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Abstract

High-density polyethylene (HDPE) is a widely used commercial plastic due to its excellent
mechanical properties, chemical resistance, and water vapor barrier properties. However, less than
10% of HDPE is mechanically recycled, and chemical recycling of HDPE is challenging due to
inherent strength of the carbon-carbon backbone bonds. Here, we report chemically recyclable
linear and branched HDPE with sparce backbone ester groups synthesized from transesterification
of telechelic polyethylene macromonomers. Stoichiometrically self-balanced telechelic
polyethylenes underwent transesterification polymerization to produce the PE-ester samples with
high number average molar masses up to 111 kg/mol. Moreover, transesterification polymerization
of the telechelic polyethylenes and the multifunctional diethyl 5-(hydroxymethyl)isophthalate
generated branched PE-esters. Thermal and mechanical properties of the PE-esters were
comparable to commercial HDPE and tunable through control of the ester content in the backbone.
In addition, branched PE-esters showed higher levels of melt-strain hardening compared to linear
versions. The PE-ester was depolymerized into telechelic macromonomers through
straightforward methanolysis and the resulting macromonomers could be -effectively
repolymerized to generate high molar mass recycled PE-ester samples. This is a new and promising
method for synthesizing and recycling high-molar-mass linear and branched PE-esters, which are
competitive with HDPE and have easily tailorable properties.

Introduction

Polyolefins are widely used for automotive parts, furniture, packaging materials, and
myriad of other applications.! Nearly 180 million metric tons of polyolefins were produced in
2018;*7 47 million metric tons of which was high-density polyethylene (HDPE). Chemical

resistance, ease of processability, high toughness, and low water vapor permeability are all
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attractive attributes of HDPE that drive broad implementation.® While hydrophobicity,
crystallinity, and high bond strength of the carbon-carbon bond in HDPE contribute to its attractive
material properties, these features largely prevent degradation in the environment.” Less than 10%
of HDPE was recycled in 2018, and most HDPE was incinerated or sent to landfills at the end of

USG.6’10’11

The design of polymeric materials with enhanced degradability or chemical recyclability
while maintaining attractive properties is of contemporary interest.!*> Chemical structures of
such polymers mimic polyethylene with cleavable chemical bonds in the backbone, such as ester
groups. !+ 16:18.2224734 Eor example, in a pioneering study, HiuBler ef al. prepared polyethylene-like
materials with 16 or 18 CH, groups between ester bonds.'® The polymers were prepared through
step-growth polycondensation of diesters and diols with long-chain alkyl moieties (Scheme 1A).
Mechanical properties of the materials were competitive to commercial HDPE, and they were
depolymerized back into monomers in methanol. However, their melting temperature was 99 °C,
which is significantly lower than that of HDPE (132 °C) and could compromise use in some

applications.

Scheme 1. Approaches to Synthesize Chemically Recyclable Polyethylenes



(A) Haubler et al.’®

9.5 [ 29
~, H
\o/l{ai\o/ ' HO'nQJQ\OH o T o/\fj;\o
L n

MeOH

M, sec = 50 kg/mol
X Lower T, than HDPE ¥'Competitive mechanical properties to HDPE

(B) Arrington et al.'>16

o [}
HOMOH " o on AL H[OMO/\T“):}OH
o] o} -
My, nmr = 6 - 12 kg/mol
¥ Competitive T,to HDPE X Lower ultimate strain than HDPE

(C) Zhao et al.®

[Ru]
—_— o] (o]
OH < V= or
Hot [Ru], H M ,{J\Ox .‘r*-o)L\

m
My, sec = 2 kg/mol My, sec = 34 kg/mol
v" Competitive T, to HDPE ¥ Competitive mechanical properties to HDPE

o]
m__— it | Y km“rﬁﬁ
s N il
M,

(D) This work

= [Sc], MeOH
n, sec = 93 - 111 kg/mol

M, sec = 2 - 16 kg/mol \\-[I'L o

0 o o Wo*@” ot
. = '?1.‘LOH or :lﬁ-ﬂ\c/ o =N o
( o \OMj
<] - [hko’l

OH My, sec = 41 kg/mol

¥ Competitive T,,to HDPE v'Competitive mechanical properties to HDPE

Longer spacing between ester linkages can lead to comparable thermal and mechanical
properties of such chemically recyclable polymers to HDPE. These materials can be prepared
through step-growth polymerization of telechelic macromonomers. Recently, Kocen et al.
demonstrated the synthesis of chemically recyclable ester-linked polypropylene from isotactic
polypropylene with unsaturated alkene groups in the main chain.!* The polymer exhibited
competitive mechanical properties to linear low density polyethylene. Arrington et al. reported
step-growth polymerization of diols and telechelic polyethylenes with dicarboxylic acid end
groups to synthesize PE-ester (Scheme 1B).'>!¢ In step-growth polymerization, stoichiometric
balance between alcohol and carboxylic acid groups is crucial for achieving high molar mass
polymers. Even small deviations in the amounts of these functional groups can lead to the

