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Redesigned Nylon 6 Variants with Enhanced Recyclability, Ductility,

and Transparency

Jun-Jie Tian, Xiaoyang Liu, Liwei Ye, Zhen Zhang, Ethan C. Quinn, Changxia Shi,
Linda J. Broadbelt,* Tobin J. Marks,* and Eugene Y.-X. Chen*

Abstract: Geminal (gem—) disubstitution in heterocyclic
monomers is an effective strategy to enhance polymer
chemical recyclability by lowering their ceiling temper-
atures. However, the effects of specific substitution
patterns on the monomer’s reactivity and the resulting
polymer’s properties are largely unexplored. Here we
show that, by systematically installing gem-dimethyl
groups onto e-caprolactam (monomer of nylon 6) from
the a to e positions, both the redesigned lactam
monomer’s reactivity and the resulting gem-nylon 6’s
properties are highly sensitive to the substitution posi-
tion, with the monomers ranging from non-polymer-
izable to polymerizable and the gem-nylon properties
ranging from inferior to far superior to the parent
nylon 6. Remarkably, the nylon 6 with the gem-dimeth-
yls substituted at the y position is amorphous and
optically transparent, with a higher T, (by 30°C), yield
stress (by 1.5MPa), ductility (by 3x), and lower
depolymerization temperature (by 60°C) than conven-

tional nylon 6.
J

N ylons (aliphatic polyamides or PAs) find extensive
applications in diverse industries such as textiles, engineer-
ing plastics, automotive components, packaging, and fishing
equipment, due to their high-performance characteristics.?
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However, nylon‘s robustness and environmental persistence
come with a significant environmental concern due to their
high resistance to conventional chemical recycling methods
and biodegradation, leading to the growing accumulation of
nylon-based plastics or fiber waste in landfills and natural
environments.’!  For instance, discarded or lost nylon
materials as fishing gear constitute a substantial portion of
ocean plastic pollution, accounting for about 10% of all
ocean plastic and over 40 % of the Great Pacific Garbage
Patch.l’!l This pollution poses a continuous threat to the
global marine ecosystems.'**”! As a result, there is an urgent
need to recycle nylons and to establish a circular economy
to address the growing challenges posed by nylon-based
plastic pollution.

Nylon 6, the most prevalent PA in the nylon family, is
manufactured industrially via ring-opening polymerization
(ROP) of seven-membered e-caprolactam (7LM)® and
currently holds a dominant position in the nylon market,
accounting for a significant portion of global revenue, with a
market share exceeding 56.0 %.%7 However, the recycling of
post-consumer nylon 6 waste significantly lags behind its
production volume.! Of the 4.4 million tonnes of annual
global nylon 6 production, less than 2% contains nylon 6
derived from the recycled monomer.®! Chemical recycling to
monomer (CRM) presents an attractive approach to nylon 6
recycling, enabling the recycled 7LM to be repolymerized to
the same polymer.”! Efforts have been devoted to develop-
ing more efficient catalysts and conditions to reduce the
energy input into depolymerization of nylon 6 by using ionic
liquids"” and Ru-catalyzed hydrogenative deconstruction of
nylons.'"! Very recently, Marks et al. demonstrated efficient
CRM of nylon 6 to 7LM at 220-240°C using highly reactive
lanthanide/early-transition metal catalysts with high catalyst
turnover frequencies and 7LM recovery yields."? Never-
theless, these approaches do not fully address the limitations
in the intrinsic recyclability of nylon 6 due to the high ring
strain and ceiling temperature (7,) of 7LM.["*) Hence, there
is a need to redesign nylon 6 via modification of 7LM,
aiming to develop new nylon 6 derivatives with enhanced
chemical recyclability (Scheme 1). Furthermore, structural
modification of the nylon 6 backbone may impart unique
properties such as enhanced ductility and optical clarity that
the parent nylon 6 lacks, thereby expanding nylon 6’s
applications.

