings and a preference for alternating cyclobutane dispositions
along the chain. Current efforts in catalyst development are focused on generating exclusively short-chain oligomers
to improve yield and stereoregular oligomers to modify polymer properties.

The values of n and M, for each batch of oligomer were determined by end-group analysis using 'H NMR
spectroscopy. Because the molecular weights of these oligomers are too low to be reliably analyzed by gel-
permeation chromatography (GPC), matrix assisted laser desorption ionization-time of flight (MALDI-TOF) mass
spectrometry was used to measure the mass distribution of oligomers and to corroborate the average oligomer length
obtained by 'H NMR spectroscopy. MALDI-TOF analysis established reasonable agreement with the 'H NMR
measurements as well as consistency between independent batches of DVOCB of the same n. The oligomer
distribution and dispersity (D) for each n is reflective of the isolated oligomer material and not representative of the
distribution during oligomerization. Notably, the MWD is distinct (Figures S19-22) and narrow (B < 1.05) for a
given n (Figure 2).

The thermal behavior of short-chain DVOCB was investigated using thermogravimetric analysis (TGA, Figure
3A) and differential scanning calorimetry (DSC, Figure 3B). The insoluble oligomers DVOCB(10) and DVOCB(15)
were prepared for comparison by the unmodified reported procedure.’! The onset temperature of mass loss (Tq4) for
the shortest oligomer, DVOCB(4), is 175°C and increases to 290°C for the longest oligomer, DVOCB(15). For the
shorter oligomers, volatilization may make a more significant contribution to initial mass loss than degradation. A
second degradation event was observed around 416°C for all oligomer lengths that is attributed to the degradation of
thermally crosslinked material.*!

DSC of the DVOCB oligomers indicated that these materials are semicrystalline with the temperatures of
thermal transitions and degree of crystallinity highly sensitive to the average number of cyclobutyl repeat units in
the oligomer. Two endothermic transitions are evident upon heating (Figure 3B) which were previously attributed to
a crystal-to-rotator phase transition (T;) and a rotator phase-to-melting transition (Tr) in DVOCB(17) and have been
corroborated by wide-angle X-ray scattering (WAXS) and additional DSC measurements.?! A rotator phase refers to
a phase wherein the crystal stems are rotationally disordered.*>** As n increases, the temperatures of all transitions
also increase. This trend has been observed in alkanes, where the rotator phase transition temperatures are dependent

on the molecular weight of the alkane.*+*

Polymer Synthesis and Thermomechanical Properties. ADMET polymerization was used as a strategy for
chain extension to achieve high molecular weight polyolefin microstructures with enchained cyclobutyl units.
Soluble, short-chain DVOCB(n) oligomers were subjected to solution ADMET conditions in xylene (or mesitylene)
under a constant argon flow to drive ethylene removal. The semicrystallinity of the resulting polymer necessitated
high temperatures (>100°C) to maintain a homogeneous solution and required the use of a high-temperature stable
metathesis catalyst. A selection of ruthenium metathesis catalysts was evaluated (Table S8) for minimal tendency
towards olefin isomerization and high activity. The commercially available cyclic alkylaminocarbene ruthenium
metathesis catalyst M1002 (RuCl,(CAAC)(=CHAr); CAAC = (2,6-Pr,-CsH3)-3,5,5-Mes-3-Ph-pyrrolidin-2-ylidene,
Ar = C¢H4-2-O'Pr), which has previously demonstrated utility in high temperature bulk ADMET reactions,*® best fit



the desired criteria. A small quantity of benzoquinone (BQ) was also added to each polymerization to suppress
olefin isomerization, a known strategy for minimizing this common side-reaction during ruthenium-catalyzed
metathesis reactions, particularly at elevated temperatures.*’** Polymers prepared using this ADMET procedure are
denoted as pDVOCB(n, m) (m = average number of enchained DVOCB(n)) and were obtained as off-white powders
in good yield.