consumption of all limiting functional groups, resulting in a limited molar mass. This is



presumably why the ultimate strain for PE-esters was lower than that of HDPE, especially for the
materials synthesized from low molar mass macromonomers, as reported by Arrington et al. Thus,
it is important to develop a strategy to achieve perfect stoichiometry between two functional
groups in step-growth polymerization to synthesize high molar mass PE-esters regardless of the

molar mass of the initial macromonomers.

We have previously reported several examples of telechelic polyethylenes via ring-opening
metathesis polymerization (ROMP) followed by hydrogenation in a tandem catalysis approach.>
% We demonstrated the efficient synthesis of dihydroxyl telechelic polyethylenes using a
bioderived chain-transfer agent (CTA) with a long spacer between the hydroxy groups and the
alkene. This approach eliminated the need for protection/deprotection in ROMP, resulting in
improved atom economy.*® Recently, Zhao et al. developed chemically recyclable polyethylenes
synthesized through dehydrogenation of dihydroxyl telechelic polyethylenes catalyzed by
ruthenium (Scheme 1C).* In this study, we synthesized telechelic polyethylenes with inherently
stoichiometrically balanced ester and hydroxyl end groups. The equivalent number of ester and
hydroxyl end groups are important to obtain a high degree of polymerization in subsequent step-
growth polymerizations. The telechelic polyethylenes were generated using a new chain-transfer
agent containing one ester and one hydroxyl group, with a long methylene spacer between the
alkene group and the functional groups. Transesterification of these polyethylenes under neat
conditions using a titanium catalyst resulted in colorless high molar mass PE-esters with a M, of
up to 111 kg/mol, which in turn exhibited competitive mechanical properties when compared to
commercial polyethylenes (Scheme 1D). Changing the molar mass of oligomers between ester
groups provided tunability of thermal and mechanical properties. These materials can be

chemically recyclable through methanolysis of the PE-esters, followed by repolymerization.



We also envisioned that telechelic polyethylenes can be utilized to synthesize long chain
branched PE-esters using a trifunctional compound to improve melt strength of linear PE-ester.
Long chain branches denote branches exceeding the critical molar mass (M. = 2~3*M., where M.
of PE = 1.2 kg/mol at 443 K), and thus able to form effective entanglements.*’ To the best of our
knowledge, long chain branched HDPE using telechelic HDPE has been rarely reported. Recently,
Arroyave et al. synthesized bifunctional and multifunctional telechelic HDPE from fragmenting
post-consumer HDPE, and transesterification of these telechelic HDPE generated branched
HDPE.*® This pioneering work also demonstrated competitive tensile properties of the resulting
polymers in comparison to HDPE. Here, we leveraged the inherent existence of two distinct end
groups in the PE macromonomers to synthesize branched PE-esters using diethyl 5-
(hydroxymethyl)isophthalate (DHIP) as a trifunctional compound (Scheme 1D).
Transesterification of telechelic polyethylenes and DHIP successfully introduced long chain
branching into PE-ester. The resulting branched polymer showed a similar elastic modulus but
displayed higher melt strength during elongation compared to linear variants. This property is

advantageous in various types of processing methods, including film-blowing and foaming.

Results and Discussion
Chain-Transfer Agent and Telechelic Polyethylene Macromonomers Syntheses

We prepared a chain-transfer agent (CTA) containing an alcohol and ester group at each end
(Scheme 2). Ring-opening of oxacycloheptadec-10-en-2-one, known as ambrettolide under reflux
conditions in methanol gave quantitative conversions (> 99%), determined by 'H NMR

spectroscopy, and high isolated yields (88%). The chemical structure of the CTA was analyzed by



"H NMR spectroscopy, suggesting successful synthesis of the target molecule (Figure S16). This
was further supported by mass spectrometry, which gave that [M+Na]"™ of 307.2301 g/mol,

compared to the theoretical mass [M+Na] theo 0f 307.2249 g/mol.

The position of double bond was supported by mass spectrometry after cross metathesis
with ethylene (i.e., ethenolysis). The cross metathesis reaction cleaved the internal double bond of
the CTA to give two terminal olefins, resulting in [M+NH4]" of 146.1537 and 202.1800, analyzed
by gas chromatography-mass spectrometry (GC-MS) (Scheme S1 and Figure S1). These peaks are
assigned to be M1 and M2, whose theoretical [M+ NHa] heo values are 146.1545 and 202.1807,
respectively. The chemical structure of the CTA was further supported by homonuclear correlation
spectroscopy (COSY), and heteronuclear multiple bond correlation (HMBC) NMR spectroscopy
(Figure S18 & S19).