According to the design principles for intrinsically
circular polymers,' to enhance chemical recyclability
(rendering lower depolymerization temperature and higher
selectivity for pure monomer recovery), it is essential to
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Scheme 1. Lactam monomer design for nylon 6 variants with enhanced
chemical recyclability via gem-disubstitution. T, values extrapolated to
1.0 M.

reduce the high 7. (~766°C, see below) of 7LM. The
geminal (gem—) disubstitution strategy has been validated
as an effective approach to enable or enhance the chemical
recyclability of polymers back to their heterocyclic mono-
mers, attributable to the Thorpe-Ingold effect.'*!*! Recent
reports disclosed that the introduction of gem-disubstitution
into B-butyrolactonel'” and valerolactone!™ at the a position
enables or significantly enhances chemical recyclability.
However, the effects of gem-disubstitution patterns or
positions in heterocyclic monomers on the monomer’s
reactivity and the polymer’s recyclability and performance
are largely unexplored. Here we utilize 7LM and its
derivatives as an effective monomer platform in this study
since it provides five possible positions (from o to €
positions, Scheme 2) for the systematic installation of gem-
dimethyl groups, which enables elucidation of monomer
structure/reactivity and product polymer structure/property
relationships. Moreover, it produces technologically infor-
mative nylon 6 variants with possibly enhanced chemical
recyclability and performance properties such as mechanical
ductility and optical transparency—the two properties the
parent nylon 6 lacks which would be desirable.

o]
(o] H AH NH j)l\
~ JJ\/\/\/N __'ROP + N
N N
N T i
7™M
59.4 kJ mol!
RSE of gem-7LM
o o Q
M
Me%” ~NH NH N
Me:.,
Me
Me' Me
7LMaMe2 7LMBMe2 7LMMe2
58.6 kJ mol! 39.2 kJ mol! 51.1 kJ mol"!
Q 0
NH
) i @
‘‘Me Me
Me
7LMoMe2 7LM:Me2 7LM!Me 53.2 kJ mol”!
53.4 kJ mol”! 50.1 kJ mol”! (S) 7LMMe = 522 kJ mol”!

Scheme 2. Computed ring strain energies (RSEs) of 7LM-based mono-
mers.
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At the outset, we computed the ring strain energies
(RSEs) of parent 7LM and gem-dimethylated 7LM mono-
mers substituted at five different positions (o to €), 7LM*™,
TLMPMZ 7L MM TEMM2 and 7M™, to determine if,
and by how much, gem-disubstitution can reduce ring strain
(Scheme 2). The estimation of RSEs was made by comput-
ing the ROP enthalpy of the lactams leading to linear
polymers represented by one repeat unit, based on an
isodesmic reaction. The gem-dimethyl group at the o
position slightly influences the RSE, resulting in 7LM"*M¢
with a high RSE of 58.6kJmol™!, close to 7LM of
59.4 kJmol'. When the gem-dimethyl group is moved to the
B position, the RSE dramatically falls to 39.2 kJmol™ for
7LM™M< Note that the RSEs of vy, §, and e-gem-7LMs
(7LM™<2) 7LM™2 7LM™?) are considerably lower than
7 ML by 6-9 kJmol'. For comparative purposes, the RSEs
of y-monomethyl 7LM (7LM™¢) were also calculated to be
532 kJmol ™! for (R)-7LM™¢ and 522kJmol™" for (S)-
7LM™¢, These RSE data show that the introduction of the
gem-dimethyl group into 7LM at all positions successfully
reduces the RSE, with the a position creating the smallest
reduction and the [ position the largest reduction
(~20 kJmol ™).

Subsequently, we synthesized the entire series of six
7LM monomers (Scheme 2) and investigated their polymer-
ization under typical anionic ROP conditions,"”?! using
phosphazene superbase ‘Bu-P, or NaH as a base, N-benzoyl-
substituted gem-7LM as an activator, and N,N-dimeth-
ylacetamide (DMACc) as solvent when added (Table S1-S6).
Surprisingly, 7LMs with gem-dimethyl substitution at a, f,
and ¢ positions, 7LM™ 7LM™< and 7LM™<, did not
yield the corresponding gem-nylon 6 under various condi-
tions employed in this study (Tables 1, S1, S2 and S5). In
contrast, when the dimethyl groups are introduced at the y
and & positions, y-gem-dimethylated nylon 6 (nylon 6™)
and 3-gem-dimethylated nylon 6 (nylon 6™¢%) were success-
fully synthesized (Tables S3 and S4). For example, the ROP
of 7LM™< in DMAc with ‘Bu-P, as the base and N-benzoyl-
substituted 7LM™* as an activator achieved 64 % conver-

