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ABSTRACT: Rational tailoring of catalytic systems offers highly desirable transformations targeting the growing environmental
challenges associated with plastics pollution. For example, the identification of efficient catalysts to address alarming end-of-life
Nylon pollution remains underexplored. Nylon-6 is a non-biodegradable high-performance engineering plastic with centuries of
chemical persistence, resulting in millions of tons of waste accumulation. Here we report the rational manipulation of organolan-
thanide catalyst structure to achieve an exceptionally efficient, solventless, and scalable Nylon-6 depolymerization process, afford-
ing monomer e-caprolactam in >99% yield. Specifically, catalyst Cp*;LaCH(TMS), (Cp* = 1n°-CsMes, TMS = SiMe3) operates at
catalyst loadings as low as 0.2 mol% and temperatures as low as 220 °C. For efficient deconstruction of more recalcitrant com-
modity Nylon-6 end-of-life articles such as fishing nets, carpets, and clothing, the robust, thermally stable ansa-metallocene catalyst
Me,SiCp’’2YCH(TMS),, (Cp>> = n>-CsMey) effects >99% conversion of these items into e-caprolactam. The collected product can
be readily re-polymerized to afford pristine Nylon-6 with higher molecular masses and comparable structural regularity, providing
a superior upcycling pathway for end-of-life Nylon plastics. Experimental mechanistic studies reveal intriguing and effective de-
polymerization pathways, such as catalytic intrachain “unzipping” enabled by the catalyst n-ancillary ligand steric constraints.
Effective interchain “hopping” mechanisms, as well as chain-end deactivation are also demonstrated and supported by DFT anal-

yses.

INTRODUCTION

Catalysis is central to countless chemical transformations
and holds great promise for the efficient recycling of com-
modity plastics.*® Plastics are ubiquitous, versatile, and
low-cost polymeric materials that have dramatically en-
hanced the quality of human life for more than a century.
Currently, plastics are being 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.>® For example, Nylons (or
polyamides), which are produced on a scale exceeding 8.9
million tons annually,” significantly contribute to the non-
degradable plastic waste pollution in oceans and landfills,
reflecting their superior chemical robustness and lack of ef-
fective recycling technologies.? Indeed, it is estimated that
by 2050, plastic waste will outweigh fish in the ocean,® with
Nylon-6 contributing ca. 10% of ocean plastic pollution as
discarded/lost fishing nets (so-called “ghost nets”).1% This
amounts to >600,000 tons of abandoned fishing nets annu-
ally.**'2 Nylons are the most prevalent polymers in the
stomachs of marine animals, illustrating the Nylon persis-
tence challenge to the global marine ecosystems.®

Since discovery by Schlack in 1938, Nylon-6 has
emerged as a versatile thermoplastic with widespread ap-
plication in the automotive, packaging, carpet, and textile
industries,*® as well as in fishing gear. Industrially, Nylon-
6 is readily prepared from e-caprolactam via water-assisted
ring-opening polymerization or anionic ring-opening
polymerization (ROP) using acylated caprolactam as initi-
ator.* Nylon-6 commercial products dominate the global
Nylon market with more than 50% of the total revenue,’
and a market size projected to exceed $21 billion by
2026.16'17

Despite the attractions of Nylon-6, including high ten-
sile strength, rigidity, toughness, as well as thermal and
abrasion resistance,***518 end-of-life management of Nylon
waste falls far below the worldwide production rate.1%20
Specifically, traditional methods to partially recover the en-
ergy stored in plastics waste such as incineration and pyrol-
ysis, in the case of Nylons release toxic/harmful gases in-
cluding CO, NHjs, and COg, further exacerbating the envi-
ronmental challenges.?! Furthermore, mechanical recycling
of Nylons induces substantial properties deterioration, re-
flecting the elevated required temperatures, and is consid-
ered economically less attractive than for polyethylene ter-
ephthalate (PET).1%22



If efficient, chemical recycling of Nylon-6 could pro-
vide an attractive route back to e-caprolactam, which is
conventionally derived from fossil feedstocks, contributing
to greenhouse gas emissions.?>?* Conventionally, this pro-
cess is performed under harsh conditions at elevated tem-
peratures and high steam pressures, incurring high energy
costs and has not been widely adopted industrially.? Very
limited reports have described catalytic processes for Ny-
lon-6 chemical recycling. For example, in a series of reports,
Kamimura and Yamamoto et al studied the depolymeriza-
tion of Nylon-6 in ionic liquids to produce e-caprolactam in
moderate yields (55-85%) with 5 wt% 4-dimethylamino-
pyridine (DMAP) as the catalyst.?>28 However, this pro-
cess requires > 300 °C reaction temperatures, since the
crude product mixture contains large quantities of oligo-

cryogenically milled to provide moderate e-caprolactam
yields (78%). Considering the high catalyst loading re-
quired for LnN™S mediated depolymerizations, the loss due
to catalyst volatility, and the impracticality of large-scale
cryogenic grinding, we sought more effective catalysts.
Here we report optimal metallocene catalysts which are
far more effective for Nylon-6 depolymerization and appli-
cable to diverse Nylon-6 waste products. We present the
first study showing how catalysis design and fine-tuning
can achieve, 1) Fundamental mechanism-based design of
efficient Nylon-6 depolymerization catalysts and 2) Ad-
dressing practical challenges in the recycling of end-of-life
Nylon plastics. The Nylon-6 deconstruction processes dis-
closed here proceed in high yields-- up to >99% vyield of the
re-polymerizable caprolactam monomer, can operate under
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Figure 1. Recent examples of catalytic approaches to Nylon-6 chemical recycling.