Like PE and PP, these chain-extended polymers are insoluble in common organic solvents at room and
moderate temperatures in line with the chemical stability typical of polyolefins, but this presents a major challenge
for molecular weight characterization, precluding many common techniques used to study polymer molecular
weight distribution such as conventional GPC and MALDI-TOF mass spectrometry. Solvent-free sample
preparation was attempted for MALDI-TOF analysis but was unsuccessful. Instead, characterization of pPDVOCB
relied on techniques with high-temperature capabilities. Number-average molecular weights (M,) and degree of
polymerization m were determined by end-group analysis with high-temperature 'HNMR spectroscopy in 1,1,2,2-
tetrachloroethane-d> (TCE-d») at 140°C, which resolved and differentiated the emergent internal alkene protons
between 5.25-5.28 ppm from the terminal vinyl protons at 5.01 ppm and between 5.93-6.15 ppm. Weight-average
molecular weights (My) and dispersities were determined by high-temperature GPC (HT-GPC) in 1,2,4-
trichlorobenzene (TCB) at 145°C (Figure 4). The values of M, from endgroup analysis by 'H NMR spectroscopy are
consistently higher than the values of Mw/D from HT-GPC which may be due (at least in part) to the difference in
hydrodynamic volume between pDVOCB and the linear polyethylene used for calibration. Nevertheless, this range
of molecular weights was sufficient for initial studies.

To probe the structure-property relationships of these unique olefin-spaced enchained cyclobutyl architectures,
ADMET polymerizations were carried out with DVOCB(4-10). A positive correlation was observed between n and
the temperature required to maintain a completely soluble reaction mixture, suggesting that polymer melting

temperature is dependent on average oligomer length n (Figure 4).%

This trend was corroborated by thermal analysis
(vide infra). A steep decrease in the degree of polymerization and increase in the amount of end-group isomerization
were also observed for n > 7, which were attributed to the increasing melting temperature (hence insolubility) of the
forming polymer as well as increased rates of catalyst decomposition and end-group isomerization at the most
elevated temperatures.

TGA was performed to determine the role of both oligomer length n and degree of polymerization m on the
thermal degradation behavior of the resulting polymer. Upon chain-extension from DVOCB(n) to pDVOCB(n, m),
the initial onset Tq was around 365°C for all polymers examined (Figure 5A), demonstrating excellent thermal
stability. Using a TGA coupled with a mass spectrometer (TGA-MS) under identical operational conditions, the
evolved gas from the polymer samples was analyzed during heating. MS (EI+) analysis indicated that the volatiles
formed during the initial mass loss were composed of one major component, divinylcyclobutane (Figure S42).
Thermo-oxidation of commodity polyolefins and their derivatives is common and has been reported with PS, PE,

and PP.%° TGA in air revealed an onset of oxidation at 240°C for pDVOCB(n, m) polymers (Figures S38 and S39).

The reduced stability of pDVOCB(n, m) in oxygen-rich environments is comparable to iPP which also contains



tertiary carbon centers and exhibits oxidative degradation at 255°C, while HDPE undergoes oxidative degradation at
a higher temperature of 375°C (Figures S36 and S37).

DSC was performed on a series of pDVOCB(n, m) polymers to further investigate the effects of constituent
DVOCB(n) on thermal properties (Figure 5B). Multiple endothermic events and highly crystalline behavior were
observed that persisted over multiple heating and cooling cycles (Figure S48). All endothermic peaks shift to higher
temperatures as n is increased across the series, with the melting temperature shifting from 238°C to 258°C and
crystallization temperatures shifting from 214°C to 237°C. This trend indicates that n has a major role in dictating
the melting temperature of the resultant polymer. For all synthesized pDVOCB polymers, the melting temperature is
much higher than that of iPP (T, = 165°C) and HDPE (T = 135°C) (Figure S49), demonstrating the possibility for
pDVOCB to be used in high-temperature applications. Additionally, temperature-modulated DSC analysis did not
reveal an observable glass transition (Ty) for pPDVOCB(n, m) polymers within the investigated temperature range of
—80°C to 275°C (Figure S52).