Table 1: Selected results for polymerization of substituted 7LMs.®

Run M [M)/[BI/[A] Time (h) Conv." (%) M, (kDa) DM
1 7LM®M2 100/1/1 24 0 - -

2 7LMPMe2 - 100/1/1 24 0 - -

3 7LM™? 100/1/1 6 70 20.4 1.31
44 7LM™2 500/5/1 12 64 47.2 1.41
5 LM 100/1/1 6 71 17.9 1.12
69 7LM™M2 500/5/1 12 70 68.1 1.12
7 7LM™Z 100/1/1 24 0 - -

8 7LM™e  100/1/1 12 838 335 1.39
9 7LM™e  500/5/1 12 88 168 1.1

[a] Conditions: monomer (M)=1 mmol, base (B)='Bu-P,, activator
(A) = N-benzoyl-substituted 7LM, at 80°C, in neat (except for runs 3—6
where a small amount (0.05 mL) of solvent used to liquify monomer
at 80°C). [b] Determined by '"H NMR in DMSO-d; or TFA-d, [(]
Number-average molar mass (M,) and dispersity index (B=M,,/M,)
determined via gel permeation chromatography (GPC) coupled with
an 18-angle light scattering detector. [d] 5 mmol monomer.
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sion at 80°C for 12h, affording nylon 6™ with M,=
472kDa, b=141 at a [monomer]/[base]/[activator]
(IM)/[B)/[A]) ratio of 500/5/1 (Table 1, run 4). This similar
condition was then applied to the ROP of 7LM™ and
TLM™¢  affording nylon 6™ and y-monomethyl nylon 6
(nylon 6™¢) with higher monomer conversions, higher poly-
mer molecular weight, and lower dispersity: M, =68.1 kDa,
H=1.12 for nylon 6™ (Table 1, run 6) and M,=168 kDa,
H=1.11 for nylon 6™° (Table 1, run9). Notably, the high
reactivity of the superbase ‘Bu-P, towards the polymer-
ization of 7LM monomers enabled the use of relatively low
reaction temperature (80°C), which suppresses commonly
present transamidation side reactions and results in forma-
tion of nylons with relatively low D values (1.11-1.41).

Given the high ring strain of 7LM"™ (similar to 7LM)
and the moderate ring strain of 7LM™ (close to 7LM™<?),
we reasoned that the gem-dimethyl groups at the a and e
positions would inhibit the polymerization due to steric
hindrance. To further support this hypothesis, an Interaction
Region Indicator (IRI) analysis of six substituted 7LMs was
conducted to illustrate the potential impact of the substitu-
tion position on the monomer's chemical nature. As
depicted in Figure S1, 7LM** exhibits steric hindrance
between the gem-dimethyl group and the carbonyl group.
It’s also sterically hindered around the nitrogen atom in
7LM™<2 supporting the steric argument for their resistance
towards the ROP under the current conditions. In the case
of 7LM™<? the non-polymerization observed under various
conditions employed in this study may likely be attributed to
its low ring strain (its lowest in the series), yielding a T, that
is too low for effective polymerization.