mers at lower reaction temperatures.?® The decomposition
of ionic liquids at high temperatures along with the high
toxicity of DMAP pose additional limitations to this ap-
proach.?”?8 In 2020, Milstein et al reported a Ru-catalyzed
depolymerization of Nylons to linear amino alcohols via
hydrogenation (Figure 1A).2° Nevertheless, even high 70
bar H, pressures and 48 h reaction times, this transfor-
mation does not produce e-caprolactam. For Nylon-6, 24-
48 % yields of 6-amino-1-hexanol are obtained.?’

Recently, we reported in an initial screening study that
tris[bis(trimethylsilyl)amido] lanthanide catalysts LnNTMS
selectively depolymerize Nylon-6 powder to monomeric ¢-
caprolactam in a solvent-free process at 240-280 °C (Figure
1B).® Although >90 % vyields of the e-caprolactam are
achieved, a substantial 5 mol% of the lanthanum catalyst
(LaN™S, 1) is required. Furthermore, catalyst 1 is volatile
under the reaction conditions and sublimes from the reac-
tion mixture if the Nylon-6 powder and the catalyst are not
well-mixed before and during the polymer melting stage at
reaction onset.3! Consequently, 1 is most effective as a de-
polymerization catalyst for virgin Nylon-6 powder so that
maximum polymer-catalyst surface contact is maintained.
Thus, for 1 to be effective, commercial Nylon yarn must be

mild conditions--lowest Nylon-6 to g-caprolactam depoly-
merization temperature reported to date, 220 °C, while em-
ploying low catalyst loadings- as low as 0.2 mol%, and are
compatible with a variety of post-consumer Nylon products
(see below). Combined experimental and theoretical (DFT)
mechanistic studies reveal rapid and highly selective cata-
lytic processes, such as intrachain “unzipping” and inter-
chain “hopping” mechanisms.

RESULTS AND DISCUSSION
Organolanthanide Catalyst Design

Commercial virgin Nylon-6 powder was first utilized to
screen catalysts and catalytic conditions, to minimize/ex-
clude the potential influence on depolymerization results
reflecting poor polymer-catalyst contact, uneven mix-
ing/heating, and plastic additives. The number average mo-
lecular weight (M) of the virgin Nylon-6 powder was de-
termined to be 14,800 g mol* by Gel Permeation Chroma-
tography (GPC). All depolymerizations were performed in
a solventless mode, with crystalline e-caprolactam collect-
ing on the reactor cold wall (See Figure 2A and Figure S1).
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In initial attempts to lower the catalyst loading of 1
from 5 mol% to 1 mol%, a moderate e-caprolactam yield
was obtained (69%, Table 1, entry 1) in 0.5 h reaction time
at 240 °C. Further decreasing the catalyst loading of 1 to
0.2 mol% depressed the depolymerization yield to 5.6%
(Table 1, entry 2), which prompted catalyst modification
since efficient recycling will require lower catalyst load-
ings.®*2 We hypothesized that, after depolymerization is in-
itiated, the three reactive La-amide linkages might promote

macromolecule crosslinking and catalyst immobilization
(see more below for detailed mechanistic studies).

Thus, we envisioned tailoring the organolanthanide co-
ordination sphere using non-dissociable ancillary n-ligands
to sterically shield the highly electrophilic lanthanide cen-
ters while reducing impediments introduced by multiple re-
action linkages. Note that lanthanocenes bearing a variety
of non-dissociable supporting n-ligands such as bis(pen-
tamethyl-cyclopentadienyl) (Cp*;) offer high coordinative

Table 1. Optimization of the catalytic Nylon-6 depolymerization conditions shown in Figure 2A.2

Entry Catalyst Catalyst loading (mol%) Time (h) Temperature (°C) Yield (%)°
1 1 1.0 0.5 240 69

2 1 0.2 1.0 240 5.6

3 2 1.0 6.0 240 17

4 3 1.0 0.5 240 91

5 3 1.0 1.0 240 99

6 3 0.2 1.0 240 93

7 3 0.2 0.5 240 81

8¢ 3 0.2 3.0 240 97 (94)¢
9 3 1.0 2.0 220 90

10 3 0.2 4.0 220 95

11 1 1.0 2.0 220 0

12 4 1.0 1.0 240 24

13 5 1.0 1.0 240 2.2

14 5 5.0 24 240 93

15 6 1.0 1.0 240 94

16 6 1.0 2.0 240 >99

a General depolymerization conditions: static vacuum (107 Torr), 100 mg of Nylon-6 powder in 50 mL Schlenk flask, unless otherwise
stated. © Yields determined by 'H NMR with a mesitylene internal standard. ¢ Scaled-up depolymerization: 1.0 g of Nylon-6 in 100 mL
Schlenk flask. ¢ Isolated yield after recrystallization of product e-caprolactam from hexane/acetone; see Sl for details.



stability and a rich catalytic chemistry.®® Here the La coor-
dination sphere was first modified by replacing two -
TMS;N active sites with ancillary Cp* ligands
(Cp*2LaN(TMS)2, 2). However, this led to a reduced de-
polymerization activity even with 1 mol% catalyst and an
extended reaction time (17% in 6.0 h; Table 1, entry 3).