Based on the thermal behavior of DVOCB, the minor endothermic transitions Ty and T, of pPDVOCB polymers
may arise from the solid crystal fraction transitioning to a rotator phase before reaching the melting temperature. To
test this, variable-temperature WAXS was performed on DVOCB(10) and pDVOCB(6, 42), revealing the
appearance of a rotator phase upon heating to temperatures T; < T < Ty, for both samples (Figure 6), suggesting
similar temperature-dependent ordering of DVOCB oligomers and pDVOCB polymers. For pDVOCB(6, 42), a
single rotator-phase transition is observed by WAXS, in contrast to the two endotherms observed by DSC (Figure
5B) which is under ongoing investigation. The observation of multiple endothermic events is typical for
semicrystalline materials (e.g. poly(L-lactic acid), poly(ethylene terephthalate)) and is likely indicative of other
crystallization phenomena such as secondary crystallization, crystal lamellar perfection/thickening, and melting-
recrystallization which may be occurring simultaneously.”'-*

The mechanical properties of the pDVOCB(n, m) were investigated by dynamic mechanical analysis (DMA)
and tensile testing. Rectangular bars of pDVOCB and commercial HDPE (M,, = 66 kg/mol) and iPP (M,, = 243
kg/mol) were prepared by melt-pressing in air to simulate real-world processing conditions (Figure S2). Due to
concerns of thermo-oxidation, TGA, DSC, and attenuated total reflection infrared (ATR-IR) spectroscopy were used
to evaluate the processed bars and revealed negligible oxidation under appropriate processing conditions (see
Supplemental Information). Using a single-cantilever setup, DMA showed that pDVOCB(5,40) possesses a
relatively high storage modulus (E') at room temperature followed by a continuous decrease until reaching the
beginning of viscous flow at 175°C (Figure 7A). The peak in tan J around 140°C is ascribed to the rotator-phase
transition evident in DSC and WAXS which imparts partial chain mobility and allows for energy dissipation.
Because mechanical measurements such as by DMA are often more sensitive to chain relaxations than DSC to
changes in heat capacity,> a glass transition (defined as the peak maxima in tan ) was detectable by DMA at 50°C
which was more definitively confirmed by sub-ambient DMA (Figure S57). Overall, the storage modulus of
pDVOCB(5,40) was comparable to that of HDPE and iPP and also maintained rigidity up to significantly higher
temperatures. Under tensile testing (Figures S60-65), the average strain at break of pDVOCB(5,40) was 7% which
is comparable to that of iPP at 10% while HDPE exhibited a higher average strain at break of 177%. While these



values are indicative of brittle materials, pDVOCB(5, 67) exhibited an average strain at break of 42% which was six
times higher than that of pDVOCB(5,40), suggesting that optimizing polymerization conditions to achieve higher
molecular weight polymers improves ductility (Figure 7B). For example, at much higher relative molecular weights,
melt-pressed bars of HDPE (M,, = 125 kg/mol) and iPP (M,, = 550 kg/mol) exhibited average breaking strains of
1,430% and 870%, respectively (Figure 7C).

Solvent resistance was also evaluated to gain insight into potential applications. Melt-pressed bars of
pDVOCB(6, 42) and pDVOCB(S5, 40) demonstrated excellent stability when subjected to dissolution tests in a range
of solvents as well as in aqueous acidic and basic conditions for up to six weeks at room temperature and elevated

temperatures which is consistent with the behavior of polyolefins (Figure S67).

Chemical Recycling of pDVOCB and DVOCB. The feasibility of depolymerization of pDVOCB by reverse
ADMET was investigated using a representative polymer, pDVOCB(S, 43), in a series of optimization reactions
(Table S7). Complete depolymerization and quantitative recovery of DVOCB was achieved by exposing the
polymer to 1 mol % M1002, 5 mol % BQ, and 20 equivalents of ethylene (relative to DVOCB) in toluene (10
mg/mL) with a temperature ramp from 115°C to 50°C over the course of 24 hours (Figure 8A). The temperature
gradient was used to improve ethylene solubility while maintaining polymer solubility at partial depolymerization.
By end-group analysis using high temperature 'H NMR spectroscopy, the average number of internal alkenes per
polymer chain was reduced from 42 to 0.05, corresponding to >99% depolymerization. The oligomer was recovered
in >99% yield through straightforward extraction with hexanes and filtration through a pad of silica to remove
catalyst residue and BQ. The recycled DVOCB(5) (-DVOCB(5)) was usable without further purification. Varying
the equivalents of ethylene or diluting the reaction did not drastically affect the degree of depolymerization with all
entries achieving at least 98% depolymerization. During the optimization phase, depolymerization reactions were
conducted for 24 hours to ensure complete conversion, but >99% depolymerization and 96% yield were still
maintained even at a reduced reaction time of 3 hours. Overall, the depolymerization of pPDVOCB was shown to be
a clean and robust process.