Scheme 2. Synthesis of a Chain Transfer Agent, Linear and Branched PE-esters, and

Chemical Recycling
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Extremely low Grubbs 2" generation catalyst (G2) loading ([G2]o:[COE]o = 1:20000,
0.005 mol%, 0.039 wt%, or 390 ppm relative to COE) was used to enable high end groups fidelity
when [COE]o/[CTA]o = 100. Even with the small amounts of G2 used, high conversion (>99%) of
cyclooctene (COE) by ROMP in the presence of CTA was achieved in 30 min, determined by 'H
NMR spectroscopy. By changing [COE]o/[CTA]o from 10 to 100, we were able to control M, of

the telechelic PCOEs from about 2 to 14 kg/mol (Table 1). The ester and hydroxyl groups were



incorporated in the same amounts, as supported by "H NMR spectroscopy after precipitation from

methanol (Figure 1A). The end groups in the telechelic PCOEs were interrogated by matrix

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). The

MALDI-TOF mass spectrum showed the PCOE peaks with hydroxyl-ester and ester-ester end

groups (Figure S2). Hydroxyl-hydroxyl PCOE species were not observed in the MALDI analysis

presumably due to ineffectual ionization processes, ion transmission, or ion detection.

49,50

Achieving exclusive heterotelechelic PCOEs requires regioselective reactions of the propagating

species and the CTA in any intermolecular cross metathesis. Lack of regioselectivity in the chain

transfer step is expected and the chain end groups are likely mixtures of ester—ester (1), hydroxyl—

hydroxyl (1), and ester—hydroxyl (2).°3

Table 1. Synthesis of Polyethylene Macromonomers and Linear PE-esters

ROMP and Hydrogenation After transesterification
Polymer | [COE] PCOE PE Yield? Polymer M, sec® M, sec® be
/[CTA] | Convcog®* M, Nmr? Hydrogenation® M, \vr? M, sec® M, sec® D° (%) (kg/mol) | (kg/mol)
(%) (kg/mol) (%) (kg/mol) | (kg/mol) | (kg/mol)
PE-2k® 10 >99 1.8 97 1.8 1.6 22 1.4 75 PEx-93k 93 155 1.7
PE-9k® 50 99 6.0 99 4.8 8.9 11 1.2 87 PEok-101k 101 177 1.8
PE-16k 100 >99 14 97 12 16 22 1.3 92 PEisk-111k 111 157 1.4

“Determined by 'H NMR spectroscopy in CDCls. *Determined by 'H NMR spectroscopy in toluene-dsat 100 °C. “Determined by 1,2,4-trichlorobenzene (TCB) SEC
equipped with MALLS at 135 °C. Obtained after filtration washed with DCM. (ROMP and hydrogenation were performed in toluene instead of 2-MeTHF.
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Figure 1. Characterizations of polycyclooctene (PCOE) and polyethylene (PE) macromonomers.
(A) "H NMR spectra in toluene-ds?, (B) IR spectra®, and (C) SEC traces in TCB at 135 °C®. “PCOE
and PE macromonomer when [COE]/[CTA] = 10. °PCOE and PE macromonomer when
[COE]o/[CTA]o = 50.

Hydrogenation of polycyclooctene was performed in one-pot after adding ethyl vinyl ether
and 2-MeTHF to the reaction mixtures after ROMP under 500 psig of H2.3>*¢ Based on 'H NMR
spectroscopy, 97-99% of alkenes were hydrogenated in all cases (Figure 1A and Table 1).
Additionally, IR spectroscopy showed that C=C bending (964 cm™') was no longer evident, also
indicating very high levels of hydrogenation (Figure 1B). Ester end groups remained in the

polymer as determined by IR spectroscopy with a resonance at 1745 cm” and 'H NMR



spectroscopy with a signal at 3.4 ppm, suggesting that ester groups were stable under these
hydrogenation conditions (Figure 1A & B). Notably, ROMP and hydrogenation conditions
maintained the equivalent amounts of ester and alcohol groups, supported by the integration ratios
between Ha and Hb. This stoichiometric balance is important for the subsequent synthesis of high
molar mass PE-esters. The SEC trace of telechelic PE remained relatively unchanged compared to
PCOEs, suggesting that hydrogenation conditions did not significantly impact the molar mass

(Figure 1C).