Next, Cp*,LaCH(TMS), (3), which has previously
been reported to efficiently catalyze C-N bond-forming re-
actions such as intramolecular cyclohydroaminations of
aminoalkenes or aminoalkynes®**® was investigated for
Nylon-6 depolymerization, which also involves an intramo-
lecular cyclization to form C-N bonds. Strikingly, catalyst
3 is found to be a highly effective catalyst, at 1 mol% load-
ing providing a 91% yield in only 0.5 h of reaction time at
240 °C (Table 1, entry 4). This result is a significant ad-
vance over catalyst 2, demonstrating a key role for the
sigma-bonded La ligand (from -N(TMS); to - CH(TMS),)
and is supported by DFT calculations (vide infra). Extend-
ing the reaction time from 0.5 h to 1 h affords an excellent
yield of 99% for the 3-mediated depolymerization (Table 1,
entry 5). Additionally, 3 is found to be very active even
with a lower catalyst loading of 0.2 mol% to provide a high
yield of 93% (Table 1, entries 6,7), in marked contrast to
catalyst 1 (5.6 % yield). To examine the scalability of this
reaction, the 3-mediated depolymerization was carried out
on a gram scale using a 0.2 mol% catalyst loading. An
NMR yield of 97% (94% isolated yield) was obtained (Ta-
ble 1, entry 8).

Another consideration is the depolymerization reac-
tion temperature. Chemical recycling of commodity poly-
mers typically utilizes high reaction temperatures and
therefore, is energy-intensive and may be accompanied by
undesired thermal decomposition.?2¢ Although the present
240 °C reaction temperature is lower than typically re-
ported for Nylon-6 depolymerization to e-caprolactam (>
300 °C)%262830 it is above the Nylon-6 (218.3 °C) melting
point.” In an effort to lower the reaction temperature, cata-
lytic studies were next conducted at 220 °C with 1 mol%
catalyst 3 loading for 2 h with a respectable yield (Table 1,
entry 9) and 95% yield for 4 h and 0.2 mol% catalyst load-
ing (Table 1, entry 10). Note that this temperature is, to our
knowledge, the lowest reported Nylon-6 depolymerization
temperature under solvent-free conditions. In comparison,
catalyst 1 is completely inactive at 220 °C (Table 1, entry
11).

Metal lon Size and Ancillary Ligand Effects

To define any correlations between catalytic activity and
Ln** radius,*% the Cp*,LnCH(TMS), homologs (Figure 2)
where Ln = Lu (4;i.r. =097 A)and Y (5; i.r. = 1.01 A)
were prepared to compare with Ln = La (3; i.r. = 1.17 A)
Nylon-6 depolymerization characteristics. With 1 mol%
loading, the Lu®" catalyst affords lower e-caprolactam
yields (24%, Table 1, entry 12) in 1 h, while catalyst 5,
yields only 2.2% e-caprolactam under identical reaction
conditions (Table 1, entry 13), both substantially lower than
that of catalyst 3 (99%; Table 1, entry 4). Achieving 93%
yield of e-caprolactam is possible with catalyst 5, however,

this requires a 5 mol% loading and 24 h (Table 1, entry 14).
These results qualitatively and surprisingly parallel activity
trends for Cp*,Ln-catalyzed olefin hydroelementation and
other additions to C-C unsaturation.3*% They involve a mix
of electronic and steric effects, with the later predominant
and reflecting crowding in the insertive transition state.3>40

Nevertheless, smaller i.r. Y3 metallocene complexes
are known to display higher thermal stabilities, likely due
to their low reactivities in undesired intramolecular thermo-
Iytic pathways.3*4142 Note also that Y lies at the lower end
of the energy, cost,* and environmental impact scale,* and
also displays significantly lower toxicity, reflected in a sig-
nificantly higher median effect dose concentration (ECsp)
of 6.7 pg/L vs that of La (ECsp = 147 ug/L).* In view of
these factors we sought more effective Y catalysts by fine-
tuning the Y coordination sphere.

Ansa-lanthanocenes such as Me;SiCp’’2Ln- (Cp’’ = n°-
Me4Cs) with chelating ancillary « -ligands and larger “bite”
angles (Figure 2) display substantially enhanced catalytic
activities, such as in unsaturated carbon-carbon bond inser-
tions into Ln-N bonds (10-100-fold increased TOFs).46-48
Furthermore, the chelating ansa-bridged ligation should in
principle further enhance the thermal robustness of Y cata-
Iytic systems.*® Thus, Me,SiCp’’2Y CH(TMS); (6) was pre-
pared and examined for virgin Nylon-6 powder depolymer-
ization.*®50 Remarkably, “opening” of the Y coordination
sphere dramatically increases the depolymerization yield
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Table 2. Catalytic depolymerization of post-consumer Nylon plastics. ?

