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Abstract

Chain-transfer ring-opening metathesis polymerization (CT-ROMP) previously provided a route
to carboxytelechelic polyethylene (PE) of controlled molecular weight; however, the incorporation
of oligomeric PE into segmented copolymers remains unexplored. Herein, CT-ROMP afforded
carboxytelechelic polycyclooctene segments, and subsequent reduction generated well-defined
carboxytelechelic PE with M, = 3900 g/mol. Solvent-free melt polycondensation of neopentyl
glycol and adipic acid with varying wt.% telechelic PE oligomers yielded mechanically durable
segmented copolyesters. The thermal and thermomechanical properties of the segmented
copolyesters correlated with PE segment content, and high PE content copolymers exhibited
remarkably similar morphologies and thermomechanical performance to conventional HDPE. The
segmented copolyesters displayed advantageous physical properties while introducing
susceptibility to chemo- and bio-catalytic depolymerization through periodic ester linkages, thus

providing valuable fundamental understanding of an alternative route to HDPE.
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Introduction

Ziegler-Natta catalysis enabled precise polyethylene (PE) synthesis and spurred widespread
commercialization in global industries including biomedical, commodity packaging, automotive,
and aerospace.!** PE dominates current global plastic production, comprising 36% of all nonfiber
plastic manufacturing, and PE production steadily continues to grow each year.> Although
commodity PE in its various forms has provided tailored advantageous properties for over five
decades, vigorous research continues to achieve additional tunability of molecular structure and
morphology for emerging applications.® Recent advancements in olefin metathesis approaches,
i.e., ring-opening metathesis (ROMP) and acyclic diene metathesis (ADMET), enabled the
development of highly controlled polyolefin structures, permitting predictability of molecular
weight, end group functionality, pendant groups, and branched topologies.””!? In addition,
functional group periodicity within PE structure ignited exciting new directions, thus enabling
development of advanced functionalized polyolefins with ionic character and excellent transport
properties.!!-12 Systematic introduction of ionic sites in a periodic manner within these systems
afforded unique morphology,'3-1* such as precise copolymer membranes presenting tunable ionic
channels, which were suitable for fuel cell applications.!!- > Despite the recent advancements in
PE fundamental research, improving the sustainability of commodity PE remains a global
challenge; persistent issues remain due to slow degradation rates and difficult recycling due to a
multitude of PE compositions.!® Since the inception of polyolefins, 6300 Mt of plastic waste
resulted , and recycling rates linger near 10%,> necessitating creative and innovative approaches
to plastic manufacturing and sustainability. Thus, the introduction of reactive functionality within
ROMP derived PE delivers new avenues for degradability of PE upon the incorporation of

electrophilic linkages.

Page 2 of 23



Page 3 of 23

Polymer Chemistry

Although oxidative-based C-H activation affords PE bearing functional sites, the often
uncontrolled, random addition of these functional groups limited the morphological control, thus
impacting crystallizability. In contrast, development of chain-transfer (CT) ROMP protocols in
previous investigations described the potential to simultaneously dictate polymer molecular weight
and end group functionality on polycyclooctene (PCO).!” Further exploration yielded
carboxytelechelic PE with difunctional carboxylic acid-containing CTAs during PCO synthesis
and subsequent hydrogenation.!® Initial application of oligomeric telechelic PE structures enabled
the construction of crosslinked elastomers, which displayed control of network structure as a
function of targeted molecular weight.!°-29 A similar ROMP-based approach demonstrated amine
end groups with application of protecting group chemistry.?! Furthermore, telechelic diol
functionalities from CT-ROMP introduced ROP initiating sites for ABA triblock construction.??

CT-ROMP methodologies offer a well-controlled methodology for fabrication of telechelic PE.

Recyclability and degradability represent key design elements of polymer structure for
converging sustainability with polymer manufacturing. Polyesters in particular provide a robust
platform for recyclable materials, exemplified by the high recycling rate of polyethylene
terephthalate (PET) and efficient Volcat depolymerization processes.?3->* Our research group
previously illustrated the wide range of properties and applications achievable with polyester
backbones through precise monomer selection and topology control. Several examples include
amorphous pressure-sensitive adhesives,> liquid crystalline polyesters,?*-?° ionomers,3%-32 heavily
branched polyesters,33-37 3D printable tissue scaffolds,?® and various segmented copolyesters.3-#!
The inherent hydrolyzability of ester linkages facilitates a multitude of pathways to
depolymerization, including several chemical and enzymatic approaches.*>** The vast diversity of

chemical structures and resulting physical properties of polyesters combined with a circular
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approach to depolymerization and upcycling continues to spur interest in expanding the use of
polyesters beyond their current applications. Segmented copolymers with polyester segments offer
much opportunity in this regard, due to the ability to combine polyesters with other polymer

backbones for specific application targeting.

