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of Nylon-6 plastics
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THE BIGGER PICTURE

Nylon-6 is an extraordinarily

robust and versatile polymer used

for applications such as

packaging, textiles, automotive

parts, and fishing nets. It is

produced at >5 megatons

annually. Its environmental

persistence has led to significant

waste accumulations—discarded

Nylon fishing nets comprise ca.

10% of ocean plastic, and

producing new Nylon-6 has a high

carbon footprint. In principle,

catalytic chemical recycling of

Nylon-6 to recover the starting

monomer, ε-caprolactam, would

be ideal, but the inertness of this

plastic has hindered progress.

Here, we report a rationally

designed organometallic catalytic

system using earth-abundant

metals that achieves Nylon-6

depolymerization under mild and

benign solvent-free conditions at

unprecedented rates and

selectivity. This process is

effective for diverse commodity

end-of-life articles such as fishing

nets, carpets, clothing, and plastic

mixtures.
SUMMARY

Developing effective catalysis to address end-of-life Nylon pollution
is urgent yet remains underdeveloped. Nylon-6 is a resilient syn-
thetic plastic and a major contributor to ocean pollution. Here, we
report a metallocene catalytic system based on earth-abundant
early transition and lanthanide metals that mediates Nylon-6 depo-
lymerization at unprecedented rates up to 810 (ε-caprolactam)$
mol(Cat.)�1$h�1 at 240�C in R99% yield. This solventless process
operates with catalyst loadings as low as 0.04 mol % at tempera-
tures as low as 220�C—the mildest Nylon-6 depolymerization condi-
tions reported to date. This metallocene catalysis can be carried out
in a simulated continuous process, and the resulting ε-caprolactam
can be re-polymerized to higher-quality Nylon-6. Experimental
and DFT analyses identify effective depolymerization pathways
involving catalytic intra-Nylon-chain ‘‘unzipping’’ assisted by
p-ligand effects and inter-chain ‘‘hopping.’’ A robust chelating
ansa-yttrocene is particularly effective in depolymerizing diverse
commodity end-of-life articles, such as fishing nets, carpets,
clothing, and plastic mixtures.

INTRODUCTION

Catalysis is central to countless chemical transformations and in principle holds great

promise for the efficient recycling of commodity plastics.1–3 Plastics are versatile,

low-cost materials that have dramatically enhanced the quality of life for more

than a century. Currently, plastics are produced at an annual rate of 450 million

tons, which is projected to double by 2045.4 Nevertheless, with only limited tools

available to address plastics end of life, their accumulation has emerged as a global

environmental challenge.5,6 For example, Nylon polyamides, which are produced on

a scale exceeding 8.9 million tons annually,7 significantly contribute to the non-

degradable plastic waste pollution in oceans and landfills, reflecting their

outstanding chemical inertness and paucity of effective recycling technologies.8

Indeed, it is estimated that by 2050, plastic waste will outweigh fish in the ocean,9

with Nylon-6 contributing ca. 10% of ocean plastic pollution as discarded/lost fishing

nets (‘‘ghost nets’’).10 This amounts to >600,000 tons of abandoned fishing nets

annually.11,12 Furthermore, Nylons are the most prevalent polymers in the stomachs

of marine animals, illustrating the persistence challenge to global marine

ecosystems.13

Since its invention by Schlack in 1938,14 Nylon-6 has emerged as a robust and ver-

satile thermoplastic with widespread applications in the fishing, automotive,
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packaging, carpet, and textile industries15 due to its high tensile strength, rigidity,

toughness, as well as thermal and abrasion resistance.14–16 Nylon-6 commercial

products dominate the global Nylon market with more than 50% of the total reve-

nue7 and a market size projected to exceed $21 billion by 2026.17,18 Nevertheless,

despite the importance of Nylon-6, end-of-life management of Nylon waste falls

far behind the worldwide production rate.8,19,20 Traditional approaches to partially

recover the energy stored in plastic waste, such as incineration and pyrolysis, in the

case of Nylons release toxic/harmful gases, including CO, NH3, and CO2, further

exacerbating the environmental challenges.21 In addition, mechanical recycling of

Nylons causes substantial property degradation, reflecting the elevated required

temperatures, and is considered economically less attractive.11,22

If efficient, chemical recycling of Nylon-6 would provide an attractive route to regen-

erate ε-caprolactam monomer, which is currently produced from fossil feedstocks

and contributes significantly to greenhouse gas emissions.23,24 Conventional cata-

lytic depolymerization processes require elevated temperatures and high steam

pressures. Kamimura and Yamamoto et al. reported Nylon-6 depolymerization

in ionic liquids to produce ε-caprolactam in 55%–85% yields with 5 wt %

4-dimethylaminopyridine (DMAP) as the catalyst.25–27 Note that this process re-

quires temperatures above 300�C, ionic liquids that decompose at these tempera-

tures, and DMAP, which is toxic.26,27 In 2020, Milstein et al. reported a novel homo-

geneous Ru-catalyzed deconstruction of Nylons to linear amino alcohols via

hydrogenation at 70 bar H2 pressures and 48 h reaction times.28 For Nylon-6,

24%–48% yields of 6-amino-1-hexanol were obtained (Figure 1A).28

We hypothesized that early transition metal and lanthanide complexes, which are

highly electrophilic, kinetically labile with polar metal-ligand bonding, and are

active/selective catalysts in diverse heteroatom hydro-functionalization and related

C-N/C-O cleavage processes,29,30 might function as effective Nylon-6 depolymer-

ization catalysts. Note that the abundance of La and Y in the earth’s crust is compa-

rable to that of Co, Ni, and Cu31,32 and that La and Y are 2,0003 and 6003 cheaper

than Ru, respectively.33,34 In terms of production-related global warming potential,