Entry Nylon plastic Catalyst Catalyst loading (mol%) | Time (h) Yields (%)°
1 Fishing net 1 5.0 24 0
2 Fishing net 3 5.0 24 65
3 Fishing net 5 5.0 24 95
4 Fishing net 6 1.0 6.0 94
5 Carpet fiber 6 1.0 6.0 >99
6 Nylon yarn 6 1.0 6.0 87
7 T-shirt 6 1.0 6.0 99
8 Medical gloves® 6 1.0 12 89d
9 Fishing net + water | 6 1.0 12 95
bottle cap®

a General reaction conditions: static vacuum (10 Torr), 100 mg scissor-chopped end-of-life Nylon in 50 mL Schlenk flask. ° Yields
determined by *H NMR with mesitylene internal standard. ¢ 355 mg sample of medical gloves, which contain 100 mg Nylon-6 (31%). ¢

Determined from Nylon-6 content in medical glove sample; see Sl for details. ¢ Fishing net : water bottle cap in 1:1 mass ratio.

from 2% to 94% (Cp*,Y - — Me,SiCp’’2Y-) under identical
reaction conditions (Table 1, entry 13 vs 15), illustrating the
effects of ancillary ligand “engineering.” Further extending
the reaction time to 2 h effects a >99% conversion of Ny-
lon-6 by catalyst 6 (Table 1, entry 16). This ligand manip-
ulation essentially imbues a more desirable Y center with
La center catalytic properties. This is also supported by ste-
ric effect quantification in free volume contours (%Viree)
computed for catalysts 3, 5, and 6 (Figure 3),% in strong
parallel with their respective experimental activity trend.

Depolymerization of Post-Consumer Nylons
Encouraged by the high activities of lanthanocene catalysts
3 and 6 for finely powdered Nylon-6, the chemical recy-
cling of “real-world” post-consumer Nylon-6 products was
next examined (Table 2). These samples were manually
chopped into smaller pieces, dried, and loaded into the
aforementioned reaction flasks for depolymerization exper-
iments (see Sl for details). With relevance to ocean pollu-
tion, an end-of-life fishing net, used for 2 years, was first
investigated. Beginning with catalyst 1, it was found to rap-
idly sublime from the catalyst + finely chopped fishing net
mixture, yielding negligible e-caprolactam (Table 2, entry
1) after 24 h/ 240 °C. For catalyst 3, the modest yield at
high loadings observed (Table 2, entry 2) likely reflects
poor mixing and the known thermal instability of this cata-
lyst, while thermally more robust Y catalyst 5 delivers
slightly higher yields (Table 2, entry 3), and coordinatively
more open ansa-metallocene Y catalyst 6 achieves a re-
markable 94% yield in only 6 h (Table 2, entry 4), parallel-
ing the results with pristine powdered Nylon-6, arguably
reflecting enhanced activity and thermal robustness.

To investigate the scope of 6-catalyzed depolymeriza-
tions, other post-consumer Nylons were next examined.
Carpet waste poses a global environmental impact.>? With
an annual carpet production of 12 billion feet? only 5% is
recycled while 91% ends up in landfills; in the U.S. alone,
4 billion Ib of carpet are discarded annually in landfills).%%3
With an estimated that 75% of carpets composed of

Nylon,52%3 regenerating e-caprolactam from carpet waste
would be an ideal process. Pleasingly, a sample of carpet
fiber was fully depolymerized with 1 mol% of 6, providing
a quantitative yield of e-caprolactam (Table 2, entry 5).
Next examined was post-consumer Nylon-6 yarn, which
yielded 87% e¢-caprolactam (Table 2, entry 6) under the
same reaction conditions. Nylon fabrics, known for their
durability and water resistance, are widely utilized in tex-
tiles to manufacture shirts, swimsuits, footwear, etc. A Ny-
lon t-shirt was next cut into small pieces and subjected to
depolymerization using catalyst 6, producing e-caprolac-
tam with an impressive 99% yield (Table 2, entry 7).

To expand the scope of this sustainability study, we
turned to pandemic-associated plastic pollution resulting
from the enormous demand for medical plastics such as
face masks and gloves to combat COVID-19.5* A pair of
Nylon medical gloves containing 31% of Nylon-6 was cut
and subjected to polymer deconstruction with catalyst 6
(Table 2, entry 8). The 6-mediated depolymerization of
medical gloves furnished 89% yield of e-caprolactam with
respect to the Nylon content (see Sl for details). Finally, in
real-world marine plastic wastes, fishing net debris is typi-
cally mixed with other plastics such as containers, bags,
straws, bottle caps, etc.'? Besides Nylon wastes, polyolefins
such as polyethylene and polypropylene (PE, PP) are the
most common polymers in ocean plastics.'? To investigate
the applicability of catalyst 6 to post-consumer plastic mix-
tures, depolymerization of end-of-life Nylon-6 fishing net
was carried out admixed with a PE water bottle cap ina 1:1
mass ratio. This afforded e-caprolactam in a 95% yield (Ta-
ble 2, entry 9), while the unreactive PE bottle cap was re-
covered unchanged, as evidenced by 'H NMR analysis
(Figure S26). This result indicates that catalyst 6 is compat-
ible with mixed-plastic scenarios and can be utilized for the
separation of end-of-life Nylon-6 from mixed-plastic,
yielding the valuable caprolactam monomer.