Precise control of polymer architecture driven by selective chemistry allows construction of
segmented copolymers, which offer many advantages over their homopolymer counterparts.
Segmented copolymers are typically synthesized via condensation polymerization and consist of
hard and soft segments which impart enhanced mechanical performance due to formation of
microphase separated morphology.* Our research group previously demonstrated expertise in this
area through studies of several segmented systems, including polyesters and polyurethanes
exhibiting linear or branched topology.3”- 3%-41. 45 Controlling segment composition and length
provides tunability of glass transition temperature as well as crystallinity, enabling targeting of
polymer properties for specific applications. For example, the segmented copolymer poly(ether-
block-amide) exhibits thermoplastic elastomers properties, which enable applications in gas
separation, biomedical devices, packaging, automotive parts, as well as construction materials.*®
Combining the modularity of segmented systems with excellent physical properties of polyolefins

creates opportunities for novel functional materials.

Although the potential for creating new PE-based copolymers with main chain functionality
from CT-ROMP is well established, segmented copolymers obtained with this synthetic method
have not been thoroughly explored. A multi-block copolymer series composed of telechelic PE
and PET blocks was explored as compatibilizers for PET and PE waste; however, the intrinsic
properties of these copolymers were not thoroughly studied.*” One approach to generating aliphatic

long-chain polyesters involved traditional ROMP copolymerization of the lactone monomer

Page 4 of 23



Page 5 of 23

Polymer Chemistry

ambrettolide with cyclooctene.*® Control of the methylene-to-ester ratio modulated ester
integration, steering melting temperature and lamellar thickness of PE segments with higher ester
content decreasing both quantities. An alternate approach to ester linkage incorporation within PE
involved olefin cross metathesis of an unsaturated polyester with 1,4-polybutadiene and
subsequent hydrogenation.** Due to the random distribution of ester linkages inherent to both
methods, the length of PE segments varied widely. Thus, variability in PE segment length
influenced crystallizability due to diminishing periodicity within the polymer structure.
Furthermore, previous investigations of segmented polyester and polyamide systems containing
fixed hydrocarbon lengths featured challenging multi-step monomer syntheses and were limited

to relatively short aliphatic chains, up to 32 methylene units.3%-!

Herein, combining protocols yielding carboxytelechelic PE oligomers with neopentyl glycol
and adipic acid in solvent-free melt polycondensation provided a highly modular platform for
segmented copolyesters. Contrary to previous methods, which display limited control over
placement of ester linkages in PE, a step-growth methodology provides control of PE segment
length. A systematic study of the influence of varying PE content allowed fundamental studies to
reveal effects on thermal, mechanical, and morphological properties as a function of PE loading
during melt polycondensation. In addition, incorporation of hydrolyzable ester sites within PE
copolymer main chain provided a route to degradation, offering a pathway to sustainability in

addition to unique copolymer composition.>?

Experimental

Materials: Cyclooctene (95%) was purchased from Acros Organics and distilled over CaH, prior
to use. Grubbs 2™ generation catalyst (G2) was purchased from Sigma Aldrich and stored in a

glovebox to avoid degradation. Adipic acid (>99%) and maleic acid (>99%) were purchased from
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TCI and recrystallized in DI water prior to use. A mixture of xylene isomers (ACS reagent grade,
98.5%) was purchased from VWR and used without further purification. Titanium
tetraisopropoxide (Ti(iPrO)4) (99.999%) was purchased from Sigma Aldrich and used as received.
p-toluenesulfonyl hydrazide (98%) was purchased from BeanTown Chemical and used as
received. The reagents 2,2-dimethylpropane-1,3-diamine (neopentyl glycol) (99%) and
triethylamine (NEt;) (99.7%) were purchased from Acros Organics and used as received.
Tetrahydrofuran (THF) (99.5% stabilized with BHT) was purchased from Acros Organics and
filtered through a column of alumina with N, prior to usage. The commercial HDPE control sample
exhibited a complex viscosity of 1200 Pa-s in a time sweep melt rheology experiment conducted
at 170 °C using 0.1% strain at 1 Hz. DSC measurements of the same HDPE sample revealed T}, =

130 °C and 7, =118 °C.