To demonstrate that pPDVOCB polymers are amenable to chemical recycling, -DVOCB(5) was subjected to
ADMET polymerization conditions to yield the recycled polymer r-pDVOCB(S, 52) (Figure 8B). While the
recycled oligomer was subjected to identical ADMET conditions, the recycled polymer had an 18% higher M, that
is attributed to experimental variations such as the effectiveness of ethylene removal, stirring speed, solution
viscosity, and amount of solvent loss that are difficult to control precisely under laboratory conditions. To evaluate
the scalability of this process, ADMET depolymerization was conducted on 1.0 g of pDVOCB(5, 67) and r-
DVOCB(5) was isolated in 74% yield. The thermal properties of virgin and recycled pDVOCB (Figure 8C) and
virgin and recycled DVOCB (Figures S44 and S56) were compared by TGA and DSC and showed no deterioration
of thermal properties for the chemically recycled material.

To simulate more realistic recycling conditions, the chemical recycling of pPDVOCB was also conducted from a
mixed polymer feedstock. Postconsumer items made from PE, PP, and polystyrene, were collected, including

facemasks, single-use food containers, sealable sandwich bags, and various lids and caps. These items—containing



pigments, stabilizers, plasticizers, and/or other additives—were added to a depolymerization reaction with
pDVOCB(5, 67). Under the standard depolymerization conditions, »-DVOCB(5) was recovered in 90% yield
and >99% depolymerization, with only minor alkane impurities carried over from the mixed plastic waste that do
not interfere with repolymerization (Figure 8D), demonstrating that pDVOCB was chemically recycled from a
mixture of commodity polyolefins without the need for specialized separation processes.

Having depolymerized pDVOCB to DVOCB, efforts were then directed towards the deoligomerization of
DVOCSB to butadiene to establish a complete and selective chemical recycling pathway from pDVOCB to feedstock
olefin. Although the catalytic deoligomerization of short-chain soluble DVOCB to butadiene by retro-[2+2]
cycloaddition was previously reported as a proof-of-concept,’! the low yield of recovered butadiene (34%) and long
reaction time of 6 days limited its practicality. Consequently, an improved and scalable method for the chemical
recycling of DVOCB to butadiene was pursued.

The inefficient deoligomerization was primarily attributed to inhibition of the iron catalyst by the free butadiene
generated by the reaction, slowing retro-[2+2] cycloaddition. To overcome this complication, many strategies were
explored to remove free butadiene from the reaction to further drive deoligomerization while still maintaining a
closed system such that butadiene could be recovered and quantified. An experimental design (Figure S1) using
liquid nitrogen to trap evolving butadiene was the most effective, although trapping agents such as molecular sieves
and N-methylpyrrolidone were also tried. The continuous removal of butadiene has additional benefits in that it
enables access to higher temperatures, favoring deoligomerization without a dangerous buildup of pressure, and is
amenable to any scale. With this design, the efficacy of deoligomerization was optimized using DVOCB(6) in
mesitylene with 2.5 mol % ((MEtPDI)FeN)(u-N2) (Figure 9). At 90°C, 76% yield of volatile products was
generated consisting of butadiene (63%) and its [2+2] cycloaddition dimer 1,3-divinylcyclobutane (13%) after only
16 hours. Applying this improved method to r-DVOCB(5) and extending the reaction time to 24 hours enabled
complete deoligomerization to butadiene (79%) and 1,3-divinylcyclobutane (21%) which, combined, represent >99%
yield of volatile products. This result constitutes a significant improvement in the efficiency of catalytic
deoligomerization and demonstrates that the inhibitory effects of coordination by free butadiene are overcome
through process design.

It is worth noting that while pPDVOCB has been selectively reverted to butadiene, for closed-loop recycling
purposes it may actually be more preferable and practical to retain the oligomer as a solid and safer material for
handling, transport, and repolymerization as compared to butadiene which is a toxic, gaseous reagent that is prone to
spontaneous side reactions such as autopolymerization and spontaneous Diels-Alder dimerization.’® However, for

the purposes of upcycling and other applications, full feedstock recovery is an accessible option.