Achieving Circularity for End-of-Life Fishing nets

To “close the loop” in a fully circular economy for end-of-
life Nylon plastics, it was of interest to determine whether
the recovered e-caprolactam could be re-polymerized to
pristine Nylon-6. An anionic polymerization procedure was
adapted using NaH and N-acetylcaprolactam as polymeri-
zation activators at 140 °C.%* NMR, MALDI-TOF and GPC
analyses were used to confirm the structures of these poly-
mers (see Figure S41-S52). First, pristine commercial e-ca-
prolactam was used to verify the polymerization methodol-
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ogy, and afforded Nylon-6 with a yield of 96.7% and M, of
31.2 kg mol. Next, the recovered e-caprolactam from the
large-scale depolymerization of virgin Nylon-6 powder
(Table 1, entry 8) was polymerized using the same proce-
dure, affording new Nylon-6 with a comparable M, of 23.7
kg mol* and yield of 98.1%. This result demonstrates that
the e-caprolactam from catalytic Nylon-6 depolymerization
can be re-polymerized via the same method. Finally, the
isolated e-caprolactam (recovered from end-of-life fishing
net) was subjected to polymerization to generate new Ny-
lon-6 using the same conditions, affording pristine polymer

with M, of 43.6 kg mol* and yield of 99.3% (Figure 4).
Impressively, the upcycled pristine polymer offers superior
quality compared to the original fishing net waste (M, of
21.7 kg molY), highlighting the advantages of Nylon chem-
ical recycling through efficient monomer recovery. This
experiment effectively closes the loop for an end-of-life
Nylon plastic, imbuing new value to abandoned fishing nets,
which to the best of our knowledge, is unprecedented.

Experimental Investigation of the Depolymerization
Mechanism.

A. Comparing Activity of Catalyst 1 and Catalyst 3
Catalyst 3 was selected as the most realistic structure to
probe the lanthanocene-mediated depolymerization mech-
anism since it exhibits the highest catalytic activity for
powdered virgin Nylon-6. For this Nylon-6 the average
number of monomer units in a polymer chain (i.e., degree
of polymerization, DP) is estimated to be ~130 (calculated
from M, = 14,800 g mol* and the repeat unit mass, 113 g
mol ™). For 1 mol% catalyst loading, the estimated polymer
chain: Laratio is ~ 1:1.3, indicating more than 1 La catalyst
molecule per 1 polymer chain with no interchain La “hop-
ping” required to consume 1 Nylon-6 chain. This agrees
with the experimental results (Table 1, entries 1 and 4) that
both catalyst 1 and catalyst 3 provide reasonable catalytic
activities and yields at 1 mol% catalyst loading (yields of
69% and 91%, respectively). In contrast, for a low catalyst
loading of 0.2 mol%, the calculated polymer chain: La ratio
is ~ 5:1. In this scenario, the La catalyst must be able to
“hop” between polymer chains to achieve high depolymer-
ization conversions. Under these conditions, catalyst 1 only
provides a 5.6% e-caprolactam yield (Table 1, entry 2),
while the performance of catalyst 3 is barely impacted from
the lower loading (Table 1, entries 6-8, 11).

To gain further insights into the greater performance of
catalyst 3 vs 1, additional experiments were carried out.
This laboratory previously reported that for the depolymer-
ization of Nylon-6 using catalyst 1, all threeTMS;N- lig-
ands participate in the Nylon activation step (2.5 equiv. of
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TMS,NH are released at the onset of reaction).*® Based on
this finding, it seems unlikely that catalyst 1 can readily in-
terchain “hop” following the consumption/deconstruction
of a polymer chain, reflecting the aforementioned La-poly-
mer macromolecule cross-linkages arising from the homo-

A.

Step 1. +100 mg of polymer Catalyst

deactlvatlng

To validate this mechanistic hypothesis, *H NMR anal-
ysis at the onset of the depolymerization process was per-
formed (see Sl Section 4 for the full spectrum analysis).
The data reveal gradual protonolysis of the La-CH(TMS)>
linkage with ~95% of the expected CH2(TMS), obtained.

B.

Alternative. +200 mg of polymer
(o}
CH(TMS), ‘[\M)LNMO
B

5.3 mg

(1.0 mol%)
HN Full conversion
n (~100%) in Step 1 CH(TMS),
e-Caprolactam 5.3 mg
(0.5 mol%)
Step 2. +100 mg (o)
Deactivated more polymer ore POIVIeT 30% yield i HN

catalyst o vield in 94% vield
HN Step 2 94% yield

Figure 6. Experiments to define catalyst deactivation by chain ends

leptic tris-amido structure (Figure 5, left). Instead, deacti-
vation of catalyst 1 by a carboxylate chain end (see below
for details) can occur. In contrast, the non-dissociable Cp*
ligands of catalyst 3 can sterically shield the La center and
likely hinder the undesired cross-linking and catalyst im-
mobilization. Importantly, this may promote effective in-
terchain-hopping by catalyst 3 when low catalyst loadings
are employed (supported by DFT calculations, vide infra).

g-Caprolactam

of Nylon-6. See Section 5 of the Sl for experimental details.