Synthesis of Linear and Branched PE-esters

Transesterification polymerizations were performed under vacuum at 180 °C to remove
methanol and shift the equilibrium to the polymerized product. In the absence of the
transesterification catalyst, molar mass only increased from 4.7 kg/mol to 6.5 kg/mol after
transesterification (Table S1). Several catalysts, such as triazabicyclodecene (TBD), Sn(Oct)a,
Ti(O'Pr)4, and Ti(O"Bu)s, were investigated, with Ti(O"Bu)s giving the highest molar mass (Mn =
217 kg/mol) of PE-ester.’” The SEC trace shifted to high molar mass, indicated by the shift towards
earlier elution times with a small amount of remaining macromonomers and putative cyclic
polymers (Figure 2). Moreover, a new signal appeared at 4.0 ppm in the 'H NMR spectrum,
assigned as methylene groups adjacent to the internal ester linkages (Figure S22 and S24). The
two peaks from the end groups at 3.4 ppm were absent. These changes in '"H NMR spectrum further

supported the successful transesterification of telechelic polyethylene macromonomers.
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Figure 2. SEC traces in 1,2,4-trichlorobenzene at 135 °C of PE-2k and PEx-93k. Peak (*)

observed at 29 minutes is an artifact associated with the SEC instrument.

The transesterification reaction was also performed on a 10 g scale, and polymerization of
16 kg/mol macromonomer resulted in high molar mass (M, = 111 kg/mol, Table 1). Starting with
lower molar mass macromonomers (2 and 9 kg/mol), polymerization provided 93 and 101 kg/mol
of PE-ester, respectively. These findings suggested that the stoichiometrically self-balanced
macromonomers generated high molar mass PE-esters, regardless of their initial molar mass.
Additionally, lower molar mass macromonomers generated PE-esters with higher ester

concentrations along the polymer backbone (higher [ester]/[1000 CHz]).

We also synthesized branched PE-esters from transesterification polymerization of
trifunctional DHIP and telechelic polyethylenes using Ti(O"Bu)s catalyst at 180 °C (Scheme 2 and
Table 2). Under these reaction conditions, telechelic polyethylenes with a M, of 12 kg/mol
generated a branched polymer with a molar mass of 41 kg/mol of. Like linear PE-esters, the SEC
trace of PE macromonomer was clearly shifted to a higher molar mass region (Figure S3). In 'H
NMR spectroscopy, new peaks appeared at 4.9 and 5.1 ppm, which are assigned to methylene

protons next to phenyl ester groups and between phenyl and ester, respectively (Figure S26). These

11



peaks support the successful incorporation of DHIP to generate branched polymers. When 53
mol% of DHIP was added, the theoretical branching ratio, defined as the ratio of ester and hydroxyl
groups from DHIP to all ester and hydroxyl groups, was 63%. The resulting polymers showed a
branching ratio of 20%, defined as the ratio of ester groups from reacted DHIP to all reacted ester
groups, as determined by '"H NMR spectroscopy. We suspect this discrepancy stems from the low
signal-to-noise in the 'H NMR spectrum resulting from low contents of ester groups and low
solubility of polymers. The gel fraction of the branched polymer, obtained through Soxhlet
extraction in toluene for 2 days, was determined to be 2 wt%. Since the telechelic polyethylenes
are mixtures of ester—ester, hydroxyl-hydroxyl, and ester—hydroxyl telechelic polyethylenes, it is

likely that there are some loops and a small amount of cross-linked content.

Table 2. Synthesis of Branched PE-ester

Polymer Telechelic PE After transesterification Branching | Gel fraction®
Mh,sec® | Mw,sec® | D* | M, sec® My, sec? b Ratio® (%) (%)
(kg/mol) | (kg/mol) (kg/mol) (kg/mol)
B-PE1k-41k 12 23 1.9 41 88 2.1 20 2

“Determined by TCB SEC equipped with MALLS at 135 °C. ®Determined by 'H NMR spectroscopy. “Obtained through Soxhlet extraction in toluene for 2 days,
followed by overnight drying under vacuum.

Morphological and Thermal Characterization

We investigated crystalline structures of the telechelic polyethylene macromonomers and
PE-esters using wide-angle x-ray scattering (WAXS). HDPE and poly(pentadecalactone) (PPDL)
were also used as benchmarks for the low [ester]/[1000 CHz] = 0 and high [ester]/[1000 CH2] =
71 ratios, respectively (Figure 3).°® Although WAXS patterns of PPDL was shifted compared to
HDPE, those of telechelic polyethylenes, linear, and branched PE-esters are identical to that of

HDPE. These results suggested that introduction of ester and hydroxyl groups into polyethylenes

12



at these small levels ([ester]/[1000 CH2] < 8.4) still had the same crystalline packing, in good

agreement with previous studies,!>161859-62
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Figure 3. WAXS profiles of polyethylene macromonomers, PPDL, PE-esters, and HDPE.