To experimentally investigate the impact of gem-disub-
stitution on the thermodynamics of ROP, thermodynamic
studies of the ROP of 7LM™¢ 7LM* and 7LM™¢ were
performed using a [M]/[B]/[A] ratio of 100/1/1 in DMAc.
The standard-state thermodynamic parameters, including
enthalpy change (AH,°) and entropy change (AS,°) of
polymerization along with the 7, values of monomers, were
calculated (Tables S7-S9 and Figures S14-816). The AH,°
values of 7LM™¢<2 7LM®™2 and 7LM™° were found to be
—8.65, —9.89, and —10.73kJmol™' and AS,° values were
measured to be —30.26, —33.26, and —30.01 Jmol 'K,
respectively. Thus, the introduction of a single methyl group
at the y position of 7LM drastically reduces the T, (766°C
extrapolated to [M],,=1.0 M, calculated using the reported
AH,® and AS,° values in bulk, omitting solvent effects)"*
for 7LM to 84°C (extrapolated to [M],q=1.0 M, or 144°C
based on [M].,,=[M],=1.67 M used for the [M]., measure-
ments) in 7LM™¢, Installing two gem-dimethyl groups at the
v position further lowers the 7, to only 13°C (extrapolated
to [M],,=1.0M, or 136°C based on [M],=[M],=3.0M
used for the [M]., measurements) for 7LM™. Moving the
gem-dimethyl groups to the & position results in a slightly
higher T, value of 24°C (extrapolated to [M],,=1.0 M, or
137°C based on [M],;=[M],=3.0M used for the [M],
measurements) for 7LM™<% Such low T, values for 7LM™<
and 7LM®¢* are consistent with their calculated RSEs and
observed moderate polymerizability, suggesting that the
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depolymerization of their corresponding polymers may be
more attainable.

Encouraged by the reduced 7, values in the gem-dimeth-
ylated 7LMs, we selected nylon 6™ as a model polymer to
probe the CRM effectiveness (Tables2 and S10) in bulk
(solventless) conditions. Nylon 6™ was subjected to varying
temperatures and catalysts under vacuum conditions
(107" Torr). Considering the relatively low T, of nylon 6™
(~13°C in 1.0 M), uncatalyzed thermolysis was initially
conducted at a heating mantle temperature of 260°C for
18 h, giving 7LM™** in 80% mass recovery, albeit with
(~9 %) impurities (Table 2, run 1). The thermolysis at lower
temperatures (e.g., 240°C) did not produce monomer
(Table 2, run?2). Next, various catalysts were screened,
aiming to lower the recycling temperature and improve
reactivity and/or selectivity. Ansa-metallocene
Me,SiCp”,YCH(TMS), (Cp” =n’-Me,Cs) has been demon-
strated as a leading robust catalyst to depolymerize nylon 6
to 7LM with high yields (>99%)."? Thus, this ansa-
yttrocene catalyst was employed to catalyze the solventless
depolymerization of nylon 6™ effectively yielding 93 %
7LM™< at 260°C for 1 h with only 1 mol % catalyst loading
(Table 2, run3). The reaction temperature was further
reduced to 240°C with 90 % yield for pure 7LM™ in 3 h
(Table 2, run 4). We also tested ZnCl, (10 wt %), a com-
monly used Lewis acid catalyst for depolymerizing
polyesters® and nylon,”® resulting in a 78% yield of
7LM™< at 240°C after 12 h (Table 2, run5). Finally, we
found that ‘BuOK, an inexpensive base, significantly
improves reactivity and reduces the recycling temperature
(Table S10, runs 7-10). Notably, the depolymerization of
nylon 6™ (M,=47.2kDa, D=1.41) at 180°C for 6 h with
‘BuOK (10 wt %) recovered 7LM™ in 93 % isolated yield
(Table 2, run 6, and Figure 1B). Furthermore, recognizing
that nylon recycling often involves mixtures with other
plastics, we conducted CRM of nylon 6™ in the presence
of polyethylene (PE), isotactic polypropylene (PP), and
polystyrene (PS), selectively affording the nylon monomer
7LM™< in 87% yield (Table?2, run7). The recovered

Table 2: Selected results for depolymerization of nylon 6™ and
nylon 65M62.[a]

Catalyst ! Time  Yield"
QORI () (%)

Run Polymer

1 nylon 6™ none 260 18 8o
2 nylon 6™ none 240 24 0
3t nylon 6™ [Y] (1 mol %) 260 1 93
4kl nylon 6™ Y] (1 mol %) 240 3 90
5 nylon 6™ ZnCl, (10 wt %) 240 12 78
6! nylon 6™  'BuOK (10wt%) 180 6 931l
7t nylon 6™  'BuOK (10wt%) 180 6 87t
8lf nylon 6™ 'BuOK (10wt%) 250 18 g1t