La is 0.09%, 0.28%, and 0.52% of that of Pt, Pd, and Ru, respectively, whereas Y is

0.12%, 0.38%, and 0.72%, respectively.35

In early exploratory work, we investigated Ln(NTMS2)3 (TMS = SiMe3) complexes for

Nylon-6 depolymerization activity (Figures 1B and 2A) and found modest rates and

yields that decline with decreasing lanthanide ionic radius (i.r.) (1, Figure 2B).36 Due

to their low activities and partial volatility during reaction conditions, the Ln(NTMS2)3
catalyst and Nylon-6 must be intimately mixed before and during the polymer

melting stage. Thus, Ln(NTMS2)3 is catalytically effective for virgin Nylon-6 powder,

whereas Nylon yarn must be cryogenically milled even for moderate ε-caprolactam

rates and yields. Furthermore, the simple Ln(NTMS2)3 tris-amido ligation offers little

opportunity for mechanistic tuning, risks catalyst-polymer chain cross-linking/-

immobilization, and depolymerization rates are only tunable via the Ln i.r. Consid-

ering these limitations, we sought ligationally more tunable and less volatile cata-

lysts in a mechanism-oriented approach.

Here, we report a new p-ligated class of metallocene catalysts, which are far more

effective in Nylon-6 depolymerization with unprecedented turnover frequencies

(TOFs) up to 810 (ε-caprolactam)$mol(Cat.)�1$h�1 at 240�C (Figures 1C and 2B). It

will be seen that these metallocene-mediated depolymerization processes proceed

in high yields—up to 99% yield of recovered re-polymerizable caprolactam
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Figure 1. Recent examples of catalytic approaches to Nylon-6 chemical recycling.
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monomer, operating under mild conditions—the lowest Nylon-6 to ε-caprolactam

depolymerization temperature reported to date, 220�C, while employing catalyst

loadings as low as 0.04 mol % and can operate in a model continuous process as

opposed to a batch mode. Furthermore, it will be seen that the highly active and

robust ansa-yttrocene complex 6 catalytically depolymerizes a wide variety of

end-of-life Nylon articles and can be used to separate mixed plastic waste. Finally,

the mechanism of this efficient catalytic depolymerization process is probed by

experiment and by high-level free volume and density functional theory (DFT)

computation.
RESULTS AND DISCUSSION

The benchmark catalyst Ln(NTMS2)3 (1) is commercially available, and the metallo-

cene catalysts were prepared and purified by literature procedures.37–39 Finely

powdered commercial virgin Nylon-6 (Mn = 14,800 g mol�1) was first utilized to

screen catalysts and catalytic conditions, to maximize polymer-catalyst contact,

and to achieve uniform mixing/heating. All depolymerizations were performed in

a green solventless batch mode, with crystalline ε-caprolactam product collecting

on the cold reactor wall (see supplemental information for details).

In attempts to lower catalyst 1 loading from the 5 mol % (90% yield; see prior work36)

to 1 mol %, a moderate ε-caprolactam yield was obtained (69%, Table 1, entry 1) in

0.5 h reaction time/240�C using the present solventless methodology. Further
A

B

Figure 2. Depolymerization process and catalysts

(A) Nylon-6 depolymerization process presented in this study, producing crystalline caprolactam.

(B) Depolymerization catalysts are investigated here. TMS = SiMe3.
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Table 1. Optimization of the catalytic Nylon-6 depolymerization conditions shown in Figure 2A

Entrya Catalyst
Catalyst
loading (mol %) Time (h) Temperature (�C) Yield (%)b TOFc

1 1 1.0 0.5 240 69 138

2 1 0.2 1.0 240 5.6 28.0

3 2 1.0 6.0 240 17 2.83

4 3 1.0 0.5 240 91 182

5 3 1.0 1.0 240 99d 99.0

6 3 0.2 1.0 240 93 465

7 3 0.2 0.5 240 81 810

8e 3 0.2 3.0 240 97 (94)f 162

9 3 1.0 2.0 220 90 45.0

10 3 0.2 4.0 220 95 119

11 1 0.2 24 220 2.4 0.50

12 4 1.0 1.0 240 24 24

13 5 1.0 1.0 240 2.2 2.2

14 5 5.0 24 240 93 0.78

15 6 1.0 1.0 240 94 94

16 6 1.0 2.0 240 >99 49.9
aGeneral depolymerization conditions: static vacuum (10�3 Torr), 100 mg of Nylon-6 powder in a 50 mL

Schlenk flask, unless otherwise stated.
bYields determined by 1H NMR with a mesitylene internal standard.
cTurnover frequencies (TOFs) estimated in units of (mol ε-caprolactam)$(mol Cat.)�1$(h)�1.
dThis reaction was performed in duplicate, both trials providing the same yield.
eScaled-up depolymerization: 1.0 g of Nylon-6 in a 100 mL Schlenk flask.
fIsolated yield after recrystallization of the product; see supplemental information for details.
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lowering the catalyst loading to 0.2 mol % depressed the depolymerization yield to

5.6% (Table 1, entry 2), prompting catalyst ligand redesign to ensure monomeric

character and to achieve higher activities and yields.

Catalyst ligand design

We envisioned constraining the Ln3+ coordination sphere using non-dissociable

ancillary p-ligands to sterically shield the electrophilic Ln3+ centers while mini-

mizing impediments to substrate approach. Thus, p-ligands such as bis(penta-

methyl-cyclopentadienyl) (Cp*2) (Figure 2B), which offer high coordinative stability,

good solubility in organic media, and rich catalytic chemistry37 were screened.