We obtained the lamellar thickness from small-angle x-ray scattering (SAXS) for the
samples by heating to 200 °C to erase thermal histories followed by cooling at 10 °C/min to —
50 °C, 5 °C/min to —75 °C, and 2 °C/min to —90 °C. The lamellar thickness (Lm) was estimated
from Lm = Xcd*, where d* is average distance between adjacent lamellae and X is degree of
crystallinity obtained by differential scanning calorimetry (DSC).®® For the macromonomers,

higher molar mass samples had larger Lm values (Figure 4A, S4 and Table S3). PE-esters had even
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larger Lm compared to the macromonomers, which was probably attributed to their higher molar
mass. To determine whether ester groups were present in the crystalline domain or solely in the
amorphous domain, we compared the Lm of the PE-esters with theoretical maximum length (Lpe,
theo) between ester groups with fully extended with all trans conformation similar to that found in
the PE crystal structure. For PEx-93k, Lm and Lpg, theo Were estimated to be 19 and 14 nm,
respectively (Table S3). As the theoretical average length between ester groups was shorter than
measured lamellar thickness, we conclude that at least some of the ester groups are likely

embedded in the crystalline domains, and this finding agrees well with previous studies.*-*

To further support the incorporation of ester groups in the crystalline lamellae, we used IR
spectroscopy. Certain infrared spectral regions can be distinguishable depending on whether
functional groups are in the amorphous or crystalline phase due to different chain
conformations.®*® To obtain samples with two different degrees of crystallinity in the same
material, we utilized two different cooling rates after erasing thermal histories: one slowly cooled
at 1 °C/min and the other rapidly cooled by quenching with liquid nitrogen. The slowly cooled
sample exhibited a higher degree of crystallinity than the rapidly cooled one (Figure S5). In IR
spectroscopy, the sample with higher crystallinity showed a more intense peak at 1725 cm’!
compared to the one with lower crystallinity (Figure S6). Therefore, it is likely that the peak at
1725 cm! is from ester groups in the crystalline domains. The peak was observed in both samples,
suggesting that some ester groups were also included in the crystalline domain, even in the sample

with lower crystallinity.

The decomposition temperature (74, 5%), defined here as the temperature at which 5% mass
loss of polymers occurs, was measured using thermogravimetric analysis (TGA) under an N>

atmosphere to investigate the thermal stability of the polymers (Table 3). Tq, 5, of the polyethylene
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macromonomers and the PE-esters were slightly lower than those of polyethylene, but their 74, 5%
still remained high, ranging from 419 to 458 °C (Table 3). Thermal stability of PE2x-93k under air
was also tested. The sample was held at 200 °C for 10 and 60 minutes, respectively, after ramping
up the temperature at a rate of 20 °C/min. Although TGA data showed less than 0.5% mass loss
compared to initial mass (Figure S7), both samples changed color to a yellowish orange.
Additionally, they became insoluble in 1,2,4-trichlorobenzene at 135 °C, suggesting cross-linking.
This observation was also previously reported for HDPE when heating at 200 °C under air flow

conditions.®’

Table 3. Thermal Properties of Polyethylene Macromonomers, PPDL, Linear PE-esters, and
HDPE

Polymer [Ester]/[1000 CH,] | M, sec® My, sec” b? T Tn® AH* TS (°C) AHS (J/g)
(kg/mol) | (kg/mol) (&) (°C) J/g)
PE-2k 7.2 1.6 2.2 1.4 421 126 284 113 292
PE-9k 29 8.9 11 1.2 422 132 264 118 273
PE-16k 1.5 16 22 1.3 447 134 253 119 239
PPDL 71.4 80 149 1.9 410 95 144 80 117
PEx-93k 8.4 93 155 1.7 458 131 156 106 165
PEo-101k 2.6 101 177 1.8 428 135 178 110 190
PEe-111k 0.9 111 157 1.4 419 135 176 112 185
B-PE - 2.0 41 88 2.1 443 133 202 113 191
41k
0 46 89 1.9 485 132 191 115 189
HDPE

*Determined by TCB SEC equipped with MALLS at 135 °C. "Temperature of 5% mass loss determined by TGA analysis at a heating rate of 10
°C/min under N, atmosphere. ‘Determined by DSC analysis under N, atmosphere at a heating rate of 10 °C/min based on the 2™ heating cycle.
dDetermined by DSC analysis under N, atmosphere at a cooling rate of 10 °C/min based on the 1% cooling cycle after deleting thermal history.