Only trace amounts (<5% yield) of a Cp*H protonolysis
product are detected, in accord with the stability the Ln-
Cp* ligation. Here, we propose a plausible process for the
deconstruction of Nylon-6 via intrachain “unzipping” by
catalyst 3 (Figure 5, right). Unlike catalyst 1, deactivation
of catalyst 3 at the polymer chain ends can be minimized
by effective interchain “hopping”, achieving high-yield de-
polymerization a low catalyst loadings.

- 200 p
Activation of o o
E"‘i 180 f longer chains . [0 ° ]
181 %
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"unzipping"”
addn 140 | pping
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Figure 7. Kinetic studies to characterize Nylon-6 depolymerization pathway. Reaction conditions for the first batch of polymer: 0.2
mol% of catalyst 3, 240 °C, 100 mg of Nylon-6. Yields calculated for the first batch of polymer. Black and red traces represent the
kinetic profile of the first polymer batch. The blue line represents continuous linear growth of yield when second batch of polymer

(100 mg) is added at 30 min.



B. Chain-End Catalyst Deactivation and Kinetic Analysis

Next, catalyst deactivation at the polymer chain ends
was probed experimentally. After reaching full depolymer-
ization conversions, the catalytic species is likely to reach
the carboxylate chain ends to form a stable, inactive com-
plex (see Figure 6A for a plausible deactivated catalyst
structure). Under this hypothesis, following the consump-
tion of an initial polymer batch, the residual reaction mix-
ture should exhibit much poorer catalytic depolymerization
activity for a second polymer batch. As depicted in Figure
6A, the catalyst deactivation process is supported by this
“stepwise” polymer addition test. To ensure a full depoly-
merization conversion for the first batch of polymer, the re-
action conditions employed in Table 1, entry 5, were
adopted. The depolymerization rate of the second polymer
batch is found to be substantially lower, providing only a
30% yield in the second run. Conversely, depolymerization
of a combined 200 mg polymer sample, added in a non-

A. Cp*,LaCHTMS,-catalyzed Nylon-6 depolymerization based

on a dimer model

stepwise manner, under the same catalytic conditions,
achieves superior reactivity (94% yield; Figure 6B).

To probe the kinetic profile of 3-mediated depolymeri-
zation, the e-caprolactam yield is plotted vs the reaction
time (Figure 7) using a low catalyst loading (0.2 mol%). A
linear increase in e-caprolactam yield is evident over the
first 30 min (up to 81% vyield; Figure 7, black line), fol-
lowed by a saturation of yield in the later stages of the re-
action (30-60 mins from 81% to 93% yield; Figure 7, red
curve). Since catalyst deactivation can occur at the carbox-
ylate group chain ends, we suggest that the declining reac-
tion rate after 30 min occurs as the depolymerization of
shorter polymer chains is completed. To test this hypothesis,
two depolymerization reactions were carried out under the
same conditions and halted at 30 min to avoid reaching full
conversion and catalyst deactivation. To these reaction res-
idues, were added the same amounts of pristine Nylon-6
without quenching any reaction intermediates, and the mix-
tures were allowed to react for another 20 and 40 min,

C. Transition state geometries
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respectively (see Sl for experimental details). The results
show a continuing linear growth of e-caprolactam yield
(Figure 7, blue line) without saturation after 30 min, in di-
rect contrast to the initial Kinetic trend (red curve). In this
case, the addition of long polymer chains at 30 min allows
the La to “hop” from the shorter chains to longer chains
before catalyst deactivation at the chain ends. These model
studies also suggest the potential for ultra-low catalyst
loading for Nylon-6 depolymerization by continuous feed
strategies. As a demonstration of this concept, the experi-
ment presented above effectively decreases the catalyst
loading of 3 from 0.2 mol% to 0.1 mol% through the addi-
tion of new polymers before reaching full depolymerization
conversion.

DFT Analysis.

To further probe the mechanism of lanthanocene-mediated
depolymerization, a detailed Gibbs free energy profile was
computed for catalyst 3 (Figure 8), as it provides the highest
catalytic activity and is used for the aforementioned exper-
imental mechanistic studies. DFT calculations were per-
formed using a Nylon-6 dimer model (Figure 8A) to accu-
rately simulate the coordination of the electrophilic La®*
center to an actual polymer. The initial step involves a pro-
ton abstraction on the Cp* ligand via intramolecular C-H
activation to produce quantitative evolution of CH2(TMS),
(supported by *H NMR experiments, see above and Section
4 of the SI for discussion) and a lanthanocene “tuck-in”
structure® (INT2). Note that this computed pre-catalyst
thermolysis process is in good agreement with a previous
report by our laboratory,® in which the thermolysis product

Rg =COO"
chain end

Pn.m = Nylon
polymer chain

New Polymer chain
(interchain “hopping”) Intramolecular
cyclization

INT2 H.Hz\/\/\gN.Pn_mRE;

: m=1 :