Here, the La3+ coordination sphere was first modified by replacing two –TMS2N

1 active sites with Cp* ligands, Cp*2LaN(TMS)2 (2); however, this led to a reduced

depolymerization activity under the present solventless conditions with 1 mol %

catalyst and an extended reaction time (Table 1, entry 3), possibly reflecting inad-

equate La-NTMS2 basicity to initiate the depolymerization process, and was not

investigated further.

Next, Cp*2LaCH(TMS)2 (3), which efficiently catalyzes C–N bond-forming reactions

such as cyclohydroaminations,29,30 was investigated for Nylon-6 depolymerization,

which also requires intramolecular cyclization to form C–N bonds. Strikingly, 3 is a

highly effective catalyst at 1 mol % loading, providing a 91% yield in only 0.5 h at

240�C (Table 1, entry 4). This represents a significant advance over Cp*2LaN(TMS)2,

revealing marked s-bonded ligand effects on initiation, which are supported by DFT

analysis (vide infra). Extending the reaction time to 1 h affords a 99% yield (Table 1,

entry 5), which was performed in duplicate with a consistent result, reflecting good

reproducibility of the metallocene catalysis. A 0.2 mol % loading of catalyst 3 pro-

vides a 93% yield (Table 1, entry 6), in marked contrast to catalyst 1 (5.6% yield).

This depolymerization is found to reach 81% yield in only 0.5 h (Table 1, entry 7).
Chem 10, 172–189, January 11, 2024 175
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To examine the scalability of this reaction, the 3-mediated Nylon depolymerization

was carried out on a 1-g scale using a 0.2 mol % catalyst loading. A NMR yield of 97%

(94% isolated yield) was obtained (Table 1, entry 8).

Another consideration is the depolymerization temperature. Commodity polymer

chemical recycling typically utilizes energy-intensive high temperatures with

competing thermal decomposition.2,40 Although the present 240�C temperature

is lower than those typically used in Nylon depolymerizations (>300�C),25,27,36,41 it

is above the 218.3�C Nylon-6 melting point.14 Thus, catalytic studies were next con-

ducted at 220�C with 0.2–1.0 mol % Cp*2LaCH(TMS)2 (3) and provided up to 95%

yields (Table 1, entries 9 and 10). To probe Ln3+ size effects, catalysts Ln3+ = Lu3+

(4, i.r. = 0.97 Å) and psuedo-lanthanide Y3+ (5, i.r. = 1.01 Å) were compared with

La catalyst 3 (i.r. = 1.17 Å). Under identical solventless reaction conditions (Table 1,

entries 9–13), the performance of the Lu (4) and Y (5) analogs to 3 is significantly infe-

rior. Regarding structural effects, note that lanthanocene catalyst 3 is 2383 more

active than catalyst 1 at 220�C (0.5 vs. 118.8 (mol ε-caprolactam)$(mol La)�1$(h)�1),

highlighting the advance afforded by metallocene ligation. Interestingly, these rates

qualitatively parallel activity trends in Cp*2Ln-catalyzed olefin hydroelementation

and other additions to C=C/ChC unsaturations.29,30 These reflect a mix of

electronic and steric effects, with the latter predominant, reflecting crowding in

the insertive C-C unsaturation transition state.30,42

Note that smaller i.r. Y3+ metallocenes are known to display high thermal stabilities,

likely reflecting lower reactivities in undesired intramolecular thermolytic path-

ways.29,43,44 Note also that Y lies at a lower production energy cost45 and environ-

mental impact metric.35,46 With these attractive Y features, we sought ligand modi-

fication beyond poorly active YNTMS36 and promising Cp*2YCH(TMS)2 (5).

Ansa-lanthanocenes, Me2SiCp00
2LnR (Cp00 = h5-Me4C5) with chelating ancillary p-li-

gands and larger ‘‘bite’’ angles (Figure 2B; 2) display substantially enhanced catalytic

activities in unsaturated C-C insertions into Ln–N bonds (10–1003 increased TOFs)

vs. their Cp*2LaR analogs.38,47,48 Additionally, the chelating ansa ligation may

further enhance the thermal stability of Y catalytic systems.49 Thus, the complex

Me2SiCp00
2YCH(TMS)2 (6) was prepared and first examined for virgin Nylon-6 pow-

der depolymerization.38,50 Remarkably, chelation of the Y coordination sphere

dramatically increases the depolymerization yield from 2% to 94% (Cp*2Y– /

Me2SiCp00
2Y–; 433 increased rate) under identical reaction conditions (Table 1, entry

13 vs. 15), illustrating the effects of this ancillary ligand ‘‘engineering.’’ Further ex-

tending the reaction time to 2 h effects a >99% conversion of Nylon-6 by catalyst

6 (Table 1, entry 16). This ligand manipulation essentially imbues a more desirable

Y center with La center catalytic properties. This is also supported by steric effect

free-volume contours (%Vfree)
51 computed (Figure 3) for catalysts 3, 5, and 6 from

DFT-optimized structures (vide infra), which track the respective experimental cata-

lytic activity trends discussed above.