We also investigated the thermal properties using DSC. Interestingly, distinct trends were
observed in the melting temperatures of the polyethylene macromonomers: higher molar mass
polyethylene macromonomers melted at higher temperatures (Figure 4A and Table 3). The trend
of T is correlated with that of L, suggesting that higher molar mass of macromonomers generated

larger L, which in turn increased Tm.*® Melting temperatures for linear PE-esters ranged from 131

15



to 135 °C (Figure 4B), and that of branched polymer was 133 °C, all similar to that of HDPE (132

°C, Table 3). In contrast, PPDL showed significantly lower 7m = 95 °C. These results indicated

that [ester]/[1000 CHz] = 8.4 in PE-ester was low enough to have a comparable 7, to HDPE while

[ester]/[1000 CH2] = 71.4 in PPDL was not.
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Figure 4. (A) T and L of telechelic macromonomers as a function of M, sec based on the 2™
heating cycle. (B) Tm and L of PPDL, PE-esters, and HDPE based on the 2™ heating cycle. (C)
AH:m of PPDL, PE-esters, and HDPE based on the 2™ heating cycle. (D) 7. based on the 1 cooling
cycle as a function of [ester]/[1000 CH>] at a heating and a cooling rate of 10 °C/min after deleting

thermal history.

The polyethylene macromonomers have higher enthalpies of melting compared to the PE-
esters (Figure 4C and Table 3). To test if the larger 4Hy, is due to lower molar mass or to the
presence of the macromonomers’ functional groups, low molar mass HDPE (M, = 7 kg/mol) was

synthesized and its thermal properties were characterized. 4Hm of low molar mass non-functional
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HDPE was similar to that of macromonomers (Figure 4C). Furthermore, 4Hn decreased as M,
increased in general (Figure S8). These results supported that the main factor for higher 4Hm of
macromonomers was their lower molar mass compared to the PE-esters. For PE-esters with
[ester]/[1000 CH:] ratios up to 2.6, their AHm values were similar to HDPE with high molar mass.
When [ester]/[1000 CH;] was greater than 2.6, the 4Hn, values for the PE-esters began to decrease.
Overall, considering 7T and AH, started to decrease when [ester]/[1000 CH2] was greater than 2.6,

ester groups can be considered as defects in the crystal lattice of polyethylene.

Crystallization temperatures were also measured at a cooling rate of 10 °C/min after erasing
thermal history. Polyethylene macromonomers crystallized at higher temperatures compared to
PE-esters (Figure 4D and Table 3). Furthermore, low molar mass HDPE (M, = 7 kg/mol) showed
slightly higher 7c (117 °C) compared to high molar mass HDPE (115 °C, M, = 46 kg/mol).
Presumably, low molar mass macromonomers have more chain mobility at melt and thus begin
nucleation at higher 7. than high molar mass PE-ester.®’® Generally, crystallization temperatures
decreased as [ester]/[ 1000 CH2] increased for each set of macromonomers and PE-esters. Branched
PE-ester exhibited slightly higher crystallization temperature (113 °C) compared to their linear
counterparts (106-112 °C). This behavior was also reported for long chain branched
polypropylene, where the presence of branches could act as a heterogeneous nucleating agent,

accelerating the polymer crystallization process.”!

Mechanical Properties

Uniaxial tensile tests were performed to investigate mechanical properties of the

synthesized polymers. Representative stress—strain curves of the PE-esters are shown in Figure 5
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with HDPE and PPDL as benchmarks with zero ester and relatively high ester concentrations,
respectively. The mechanical properties of PPDL and HDPE were well corroborated with previous

reports.! 215161872 A]] PE-esters showed competitive elongation at breaks ranging from 700 to

900% compared to HDPE (870%) (Figure 6A and Table S4).
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Figure 5. Representative stress—strain curves of PE-esters with commercial HDPE and PPDL as

benchmarks, extended at 5 mm/min.
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Figure 6. Mechanical properties of PE-esters with commercial HDPE and PPDL as benchmarks
as a function of [Ester]/[1000 CHz]: (A) elongation at break, (B) elastic modulus, and (C) stress at
break. The squares and the error bars show average values and standard deviations, respectively,

for at least 5 samples extended at 5 mm/min.
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Elastic modulus was determined from the slope of the stress—strain curve in the linear
viscoelastic regime. Shown in Figure 6B, elastic modulus decreased as the [ester]/[1000 CHz]
increased from 0 (HDPE) to 2.6 (PEo-101k). Then, the modulus slightly increased from PEo-
101k to PPDL ([ester]/[1000 CH2] = 2.6 to 71.4). The elastic modulus trend was well correlated
with degree of crystallinity in the lower [ester]/[1000 CHz] regime ranging from 0 to 8.4 (Figure
S9). The elastic modulus of PPDL was maintained compared to other polymers, even though the
degree of crystallinity decreased, presumably due to other factors, such as higher cohesive energy

density resulting from the higher ester content.”