Truncated polymer chain

INTS

for catalyst 2 with a less reactive ligand (-NTMS) is calcu-
lated to be unfavorable (AG = 19.2 kcal mol*) with a much
higher barrier (AG* = 39.5 kcal mol™?) to yield INT2, in ac-
cord with its low activity (Figure S55). Next, coordination
of La to the oxygen atom of an amide group in an ender-
gonic step (AG = 7.6 kcal mol?) yields INT3, which is sta-
bilized by the intramolecular coordination to the -NH,
chain end. The tuck-in moiety reverts to the initial Cp*»-La
structure in a favorable exergonic H-transfer step from the
terminal amine (AG = -23.2 kcal mol; a barrier of AG! =
11.3 kcal mol?) to yield INT4. This step is also confirmed
by a Cp*.;Ln-catalyzed hydroamination study in which the
rapid protonolysis of INT2 by amine substrates was ob-
served experimentally.3* Once INT4 enters the catalytic cy-
cle (Figure 9), an intramolecular cyclization yields INT5 in
a slightly endergonic step (AG = 4.9 kcal mol™) with a bar-
rier of AG! = 24.6 kcal mol™ (TS3), which is the rate-deter-
mining step in the cycle. The importance of utilizing a di-
mer model is highlighted by mimicking a polymer chain to
provide an extra coordination from an adjacent amide,
which stabilizes INT5 by 2.3 kcal mol* (Figure S56) and
more accurately depicts a La-polymer binding scenario.
Moreover, the barrier for the less active Y analogue (cata-
lyst 5) of this rate-determining step (TS3) is computed to
be 3.3 kcal mol* higher than for catalyst 3 (Figure S57), in
excellent agreement with experimental results. Next, INT6
is formed via an exergonic (AG = -9.7 kcal mol?) C-N dis-
sociation step, which has a barrier of AG* = 10.8 kcal mol-
L (TS4). Lastly, e-caprolactam is released in a slightly ex-
ergonic step (AG = -5.4 kcal mol), yielding INT7 with a
second Nylon-6 monomer coordinated to the La center to

REF'n-m
.-N-H

C-N
Dissociation

: Deactivated
H : catalyst

Figure 9. Proposed catalytic cycle for the depolymerization of Nylon-6. Schematic illustrations 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 catalyst 3 is shown to exhibit an indistinguishable cata-
lytic activity vs that of the original catalyst. This step is
slightly exergonic (AG = -3.6 kcal mol?) with a barrier of
AG* =29.2 kcal mol* (TS1), and is estimated by computa-
tional modeling to be a rapid process (completed in only 2s,
see Figure S54 for details). In contrast, this activation step

complete the catalytic cycle (also see Figure 9).

Next, the interchain “hopping” mechanism was investi-
gated to support the 3-mediated depolymerization pathway
proposed in Figure 5. Besides continuing the catalytic cycle
with the coordinated polymer chain, another possible path-
way for INT4 is proposed to undergo a polymer-polymer



exchange via INT2 in reversable steps (Figure 9). To eval-
uate this mechanism, a concentration modeling was per-
formed by computing the interchain “hopping” of catalyst
3 between two Nylon dimer models (Figure S58). Simula-
tion shows La hops within seconds at 240 °C, and an equi-
librium is reached in only 3 min to allow rapid Nylon inter-
chain exchange. Chain-end catalyst deactivation (Figure 9,
n-m=1) was also examined computationally (Figure S59).
In a computed structure for the deactivated catalyst, La is
coordinated to the carboxylate chain end and a terminal pri-
mary amine. This complex is found to be unfavorable (AG
= 1.5 kcal mol?) for hopping to a new polymer chain (sim-
ulated by a dimer model) and regenerating the active spe-
cies INT4, which validates its deactivation and is in good
agreement with experiment (Figure 6).

CONCLUSIONS

This study demonstrates rational catalyst design as a prom-
ising pathway to realize rapid and selective Nylon plastics
deconstruction. By fine-tuning the catalyst structures, we
investigated a series of lanthanocenes and identified ex-
tremely efficient catalysts for the chemical recycling of Ny-
lon-6 in a solventless, scalable process. For example, cata-
lyst 3 is a highly effective catalyst for the depolymerization
of powdered Nylon-6 (affording up to >99 % yield of the
monomer g-caprolactam) at temperatures as low as 220 °C
and catalyst loadings as low as 0.2 mol%. These conditions,
to the best of our knowledge, are the mildest to date for Ny-
lon-6 depolymerization to e-caprolactam in the peer-re-
viewed literature. For the more challenging deconstruction
of waste Nylon-6 commodity products, ansa-yttrocene
complex 6 was found to efficiently depolymerize a variety
of end-of-life Nylon plastics, including fishing nets, carpets,
clothing, gloves, as well as in a mix-plastic case. Moreover,
the e-caprolactam collected from these end-of-life Nylons
was demonstrated to be re-polymerizable to pristine Nylon-
6 with comparable or higher quality, “closing the loop” and
achieving model circularity for Nylon plastics. Mechanistic
experiments supported by DFT calculations show that the
implementation of non-dissociable m-ancillary ligands in
these effective catalysts is crucial in sterically shielding the
metal center to allow intrachain “unzipping” and effective
interchain “hopping” processes, minimizing catalyst cross-
linkages and chain-end deactivations.