Post-consumer Nylon depolymerization

Encouraged by the high activities of catalysts 3 and 6 for pristine Nylon-6, the depo-

lymerization of post-consumer products was next examined (Table 2). Samples were

finely chopped, dried, and subjected to depolymerization trials (see supplemental

information for details). Note that potassium hydroxide (KOH) treatments were

applied only to powdered Nylon-6 samples to neutralize carboxylic end-groups

for kinetic studies (vide infra) but not to post-consumer products due to the large

Nylon particle sizes. Regarding ocean pollution, a 2-year-old discarded fishing net
176 Chem 10, 172–189, January 11, 2024
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Figure 3. Catalyst steric effect free volume contours

Computed percent free volume (%Vfree) contours based on DFT-optimized structures for (A)

Cp*2LaCH(TMS)2 (3); (B) Cp*2YCH(TMS)2 (5); and (C) Me2SiCp
00
2YCH(TMS)2 (6).
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was first tested. Catalyst 1 rapidly sublimes from the catalyst + finely chopped

mixture, yielding minimal ε-caprolactam (<1% yield; Table 2, entry 1) after 24

h/240�C. Note that catalyst 1 provides moderate depolymerization yield (78%) for

one case of consumer Nylon-6 only when special pretreatment is applied
Table 2. Catalytic depolymerization of post-consumer Nylon plastics

Entry Nylon plastic Catalyst
Catalyst
loading (mol %)a Time (h) Yield (%)b TOFc

1 fishing net 1 5.0 24 <1 <0.1

2 fishing net 3 5.0 24 65 0.542

3 fishing net 5 5.0 24 95 0.792

4 fishing net 6 1.0 6.0 94 15.7

5 carpet fiber 6 1.0 6.0 >99 16.7

6 Nylon yarn 6 1.0 6.0 87 14.5

7 t-shirt 6 1.0 6.0 99 16.5

8 medical glovesd 6 1.0 12 89e 7.41

9 fishing net + water bottle capf 6 1.0 12 95 7.92
amol % loadings are calculated assuming 100% of Nylon-6 in these post-consumer products, except for

entry 8 (see footnoted).
bYields determined by 1H NMR with a mesitylene internal standard.
cTurnover frequencies (TOFs) calculated in units of (mol ε-caprolactam)$(mol Cat.)�1$(h)�1.
d355 mg sample of medical gloves, which contain 100 mg Nylon-6 (31%).
eDetermined from Nylon-6 content in medical glove sample; see supplemental information for details.
fFishing net: water bottle cap in a 1:1 mass ratio.
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(cryogenically milled Nylon yarn).36 For catalyst 3, the modest yield at high loadings

(Table 2, entry 2) likely reflects poor mixing and catalyst thermal instability, whereas

thermally more robust Y catalyst 5 delivers higher yields (Table 2, entry 3), and ansa-

metallocene Y catalyst 6 achieves a remarkable 94% yield in only 6 h (Table 2, entry

4), paralleling the results with powdered Nylon-6 (vide supra), arguably reflecting

enhanced activity and stability. In sum, ansa-yttrocene 6 is �293 more effective in

fishing net recycling than metallocene La catalyst 3, favoring dominant ancillary liga-

tion vs. metal i.r. effects.

To probe the scope of 6-catalyzed depolymerization, other post-consumer Nylons

were next surveyed. Carpet waste has a global environmental impact52 with an

annual production of 12 billion ft2 only 5% of which is recycled and 91% is

landfilled. In the US, 4 billion lb of carpet is landfilled annually,19,53 and with

�75% of carpets composed of Nylon,52,53 recycling ε-caprolactam from carpet

waste is attractive. Pleasingly, the carpet fiber was fully depolymerized with 1 mol

% of 6, yielding ε-caprolactam quantitatively (Table 2, entry 5). Under the same con-

ditions, post-consumer Nylon-6 yarn afforded ε-caprolactam in 87% yield (Table 2,

entry 6). Nylon fabrics, known for durability and water resistance, are utilized in

shirts, swimsuits, footwear, etc. A Nylon t-shirt was next subjected to depolymeriza-

tion using catalyst 6, producing ε-caprolactam in 99% yield (Table 2, entry 7).

To further define the depolymerization scope, we turned to waste plastics from the

COVID-19 pandemic-associated demand for gloves and face masks.54 Medical

gloves containing Nylon-6 were finely chopped and exposed to catalyst 6 (Table 2,

entry 8), affording an 89% yield with respect to the Nylon content of ε-caprolactam

(see supplemental information details). Note that commodity Nylons such as carpet

waste, t-shirts, and medical gloves all contain varying amounts of diverse chemical

additives such as dyes, stabilizers, and lubricants,55 yet the performance of catalyst

6 remains essentially unchanged. Finally, in real-world marine plastic wastes, fishing

net debris is typically mixed with other plastics, such as containers, bags, straws, bot-

tle caps, etc. Besides Nylon-6, polyolefins, such as polyethylene and polypropylene

(PE and PP), aremost common in ocean plastics.12 To assess the applicability of cata-

lyst 6 to post-consumer plastic mixtures, the depolymerization of end-of-life Nylon-6

fishing nets was next investigated for a sample admixed with PE water bottle caps in

a 1:1 mass ratio. This afforded ε-caprolactam in 95% yield (Table 2, entry 9), whereas

the inert PE was recovered unchanged, as evidenced by 1H NMR (Figure S26). Thus,

6 is compatible with mixed Nylon-6-polyolefin mixed wastes and can be used to

separate end-of-life Nylon-6 from mixed plastic, yielding the valuable caprolactam

monomer. Note that catalyst 6 is highly robust at 1 mol % loading to depolymerize

a broad scope of Nylon-6 samples, including a variety of pre- and post-consumer ar-

ticles without any special pretreatment, in marked contrast to homoleptic catalyst 1

that is only applicable to KOH-treated and finely ground Nylon-6 samples.