All linear polymer samples showed positive slopes after yielding, indicating strain induced
hardening. This means that higher stress is required to further deform the plastics. To investigate
the origin of the strain induced hardening, we measured the degree of crystallinity before and after
elongation (Table S5). PE-esters and HDPE had higher degrees of crystallinity after elongation,
suggesting strain-induced crystallization during elongation. Interestingly, stress at break increased
until [ester]/[1000 CHz] reached 2.6, and then decreased (Figure 6C). It has been reported that C-
O bond is weaker than C-C bond, resulting in lower stress at break under deformation in PPDL."
The polar nature of the functional groups, molar mass, and degrees of crystallinity can also affect
the materials’ strength.”*7" These multiple competing effects may have influenced the ultimate
strength of the materials, and further investigations would be necessary to comprehensively

understand this behavior.

The mechanical properties of branched PE-ester were also measured (Figure 7 and Table
S7). To control the influence of molar mass on the mechanical properties, we synthesized M, =49

kg/mol of linear PE-esters (PE 2k-49k) and compared them with branched PE-esters (B-PE2k-41k,
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M, =41 kg/mol). Branched polymers exhibited ductility and elongation break at values = 650%,
which was comparable to that of HDPE. Moreover, compared to HDPE and linear PE-esters, the
branched PE-ester displayed less strain-hardening, resulting in lower stress at break (Table S7).
Interestingly, the degree of crystallinity of the branched PE-esters increased after elongation
(Figure S11). Additionally, the elastic modulus of the material was 1.3 GPa, which is comparable
to HDPE and higher than LDPE (Table S7). This can be attributed to the longer chain lengths

between branching points in the branched PE-esters compared to LDPE.
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Figure 7. Representative stress—strain curves of linear and branched PE-esters with commercial

HDPE and LDPE as benchmarks, extended at 5 mm/min.

After elongation, the testing regions of HDPE tensile bars were opaque and white while
those of PPDL were still transparent (Figure S10). However, the whitening was observed only for
the middle part of the PE-ester samples, not in the part near the grip. For the white parts, we
observed more intense streaks along the equator in the 2D SAXS as compared to the transparent

part which likely arose from long thin structures, such as fibrils formed during deformation.’"
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The formation of fibrils was further supported by scanning electron microscopy (SEM) (Figure
S10). The white parts showed more apparent and densely packed fibrils than the transparent parts,

which had much fewer fibrils.

Water vapor permeability

Water vapor permeability was measured for PE-esters as well as for reference materials
such as HDPE and PPDL at relative humidities of 47-52% and a temperature of approximately 20
°C (Figure 8). Under these conditions, water vapor permeability of HDPE was 0.5 g mil/m? day
kPa, and its reported value was 5.9 g mil/m? day kPa at relative humidity of 90% and a temperature
of 40 °C.®° This difference is likely due to variations in temperature and relative humidity
conditions. PE-esters had slightly higher water vapor permeability (1.0—1.4 g mil/m? day kPa) than
HDPE. PPDL had a water vapor permeability that was much higher (22 g mil/m? day kPa)
compared to HDPE and PE-esters, presumably due to its lower degree of crystallinity and
increased hydrophilicity compared to the other samples (Table S6). These results suggest that
small amounts of ester groups ([Ester]/[1000 CH2] < 10) are less likely to compromise the water
vapor permeability of HDPE, while large amounts of ester groups ([Ester]/[1000 CHz] = 71.4) lead

to significant increases as observed in PPDL.
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Figure 8. Water vapor permeability of HDPE, linear PE-esters, and PPDL.

Extensional Rheology

Melt-strain hardening is advantageous for melt processing methods, such as film blowing,
foaming, and 3D printing, by limiting fracture behavior.3!#? This phenomenon is known to be more
prominent in branched melts. Extensional rheology of linear and branched samples was performed
using an extensional viscosity fixture to investigate melt-strain hardening. The transient
extensional viscosity was measured at 270 °C with various strain rates under nitrogen flow. Figure
9 shows the transient extensional viscosity (7&") as a function of time (7). The extensional viscosity
data collected at different strain rates all overlap well. This is expected behavior and supports the

validity of the extensional measurements.
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Figure 9. Transient extensional viscosity as a function of time for linear (PE12k-49k) and branched
(B-PE12k-41k) polymers, taken at various strain rates. The graph was shown prior to the point
where sudden decrease, which is the point where the samples failed.

Linear PE-esters showed slight melt-strain hardening that is likely associated with their
high molar mass and entanglement density (Figure 9). Strain-hardening ratios (SHR) were
calculated to quantify the extent of melt-strain hardening using the following equation, where
neLve ' (7) is defined as the transient extensional viscosity associated with the linear viscoelastic

limit.