[a] Conditions: polymer (0.10 g, M,=20.4, D=1.31 or M, =24.0 kDa,
D=1.33), under 107" Torr, [Y]=Me,SiCp",YCH(TMS), (Cp”"=n’-
Me,Cs). [b] Temperature of the thermocouple-controlled heating
mantle. [c] NMR yield using mesitylene as an internal standard. [d]
Mass recovery. [e] 10°° Torr. [f] Polymer (0.50 g). [g] Isolated yield. [h]
Nylon 6™ (0.50 g, M, =47.2 kDa, ®=1.41) with 0.50 g PE, 0.50 g PP,
and 0.50 g PS.
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Figure 1. Demonstration of the chemical recycling to monomer. 'H
NMR spectra (CDCls, 25°C): (A) starting 7LM™<% (B) recovered crude
7LM™¢2 from catalyzed depolymerization at 180°C; (C) starting
7LM™e% and (D) recovered crude 7LM®™® from catalyzed depolymeri-
zation at 250°C.

TLM™<2 after purification, was readily repolymerized into
nylon 6M? with M,=43.5kDa, P=1.24. Similarly, ny-
lon 6™ was also subjected to ‘BuOK (10 wt %) at 250°C for
18 h, offering an 81 % isolated yield of 7LM® (Table 2,
run 8, and Figure 1D).

Thermogravimetric analysis (TGA) of nylon 6™ and
nylon 6™ revealed high onset decomposition temperatures
at 5% mass loss (Tys4,) of 360°C and 351°C, respectively
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(Figure 2A), which are 35-44°C lower than parent nylon 6
(Tys59,=395°C). However, as shown by differential scanning
calorimetry (DSC) analysis, the glass transition temperature
(T,) of nylon 6™ (91°C) or nylon 6" (93°C) is consid-
erably higher than the 7, of nylon 6 (50-75°C),” attribut-
able to the gem-dimethyl substitution that rigidifies the
chain. The gem-dimethyl substitution also significantly
impacts crystallization behavior and subsequently affects the
crystallinity of these nylons. While nylon6 is a highly
crystalline material with a high melting temperature (7,,) of
220°C (Figure 2B, red), nylon 6™ does not crystallize and
thus remains amorphous, displaying only a 7, but no T,
peak on DSC scans with a cooling rate of 10°C/min or 1°C/
min (Figure 2B, black). In contrast, by moving the gem-
dimethyl substitution to the 3-position of nylon 6, nylon 6™
exhibits a T, of 167°C on the first DSC heating scan
(Figure 2B, blue), but not on the second scan, indicating its
slow crystallization. Overall, the position of gem-dimethyl
groups significantly influences the crystallinity of these gem-
dimethylated nylon 6 materials. Specifically, the gem-
dimethyl groups at the y position result in amorphous
nylon 6™, whereas the § position produces semi-crystalline
nylon 6™ with slow crystallization. This distinction is
confirmed by their powder X-ray diffraction (pXRD)
profiles, where the profile of nylon 6™ exhibits a broad
peak, while nylon 6™ features sharp diffraction peaks at 26
values of 9.2°, 18.3°, 23.6° (Figure 2C).

Figure 2D compares the mechanical properties (uniaxial
stress-strain curves) of nylon 6, nylon 6™ and nylon 6™,
Compression-molded dog-bone-shaped specimens of ny-
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Figure 2. Thermal, mechanical, and optical properties of nylon 6™ (black

(red curves): (A) TGA thermograms (10°C/min); (B) DSC thermograms of the first heating scan for nylon

Temp. (°C)

Wavelength (nm)

curves) and nylon 6™ (blue curves), in reference to commercial nylon 6
6°<2 and the second hearting scans for

nylon 6 and nylon 6"* (10°C/min); (C) pXRD profiles; (D) Overlays of representative stress-strain curves; (E) DMA (tension film mode)

thermomechanical profiles; (F) Transmittance overlays of nylon 6™, commercial nylon 6, and PMMA (purple line).
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lon 6™ (M, =47.2 kDa) exhibit a high elastic modulus (E)
of 2.79+0.21 GPa and a high ultimate tensile strength (og)
of 60.5+0.60 MPa, which are comparable to those of
commercial nylon6 (E=3.37+0.10 GPa, o5=65.6+
0.50 MPa). Remarkably, the amorphous nature of ny-
lon 6™ does not diminish its mechanical properties;
instead, the performance of the polymer is significantly
improved, as evidenced by enhanced yield stress (o,=74+
5.4 MPa) and fracture strain or elongation at break (eg=
70.247.5%), compared to crystalline nylon 6 (o,=72.5+
0.8 MPa, e5=25.9+11.6 %). In comparison, the semi-crystal-
line nylon 6°¢* (M, =68.1 kDa) displays a higher E of 3.55+
0.17 GPa and o3 of 70.7£5.0 MPa, but it is extremely brittle
with a small e of only 2.7+0.2 %.