Circularity for end-of-life fishing net

To ‘‘close the loop’’ for a fully circular end-of-life Nylon economy, it was of interest to

determine if the recovered ε-caprolactam could be re-polymerized to yield high-

quality Nylon-6. Thus, ε-caprolactam recovered from the large-scale depolymeriza-

tion of end-of-life fishing net was re-polymerized using an anionic polymerization

procedure54 with NaH and N-acetylcaprolactam activators at 140�C. NMR, matrix-

assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF

MS), and gel-permeation chromatography (GPC) analyses were used to confirm

the repurposed Nylon-6 identity and purity (Figures S41–S52). Impressively, the re-

cycled polymer obtained in 99.3% yield with Mn = 43.6 kg mol�1 and 1H NMR in
178 Chem 10, 172–189, January 11, 2024
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Figure 4. Collected NMR spectra for depolymerization-repolymerization experiments
1H NMR spectra of (A) an end-of-life fishing net (drops of CDCl3 + TFE, 500 MHz); (B) crude

ε-caprolactam product collected from depolymerization of the fishing net (CDCl3, 500 MHz); and

(C) repurposed Nylon-6 obtained from the subsequent re-polymerization (drops of CDCl3 + TFE,

500 MHz).
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Figure 4, is of comparable or superior quality compared with the original fishing net

waste (Mn = 21.7 kg mol�1). This methodology highlights the attraction of Nylon

chemical recycling by an efficient monomer recovery process and effectively closes

the loop for end-of-life Nylon plastic, imbuing new value to the abandoned fish-

ing net.
Mechanistic analysis of Nylon-6 depolymerization

Productivity of catalyst 1 vs. catalyst 3

Catalyst 3 was selected to probe the metallocene-mediated depolymerization

mechanism because it enables a more realistic comparison with homoleptic cata-

lyst 1 bearing the same La3+ center. Note that for the virgin Nylon-6 sample, the

average number of monomer units in a polymer chain (i.e., degree of polymeriza-

tion, DP) is estimated to be �130 from Mn = 14,800 g mol�1. For a 1 mol % catalyst

loading, the estimated polymer chain: La3+ ratio is z1:1.3, indicating slightly more

than 1 La3+ catalyst molecule per one polymer chain is available, and in principle,

assuming the depolymerization process involves stepwise excision of caprolactam

units as the catalyst 3 moves along the chain, no interchain La3+ ‘‘hopping’’ is

required to consume one Nylon-6 chain. This agrees with the experimental data

(Table 1, entries 1 and 4) that both catalysts 1 and 3 provide reasonable activities

and yields at 1 mol % catalyst loading (69% and 91%, respectively). However, for a

lower catalyst loading of 0.2 mol %, the calculated polymer chain: La3+ ratio

is z5:1, and in this scenario, the La3+ catalyst must ‘‘hop’’ between polymer chains

to achieve high depolymerization conversions. Under these conditions, catalyst 1

only provides a 5.6% ε-caprolactam yield (Table 1, entry 2), whereas catalyst 3 is

barely impacted by the lower loading (Table 1, entries 6–8, 11).

To gain further insight into the superior performance of catalyst 3, further experi-

ments were carried out. It was previously shown that in Nylon-6 depolymerization

by catalyst 1, nearly all three TMS2N-ligands participate—2.5 equiv of TMS2NH

are released in the reaction onset.36 It therefore seems unlikely that catalyst 1 can

readily interchain hop following the consumption of a single Nylon chain, reflecting

the aforementioned La3+-polymer ‘‘cross-linking’’ and poor tris-amido active site
Chem 10, 172–189, January 11, 2024 179



Figure 5. Illustration of different depolymerization pathways for homoleptic catalyst 1 (left) and

metallocene catalyst 3 (right).
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stereocontrol (Figure 5, left). Instead, catalyst deactivation by a Nylon chain-end

carboxylate/carboxylic acid is plausible (see below for details). In contrast, the

non-dissociable Cp*2 ligands of catalyst 3 can sterically shield the La center and

plausibly hinder the undesired catalyst cross-linking/immobilization. This may

enable catalyst 3 interchain-hopping at low catalyst loadings, which is supported

by DFT analysis (vide infra).

To probe these mechanistic aspects further, in situ 1H NMR spectra at the onset of

depolymerization were acquired (see supplemental information section kinetic

studies). The data reveal gradual protonolysis of the La-CH(TMS)2 linkage with

�95% of the expected CH2(TMS)2 obtained. Concurrently, only trace amounts

(<5% yield) of a Cp*H product are detected in accordance with the stability of the

Ln-Cp* ligation.29,30 Here, we propose a plausible process for Nylon-6 recycling

via intrachain ‘‘unzipping’’ by catalyst 3 (Figure 5, right). Unlike catalyst 1, the deac-

tivation of catalyst 3 at the chain ends can be minimized by effective interchain hop-

ping, achieving high-yield depolymerization at low catalyst loadings.

Chain-end catalyst deactivation and kinetic analysis

Next, catalyst deactivation at the polymer chain ends was investigated. After reach-

ing full depolymerization conversions, the catalytic species is likely to reach carbox-

ylate groups, forming an inert carboxylate complex—Figure 6 shows a plausible

structure. By this hypothesis, following the consumption of an initial polymer batch,
A

B

Figure 6. Experiments to define catalyst

deactivation by Nylon-6 chain ends

See section catalyst reusability test and

continuous depolymerization experiments

of the supplemental information for

experimental details.
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Figure 7. Kinetic study to characterize Nylon-6 depolymerization pathway

Reaction conditions 0.2 mol % of catalyst 3, 240�C, 100 mg Nylon-6. Yields calculated for 1st

polymer addition. Black and red traces show the kinetic profile of 1st polymer addition. Blue line

represents continuous linear yield growth on 2nd polymer addition at 30 min.
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the residual reaction mixture should exhibit far lower activity when exposed to a sec-

ond 100 mg Nylon addition. Under the catalytic conditions employed in Table 1, en-

try 5, the depolymerization rate for the second 100 mg is significantly lower, with a

30% yield (Figure 6A). In contrast, depolymerization of a combined 200 mg polymer

sample, added in a non-stepwise manner, under the same catalytic conditions,

achieves a 94% yield (Figure 6B).