CONCLUSION

The combination of iron-catalyzed [2+2] cycloaddition-oligomerization and ruthenium-catalyzed ADMET
polymerization has been applied to the synthesis of a family of alkene-spaced poly(oligocyclobutyl) polymers
derived from butadiene, a commodity hydrocarbon monomer. The resulting materials are rare examples of

polyolefins constructed exclusively from a commodity hydrocarbon feedstock that are amenable to closed-loop



chemical recycling between polymer and oligomer and between oligomer and monomer under relatively mild
conditions. Variation in oligomer length also provided a straightforward method to tune polymer properties. These
unique polymer microstructures demonstrated recyclability while retaining their thermomechanical properties and
could be fully and selectively depolymerized from mixed polyolefin waste containing various colorants and
additives, demonstrating the feasibility of chemical recycling in realistic conditions. pPDVOCB exhibits excellent
thermal stability (Tq = 365°C), and promising mechanical properties compared to commodity polyolefins such as
iPP and HDPE. Future efforts will focus on the preparation of stereoregular (iso- and syndiotacticy DVOCB
oligomers and the exploration of various polymer backbone modifications (cis/trans ratio and copolymerization) to

further improve material properties.
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All unique materials generated in this study are available from the Lead Contact without restriction.

Data and Code Availability

All datasets generated within these investigations are available in the Supplemental Information.
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Figure 1. Expanding the space of chemically recyclable hydrocarbon polymers using ADMET as a strategy
for the reversible polymerization of butadiene-derived oligomers.

(A) Next-generation polymers designed for chemical recycling.

(B) Recent example of a chemically recyclable hydrocarbon polymer system.

(C) Previous work: Fe-catalyzed [2+2] cycloaddition-oligomerization of butadiene.

(D) This work: ADMET as a strategy for reversible chain-extension of DVOCB to pDVOCB.

Figure 2. Synthesis of short-chain DVOCB.
“Within n + 0.3 where n is determined by integration of the 'H NMR spectra in CDCl; at 25°C.

12



Figure 3. Thermal analysis for a series of DVOCB oligomers.
(A) Overlaid TGA traces with ramp rate of 10°C/min.
(B) Overlaid DSC traces (second heating) with ramp rate of 5°C/min.

Figure 4. ADMET polymerization of DVOCB.

“Measured by 'H NMR spectroscopy at 140°C in TCE-d>.

®Measured by HT-GPC at 145°C in TCB, elution times relative to linear polyethylene.
“Not soluble under HT-GPC conditions.

Figure 5. Thermal analysis for a series of pDVOCB polymers.
(A) Overlaid TGA traces with ramp rate of 20°C/min.
(B) Overlaid DSC traces (second heating) with ramp rate of 5°C/min.

Figure 6. WAXS comparison of oligomer and polymer.

Variable temperature WAXS of melt-pressed samples of DVOCB(10) (A) and pDVOCB(6, 42) (B) at a temperature
sweep of 5°C/min under heating. Sample temperature was calibrated using diphenylacetic acid (see also Figures S25
and S26)

Figure 7. Mechanical Properties of pDVOCB.

(A) DMA of pDVOCB(5,40), iPP (M = 243 kg/mol), and HDPE (M,, = 66 kg/mol) melt-pressed bars with
temperature sweeps held at constant amplitude and frequency and with a heating rate of 3°C/min (see also Figure
S56).

(B) Selected stress-strain curves for pPDVOCB(5, 40) and pDVOCB(S, 67) melt-pressed bars.

(C) Selected stress-strain curves for low and high molecular weight iPP and HDPE melt-pressed dog-bones.

Figure 8. Chemical recycling of pDVOCB(n, m).

(A) Optimized ADMET depolymerization and repolymerization. Equivalents and mol % are relative to DVOCB
units.

(B) 'H NMR spectra for one cycle of chemical recyclingin TCE-d, (6.00 ppm) at 140°C.

(C) Thermal behavior of virgin and recycled pPDVOCB. Overlaid TGA traces with ramp rate of 20°C/min (top) and
overlaid DSC traces (second heating) with ramp rate of 5°C/min (bottom).

(D) Chemical recycling from mixed polymer waste using the same experimental conditions as in part A.

Figure 9. Chemical recycling of DVOCB to butadiene and 1,3-divinylcyclobutane.
Yields are determined by 'H NMR integration relative to an internal standard.
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