EXPERIMENTAL SECTION

Materials and Methods. LaN™S (1) was obtained from
Strem Chemicals. Cp*.LaN(TMS); (2), Cp*.LaCH(TMS),
(3), Cp*LUCH(TMS), (4), Cp*YCH(TMS). (5),
Me,SiCp’’2YCH(TMS), (6) were synthesized according to
published reports.334857 All polymers were washed with 1
M KOH solution overnight,® filtered, washed with deion-
ized H,0, 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 pm and a molecular mass (M,) of
14,800 g/mol (as determined by GPC) was obtained from
Goodfellow Inc. All manipulations in catalyst synthesis
were carried out with the exclusion of Oz and moisture in
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oven-dried Schlenk-type glassware on either a dual-mani-
fold Schlenk line, interfaced to a high-vacuum manifold
(1078 Torr), or in an Argon-filled MBraun glovebox with a
high-capacity recirculatory (< 1 ppm O). All depolymeri-
zation reactions were assembled by mixing the polymer and
the appropriate catalyst in a Argon-filled MBraun glovebox
in cylindrical 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 depoly-
merization setup.

Physical and Analytical Methods. NMR spectra were rec-
orded on a Varian Bruker Advance 111 HD system equipped
with a TXO Prodigy probe (500 MHz) spectrometer.
Chemical shifts (8) for *H NMR are referenced to the inter-
nal solvent. NMR spectra of re-polymerized Nylon-6 were
measured by dissolving the polymer samples in trifluoro-
ethanol (TFE) and a few drops of CDCls. Mass Spectrum
data was collected on Bruker Rapiflex MALDI-TOF, using
FlexControl data acquisition software and processed using
FlexAnalysis software for data analysis. Polymer samples
for MALDI-TOF were analyses dissolved in hexafluoroi-
sopropanol (HFIP) at a concentration of 5 mg/mL. The ma-
trix used was 2-(4-hydroxyphenylazo)-benzoic
acid (HABA). The layered sample preparation technique
was used in which 2 pL of saturated HABA matrix in HFIP
solution was applied to the sample target, dried in air, cov-
ered with a 2 pL-layer of sample solution, dried in air, and
followed by a final layer of matrix solution. GPC was used
to analyze the number avarage molecular weight (M),
weight average molecular weight (Mw), and molecular
weight dispersity indices (D) of Nylon-6 samples. An Ag-
ilent Infinity 11 1260 high-performance liquid chromatog-
raphy (HPLC) system was coupled with Wyatt Mini-
DAWN TREOS Multi-Angle Light Scattering (MALS, 3
angles) and Optilab T-Rex Refractive Index (RI, 658 nm)
detectors. Polymer concentrations of 5.0 + 0.05 mg/mL in
hexafluoroisopropanol (HFIP, ChemImpex) amended with
20mM sodium trifluoroacetate (NaTFAc, Sigma Aldrich)
were prepared by dissolving each polymer at room temper-
ature on a shaker plate, followed by filtration through a 0.2
pum syringe filter. 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 NaTFA) through 3 Plgel-HFIP columns in se-
ries with a guard column at 40 °C. Astra 7 software was
used to determine absolute M,, My, and dispersity (B,
Mw/My) using a dn/dc values calculated by assuming 100%
mass recovery using the known concentration of each sam-
ple. Polymethyl methacrylate and polyethylene tereph-
thalate standards were used to check instrumentation and
validate results.

General Procedure 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 Torr, sealed, and heated to the specified temperature



with slow magnetic stirring (50-100 rpm) for the specified
time. Reaction time was recorded starting 2.5 min after the
reaction tube was placed in the heating block, since it takes
an average of 2.5 min for the reaction to reach the depoly-
merization temperature and the polymer to begin melting.
During the reaction, the e-caprolactam product sublimes
from the hot reaction zone and deposit as a crystalline layer
on the cold wall of the reactor. After cooling to room tem-
perature, the soluble part of the reaction mixture was dis-
solved 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 determined
by *H NMR, comparing the signal integrals of e-caprolac-
tam and mesitylene.

Computational Details. All quantum chemical calcula-
tions were performed using the ORCA 5.0.3 package.5®5°
The geometric optimizations were calculated with the hy-
brid functional of PBEQ%*6! with the Def2-SVP basis set of
the Ahlrichs group®2® along with dispersion corrections
quantified by the DFT-D3% method with Grimme’s Becke-
Johnson (BJ) damping.®® Frequency calculations were per-
formed at the same level of theory, all minima were con-
firmed to have zero imaginary frequency modes, while
transition states showed exactly one negative frequency
mode. The single-point calculations were performed at a
higher level of theory, PBEO-D3/Def2-TZVP, using the
solvation model based on density (SMD).%¢ N-methylfor-
mamide was chosen as the solvent since it represents the
solvent environment of the melted Nylon-6 polymer. In ad-
dition, to accelerate the DFT calculations, resolution of
identity approximation (R1)” was used for the Coulomb in-
tegrals, and efficiently computed the exchange terms using
the "chain-of-spheres" (COSX) approximation with the
def2/J auxiliary basis set. The visualization software used
was Chemcraft.®® Three different configurations for the co-
ordination of Nylon-6 dimer model to catalysts were con-
sidered, namely "Linear", "Crest" (conformer searched us-
ing the CREST package™) and "Curve”, see details in the
SI. Shermo’ was used for the Gibbs free energy files based
on the frequency and single point energy calculations with
Grimme’s entropy interpolation for quasi rigid-rotor har-
monic oscillator (QRRHO) approximation. All thermody-
namic 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). Concentra-
tion modeling was performed by Concvar™ based on the
calculated Gibbs free energy profile.
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