In Figure 7, the kinetic profile/ε-caprolactam yield of 3-mediated depolymerization

is plotted vs. the reaction time with a low catalyst loading (0.2 mol %). A linear in-

crease in ε-caprolactam yield is evident over the first 30 min (up to 81% yield; Fig-

ure 7, black line), followed by saturation in the later stages (30–60 min) of reaction

(Figure 7, red curve). Because catalyst deactivation most likely occurs at the carbox-

ylate chain ends, this suggests that the declining reaction rate after 30 min occurs as

the depolymerization of shorter chains is completed. To test this hypothesis, two

depolymerization reactions were carried out under identical conditions and halted

at 30 min to avoid reaching full conversion and catalyst deactivation. To these reac-

tion residues, the same amounts of pristine Nylon-6 were added without quenching

any reaction intermediates, and the mixtures were allowed to react for another 20

and 40 min, respectively (see supplemental information for experimental details).

The results demonstrate a continuous linear growth of ε-caprolactam yield (Figure 7,

blue line) without saturation after 30 min, in contrast to the initial kinetic trend (red

curve). In this case, adding long polymer chains at 30 min allows the La to hop

from the shorter chains to longer chains so that a decrease of the catalyst loading

of 3 from 0.2 to 0.1 mol % occurs in the addition of new polymer chains before reach-

ing full depolymerization conversion.

Catalyst durability and continuous depolymerization process simulation

The present model studies suggest the potential for Nylon-6 depolymerization with

ultra-low catalyst loadings in a continuous rather than batch process. As a demon-

stration of this concept, the experiments presented above involved a catalyst

loading reduction with catalyst 3 to 0.2 to 0.1 mol % on addition of fresh Nylon-6
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Figure 8. Catalyst recyclability test for multi-batch continuous depolymerization simulation

Reaction conditions: 2.7 mg of catalyst 3 (0.0018 mmol), overall of 0.04 mol % loading, 240�C, 5 3

250 mg Nylon-6 additions. Reaction times: 1.5 h for run 1; 2 h for run 2–5; and overnight for run 6.

See supplemental information for details.
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before reaching full conversion of the first batch (Figure 7). To further probe the re-

cyclability of the present metallocene catalysts, a multi-batch simulated continuous

depolymerization experiment was performed in a larger-scale reactor with a

0.04 mol % loading of catalyst 3 (Figure 8; see supplemental information for exper-

imental details). Before each run (runs 2–5), the caprolactam collected from the pre-

vious run was removed, weighed, and 250 mg of fresh Nylon-6 was added to the

reactor containing the same catalyst 3 charge. The results show steady caprolactam

yields across all catalyst recycling experiments, indicating that catalyst 3 retains a

high level of activity through each run. The final (6th) run was performed without fresh

Nylon addition to allow full completion of the depolymerization process, providing

an overall Nylon-6 yield of 95.5% using an ultra-low overall catalyst loading of

0.04 mol %.

DFT analysis (see computational details in supplemental information)

A detailed Gibbs free energy profile was computed by DFT for catalyst 3 (Figure 9) to

connect with the experimental mechanistic data. Note that the earlier DFT analysis of

the homoleptic catalysts36 was limited by the complexity of the three Nylonic li-

gands, and a simple, informative model for Nylon recycling could not be generated.

In this study, DFT calculations were performed on a realistic Nylon-6 dimer model to

accurately simulate the coordination of the well-defined metallocene catalysts to an

actual polymer. The initial step involves intramolecular Cp* ligand C-H activation to

quantitatively eliminate CH2(TMS)2 (validated by 1H NMR) and form a lanthanocene

‘‘tuck-in’’ complex56 (INT2). Note that this computed pre-catalyst thermolytic pro-

cess is in good agreement with previous results from this laboratory.34 This step is

slightly exergonic (DG = �3.6 kcal mol�1) with a barrier of DGz = 29.2 kcal mol�1

(TS1), hence relatively rapid on the catalytic timescale (see Figure S56 for detail).

By contrast, this activation step for catalyst 2 with a less reactive ligand (–NTMS) is
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B

C

Figure 9. DFT analysis of Nylon-6 depolymerization using a model dimer

Gibbs free-energy profile in solution phase (kcal mol�1).

(A) Computed Nylon dimer model reaction.

(B) DFT-derived energetics.

(C) Computed transition state geometries. Reaction pathways are highlighted in dashed lines. H

atoms not involved in reactions are deleted for clarity.
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calculated to be unfavorable (DG = 19.2 kcal mol�1) with a far higher barrier (DGz =
39.5 kcal mol�1) to yield INT2, in accord with its low activity (Figure S57). Next, co-

ordination of the La center to the amide carbonyl group is slightly endergonic (DG =

3.9 kcal mol�1), yielding INT3, which is stabilized by intramolecular chelation by the

polymer –NH2 chain end. Next, the tuck-in moiety reverts to the Cp*2La metallocene

in an exergonic H+-transfer from the terminal amine (DG = �16.1 kcal mol�1; barrier