SHR = ne"(t, én) / ne,Lve (1)
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The data for g, Lve ' (f) were taken as ne" at the lowest rate measured. In the case of the branched
polymer, some non-linear viscoelastic flow is observed. However, this occurs at times longer than
those associated with data taken at faster rates, so its approximation as nerve'(f) in the
determination of the SHR is appropriate. When SHR is greater than 1, it indicates the presence of
melt-strain hardening. Figure S13 plots the SHR as a function of time. The SHR of linear PE-esters
were obtained up to 2.0. These values agree well with the reported SHR for commercial HDPE
(SHR = 2 when strain rates were 0.1 and 1 s at 160 °C).% That of branched PE-esters was
observed up to SHR = 3.8 (Figure S13B). Based on the data, branching improves the melt-strain

t.34 This finding is consistent with previous studies

hardening behavior relative to the linear mel
indicating that the introduction of long chain branching into polymers improves melt-strain
hardening behavior.®> This has been attributed to the pinned chain segments that exist between

branching points. The branches effectively restrict the relaxation of these pinned segments, which

greatly increases their relaxation time, resulting in melt strain hardening.

Chemical Recyclability of PE-esters

We investigated depolymerization of PE-esters into PE macromonomers by methanolysis
catalyzed by Sc(OTf);. Depolymerization of PE-ester resulted in 9 kg/mol telechelic
macromonomer and the SEC trace almost overlapped with the original PE (Figure 10 and Table
S8). The slightly narrower dispersity compared to the original one is likely attributed to an artifact
associated with polymer purification. In the '"H NMR spectrum, the internal ester group peak at 4.0
ppm disappeared, and the methylene peak adjacent to terminal hydroxyl and the methyl ester peak
at 3.4 ppm were regenerated. The equivalence between alcohol and ester end groups were

maintained, supported by '"H NMR spectroscopy (Figure S28). Then, we repolymerized the
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recycled PE-9k under vacuum at 180 °C with Ti(O"Bu)s as catalyst, generating a colorless material

with a M, of 108 kg/mol of PE-esters.

Original PE-ester Original PE
—— Recycled PE-ester —— Recycled PE

-dRI (Norm)

15 20 25
Elution Time (min)

Figure 10. SEC traces of original and recycled PE and PE-ester.

Thermal and mechanical studies of recycled PE-ester were performed. 7 and 7t of recycled
polymer were similar to that of original PE-esters (Table S9). The degree of crystallinity of
recycled PE-ester was also comparable to the original one. The materials were still ductile and
elongation at break was 260% although they failed earlier than the original PE-ester (Figure S14
and Table S4). The lower elongation at break compared to the virgin material is presumably due
to fortuitous defects in the samples incorporated during reprocessing. Strain hardening was still

observed, resulting in stress at break of 20 MPa. Elastic modulus and yield strength of recycled
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polymers were like those of original polymers. These data demonstrate that PE-esters are

chemically recyclable, and the recycled polymers still exhibit favorable properties.

Conclusions

We demonstrated a strategy to synthesize chemically recyclable high molar mass of linear
and branched PE-esters from stoichiometrically self-balanced telechelic polyethylene
macromonomers while maintaining the thermal and mechanical properties of HDPE. A chain-
transfer agent with one ester and one hydroxyl group was developed to achieve stoichiometric
balance between two functional groups. After ROMP and hydrogenation, this chain-transfer agent
generated telechelic polyethylene macromonomers. Since the macromonomers had
stoichiometrically balanced hydroxyl and ester end groups, step-growth polymerization of the
macromonomers produced high molar mass of PE-ester up to My sec = 111 kg/mol. By utilizing
two distinct end groups in the macromonomers, we also synthesized long chain branched PE-ester
using diethyl 5-(hydroxymethyl)isophthalate. Tuning [ester]/[1000 CH>] ratio in the linear PE-
esters, we systematically investigated the effects of introducing ester groups to HDPE on the
resultant thermal and mechanical properties. Melting temperatures of these resulting polymers
ranged from 131 to 135 °C which were comparable to commercial HDPE (7w = 132 °C).
Mechanical properties of the polymers were also competitive to HDPE. Branched PE-ester
demonstrated a higher level of melt-strain hardening than the linear polymer, which is beneficial
for melt processing methods, such as film blowing. The depolymerization of the PE-ester under
methanolysis conditions regenerated telechelic polyethylene macromonomers. Repolymerization
of these recycled polymers through transesterification produced high molar mass PE-ester (M, =
108 kg/mol). These results provide a strategy to synthesize chemically recyclable alternatives to
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HDPE, and a fundamental understanding of the ester group effects on the thermal, morphological,

mechanical, and gas barrier properties of PE-esters.
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