Dynamic thermomechanical properties of these three
nylons were investigated via dynamic mechanical analysis
(DMA) in a tension film mode (Figure 2E). Compared to
nylon 6 with a storage modulus (E") of 2.81 GPa and a loss
modulus (E”) of 532MPa at 25°C (the glassy state),
amorphous nylon 6™ exhibited lower moduli (E =
2.17 GPa, E"=43.0 MPa), while semi-crystalline nylon 6™
showed a higher E’ of 3.05 GPa and lower E” of 34.8 MPa.
The T, values, taken from the peak maxima on the loss
modulus curve, were 61, 92, and 82°C for nylon 6,
nylon 6™, and nylon 6™, respectively.

In recent years, optically transparent nylons have found
widespread application in automotive, optical instruments,
and packaging, due to their high transparency, coupled with
the exceptional properties characteristic of nylons.?* Since
transparent nylons are typically amorphous,™ the optical
properties of amorphous nylon 6™ were examined (Fig-
ure 2F). Analysis of its transmittance revealed that ny-
lon 6™ is indeed optically clear. It exhibits a transmittance
value (T%) of 90 % when scanned in the visible range (350
to 800 nm). Its transparency is nearly equivalent to that of
poly(methyl methacrylate) (PMMA) (T% =92 %), an opti-
cally clear polymer standard, and largely surpasses that of
nylon 6 (T% =75 %), suggesting that nylon 6™ could serve
as a circular nylon for transparent nylon applications.

In summary, in search for alternatives to nylon 6 with
enhanced chemical recyclability, mechanical ductility, and
optical clarity, we introduced gem-dimethyl groups into the
e-caprolactam ring at various positions (o to €) to investigate
redesigned lactam monomer structure/reactivity and the
corresponding nylon product structure/property relation-
ships. Four key fundamental insights have been gained from
this study. First, the gem-dimethyl disubstitution on the
seven-membered lactam ring dramatically reduces the 7T, of
these redesigned 7LM monomers (by >700°C), making
chemical recycling of the resulting gem-dimethylated nylon 6
materials to the corresponding monomers more efficient,
under milder (60°C lower temperature) conditions with
cheaper, more accessible catalysts. Second, the reactivity or
polymerizability of 7LM monomers is highly sensitive to the
position of substitution. While gem-dimethyl substitutions at
the o, B, and € positions of the 7LM ring yield monomers
that exhibit negligible polymerization activity under the
conditions employed in this study (due to combined steric
and RSE factors), substitutions at y and 3 positions afford
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7LM monomers that can be readily polymerized to the
corresponding nylons with high molecular weights and low
dispersities. Third, the thermomechanical properties of the
gem-dimethylated nylons also largely depend on the position
of disubstitution. While §-gem-dimethylated nylon 6™ is
semi-crystalline but more brittle than nylon 6, y-gem-dimeth-
ylated nylon 6™ is an amorphous nylon but with much
higher T, (by 30°C), yield stress (s, by 1.5 MPa), and
ductility (3xeg) than nylon 6. Fourth, redesigned nylon 6™,
with its combined desirable properties of high mechanical
performance, closed-loop recyclability, and excellent optical
transparency, presents itself as a promising candidate for
applications where exceptional properties and optical clarity
of polymer are desired. As nylon’s optical clarity is often
achieved via copolymerization with monomers that can
suppress crystallization, which not only increases production
costs but also complicates post-consumer nylon recycling by
chemical, mechanical, or emerging recycling processes, the
single-monomer approach presented herein further high-
lights the potential of circular polymer design strategies for
achieving synergistic outcomes of high chemical recyclability
and superior or unique (often surprising, the case here)
materials properties.
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