DGz = 10.3 kcal mol�1) to yield INT4. This step is supported by a Cp*2Ln-catalyzed

hydroamination study in which rapid protonolysis of INT2 by amine substrates

was observed experimentally.34 Once INT4 enters the catalytic cycle (Figure 10),
Figure 10. Proposed catalytic cycle for the catalytic depolymerization of Nylon-6

Schematics of the interchain hopping and end-chain catalytic deactivation mechanisms are

included. A counter cation is not included in the deactivated catalyst structure for clarity of viewing.
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an intramolecular cyclization yields INT5 in a thermoneutral step (DG = 0.01 kcal

mol�1) with a barrier of DGz = 24.6 kcal mol�1 (TS3), which is the rate-determining

step in the cycle. The importance of utilizing a dimer model is highlighted by

mimicking a polymer chain to provide additional coordination by an adjacent amide,

which stabilizes INT5 by 7.2 kcal mol�1 (Figure S58) and more realistically depicts a

La-polymer binding scenario. Moreover, the barrier for the less active Y analog (cata-

lyst 5) of this rate-determining step (TS3) is computed to be 1.9 kcal mol�1 higher

than for catalyst 3 (Figure S59), in agreement with experimental results (Table 1).

Next, INT6 is formed via an exergonic (DG = �4.8 kcal mol�1) C-N dissociation

step, which has a barrier of DGz = 10.8 kcal mol�1 (TS4). Lastly, ε-caprolactam is

released in a slightly exergonic step (DG=�5.4 kcal mol�1), yielding INT7with a sec-

ond Nylon-6 monomer coordinated to the La center to complete the catalytic cycle

(also see Figure 10).

Next, the interchain hopping mechanism was investigated to support the

3-mediated depolymerization pathway proposed in Figure 5. Besides continuing

the catalytic cycle with the coordinated polymer chain, another possible pathway

for INT4 is to undergo a polymer-polymer exchange via INT2 in reversible

steps (Figure 9). To evaluate this pathway, a concentration modeling was

performed by computing the interchain hopping of catalyst 3 between two Nylon

dimers (Figure S60). The simulation shows that the La3+ center hops within seconds

at 240�C, and equilibration between Nylon chains (meaning rapid Nylon chain

interchange) occurs within 3 minutes. Chain-end catalyst deactivation (Figure 10,

n = m) was also examined computationally (Figure S61). In a computed structure

for the deactivated catalyst, La3+ is coordinated to the carboxylate chain end

and a terminal primary amine. This complex is found to be unfavorable (DG =

1.7 kcal mol�1) for hopping to a new polymer chain (simulated by a dimer

model) and regenerating the active species INT4, which validates this deactivation

mode, in good agreement with experiment under the present reaction conditions

(Figure 6).

Conclusions

This study demonstrates rational catalyst ligand design as a promising pathway to

realize rapid, selective, and solventless Nylon-6 plastic chemical recycling. A series

of earth-abundant lanthanide and yttrium metallocene and ansa-metallocene cat-

alysts exhibit far higher activity and durability than homoleptic tris-amido lantha-

nide catalysts. For example, catalyst 3 is a highly effective catalyst for the depoly-

merization of powdered Nylon-6, affording up to >99% yield of ε-caprolactam) at

temperatures as low as 220�C and catalyst loadings as low as 0.2 mol %. This cata-

lyst can be reused multiple times without deactivation in a simulated continuous

mode to achieve an ultra-low catalyst loading of 0.04 mol %. These conditions,

to the best of our knowledge, are the mildest to date for Nylon-6 depolymerization

in the peer-reviewed literature. Experimental and DFT mechanistic analyses reveal

effective depolymerization pathways involving catalytic intrachain unzipping assis-

ted by the catalyst p-ancillary ligand steric constraints, as well as interchain hop-

ping and chain-end catalyst deactivation mechanisms. For the more challenging

waste Nylon-6 commodity products, ansa-yttrocene complex 6 exhibits a far

higher activity and thermal stability than lanthanocene 3 and efficiently depolymer-

izes a variety of end-of-life Nylon plastics, including fishing nets, carpets, clothing,

gloves, as well as a mixed PE + Nylon-6 mixture. Furthermore, a ‘‘closed-loop’’ re-

cycling model is demonstrated by re-polymerizing waste fishing net-derived ε--

caprolactam (Figure 4) to high-quality Nylon-6 of higher Mn than the original fish-

ing net.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Prof. Tobin J. Marks (t-marks@northwestern.edu).

Materials availability

Materials will be made available from the lead contact after the execution of a ma-

terial transfer agreement.

Data and code availability

All data needed to support the conclusions of this manuscript are included in the

main text and/or the supplemental information.

Materials and methods

Catalyst 1was obtained from StremChemicals. Cp*2LaN(TMS)2 (2), Cp*2LaCH(TMS)2
(3), Cp*2LuCH(TMS)2 (4), Cp*2YCH(TMS)2 (5), andMe2SiCp00

2YCH(TMS)2 (6) were syn-

thesized according to published reports.37–39 Catalyst loadings are calculated with

respect to the repeat unit molar mass of Nylon-6. All polymers were washed with

1M KOH solution overnight,36 filtered, washed with deionized H2O, and dried under

a high vacuum at 100�C for at least 24 h prior to use. Pristine Nylon-6 powder with a

mean particle size of 15–20 mm and a molecular mass (Mn) of 14,800 g/mol (as deter-

minedbyGPC)wasobtained fromGoodfellow.Allmanipulations in catalyst synthesis

were carried out with the exclusion of O2 and moisture in oven-dried Schlenk-type

glassware on either a dual-manifold Schlenk line, interfaced to a high-vacuum mani-

fold (10�6 Torr), or in an Argon-filled MBraun glovebox with a high-capacity recircu-

latory (<1 ppm O2). All depolymerization reactions were assembled by mixing the

polymer and the appropriate catalyst in an Argon-filledMBraun glovebox in cylindri-

cal 50 mL Schlenk tubes. Heating was supplied by a customized aluminum heating

block with a fitted hole for the Schlenk tubes. See Figure S1 for a typical depolymer-

ization setup.

Physical and analytical methods

NMR spectra were recorded on a Varian Bruker Advance III HD system equipped

with a TXO Prodigy probe (500 MHz) spectrometer. Chemical shifts (d) for 1H NMR

are referenced to the internal solvent. NMR spectra of re-polymerized Nylon-6

were measured by dissolving the polymer samples in trifluoroethanol (TFE) and a

few drops of CDCl3. Mass Spectral data were collected on Bruker Rapiflex MALDI-

TOF using FlexControl data acquisition software and processed using FlexAnalysis

software for data analysis. Polymer samples for MALDI-TOF analyses were dissolved

in hexafluoroisopropanol (HFIP) at a 5 mg/mL concentration. The matrix used was

2-(4-hydroxyphenylazo)-benzoic acid (HABA). The layered sample preparation tech-

nique was used in which 2 mL of saturated HABA matrix in HFIP solution was applied

to the sample target, dried in air, covered with a 2-mL layer of sample solution, dried

in air, and followed by a final layer of matrix solution. GPC was used to analyze the

number average molecular weight (Mn), weight average molecular weight (Mw), and

molecular weight dispersity indices (Ð) of Nylon-6 samples. An Agilent Infinity II 1260

high-performance liquid chromatography (HPLC) system was coupled with Wyatt

MiniDAWN TREOS multi-angle light scattering (MALS, 3 angles) and Optilab T-rex

differential refractive index (RI, 658 nm) detectors. Polymer concentrations of

5.0 G 0.05 mg/mL in HFIP (ChemImpex) amended with 20 mM sodium trifluoroace-

tate (NaTFAc, Sigma-Aldrich) were prepared by dissolving each polymer at room

temperature on a shaker plate, followed by filtration through a 0.2 mm syringe filter.
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Samples were injected at a volume of 100 mL into the system at a flow rate of

0.35 mL/min (HFIP with 20 mM NaTFAc) through 3 Plgel-HFIP columns in series

with a guard column at 40�C. Astra 7 software was used to determine absolute

Mn, Mw, and dispersity (Ð, Mw/Mn) using dn/dc values calculated by assuming

100% mass recovery using the known concentration of each sample. Polymethyl

methacrylate and PE terephthalate standards were used to check instrumentation

and validate results.

General procedures for depolymerization reactions

In a glove box, a 50 mL oven-dried Schlenk tube was charged with a magnetic stir

bar, pristine Nylon-6 fine powder (or post-consumer Nylon product), and finely

ground catalyst. The vessel was sealed tightly, and the polymer and catalyst were

thoroughly mixed by stirring at room temperature for approximately 5 min. The

Schlenk tube was then evacuated to 10�3 Torr, sealed, and heated to the specified

temperature with slow magnetic stirring (50–100 rpm) for the specified time. Reac-

tion time was recorded starting 2.5 min after the reaction tube was placed in the

heating block because it requires an average of 2.5 min for the reaction to reach

the depolymerization temperature and the polymer to begin melting. During the re-

action, the ε-caprolactam product sublimes from the hot reaction zone and deposits

as a crystalline layer on the cold wall of the reactor. After cooling to room tempera-

ture, the soluble part of the reaction mixture was dissolved in 3–4 mL of deuterated

solvent, and mesitylene was added as an internal standard. A sample of this solution

was withdrawn for NMR analysis. Yields were quantified by 1H NMR, comparing the

signal integrals of ε-caprolactam and mesitylene.

Computational details

All quantum chemical calculations were performedusing theORCA5.0.3 package.57,58

The geometric optimizations were calculated with the hybrid functional of PBE059,60

with the def2-SVP basis set of the Ahlrichs group61,62 along with dispersion corrections

quantified by the DFT-D363 method with Grimme’s Becke-Johnson (BJ) damping.64

Frequency calculations were performed at the same level of theory, and all minima

were confirmed to have zero imaginary frequency modes, whereas transition states

showed exactly one negative frequency mode. The single-point calculations were per-

formed at a higher level of theory, PBE0-D3/def2-TZVP, using the solvation model

based on density (SMD).65 N-methylformamide was chosen as the solvent because it

represents the solvent environment of the melted Nylon-6 polymer. In addition, to

accelerate the DFT calculations, resolution of identity approximation (RI)66 was used

for the Coulomb integrals and efficiently computed the exchange terms using the

‘‘chain-of-spheres’’ (COSX)67 approximationwith thedef2/J auxiliary basis set. The visu-

alization software used was Chemcraft.68 Three different configurations for the coordi-

nation of Nylon-6 dimer model to catalysts were considered, namely, ‘‘linear,’’ ‘‘crest’’

(conformer searched using the CREST package69), and ‘‘curve.’’ See details in the sup-

plemental information. Shermo70 was used for the Gibbs free energy files based on the

frequency and single-point energy calculations with Grimme’s entropy interpolation71

for quasi rigid-rotor harmonic oscillator (QRRHO) approximation. All thermodynamic

values are reported at 1 atm and at 240�C with a concentration of 1 M to capture the

variation of Gibbs free energy due to concentration change from the gas phase (1

atm) to the liquid phase standard state (1 M). Concentration modeling was performed

by Concvar72 based on the calculated Gibbs free energy profile.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.

2023.10.022.
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