Carboxytelechelic PCO synthesis: A 500-mL round-bottomed flask with a Schlenk adaptor was
loaded with maleic acid (10.5 g, 90.7 mmol) under N, purge, followed by THF (290 mL) and
distilled cyclooctene (118 mL, 907 mmol). The mixture was bubbled with N, gas using a 30-mm
needle for 15 min. During the N, purge, the G2 catalyst (38 mg, 0.045 mmol) was weighed in a
glovebox into a 2-mL vial. The catalyst was dissolved in 0.7 mL THF at the end of the purge for
the reaction mixture. Once N, flow was established through the Schlenk adaptor in the round-
bottomed flask containing the reaction mixture, the catalyst solution was added quickly using a
dry syringe. The reaction was stirred on the lowest setting for 18 h, precipitated dropwise into 3 L
MeOH, and allowed to stir in the solvent for 4 h. The white precipitate was filtered and dried in a
vacuum oven at 60 °C with 40 mmHg for 18 h. 'TH NMR (500 MHz, CDCls) 6 7.08 (dt, J = 14.9,
6.9 Hz, 1H), 5.83 (dd, J = 15.6, 1.6 Hz, 1H), 5.57 — 5.19 (m, 33H), 2.30 — 2.18 (m, 2H), 2.12 —

1.81 (m, 66H), 1.47 (p, ] = 7.2 Hz, 3H), 1.42 — 1.11 (m, 133H). Yield = 96%
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Reduction of PCO to PE: A 2-L 3-neck round-bottomed flask was loaded with PCO (45 g, 12.1
mmol), xylenes (1 L) and triethylamine (55 mL, 394 mmol). Once the mixture was fully dissolved,
p-toluenesulfonyl hydrazide (110 g, 590 mmol) was added to the flask in 30 g increments every
30 min after the reflux began to avoid violent boiling from excessive hydrazide decomposition.>3
Following the initial loading of hydrazide (30 g, 161 mmol), the round-bottomed flask was fitted
with a reflux condenser, a hose adaptor for N, gas, and a rubber septum. The mixture was heated
to 140 °C and carefully monitored to avoid exceeding the selected temperature. After the final
addition of hydrazide, an additional 100 mL of xylenes was loaded to the flask and the reaction
was stirred for an additional 4 h at reflux. The mixture was cooled in an ice bath until solids formed,
poured into 3 L of cold ethanol and allowed to stir 18 h. The white solid was filtered and rinsed
with 200 mL of additional ethanol, then dried at reduced pressure at 90 °C for 18 h under 40
mmHg. The solid was characterized with 'H NMR spectroscopy in TCE-d, at 100 °C. 'H NMR

(400 MHz, TCE-d,) & 2.39 (t, 2H), 1.34 (m, 259H). Yield = 93%

Synthesis of poly(neopentyl adipate) amorphous polyester: This procedure was adapted from
previous works.>* A 100-mL round-bottomed flask was charged with neopentyl glycol (5.8370 g,
1.2 mol eq), adipic acid (8.14 g, 1.0 mol eq), and Ti(iPrO), catalyst (40 pg, 1.40 x 10 mmol). A
slight excess of neopentyl glycol was charged relative to total carboxylic acid in the above reaction,
1.00 eq total acid to 1.20 eq neopentyl glycol, to compensate for the lower boiling point of the
monomer. The reaction was purged with N, and degassed under 2 mmHg vacuum three times to
ensure extensive removal of oxygen prior to heating. The round-bottomed flask was then lowered
into a metal bath at 170 °C and allowed to proceed under N, purge and stirring for 2 h. The reaction

temperature was then raised to 220 °C for 2 h, followed by application of 2 mmHg vacuum for an
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additional 2 h. The resulting viscous polymer was removed from the round-bottomed flask and

used without further purification.

Representative polycondensation procedure for segmented copolymers: All copolymers were
synthesized using a melt esterification procedure. The charged wt.% telechelic PE included 10%,
48%, 75%, and 95% and subsequently referred to as the corresponding wt.% throughout the
manuscript. For example, in preparation of poly(ethylene;s-co-neopentyladipate,s) where the
subscript corresponds to the weight percent of each segment charged, carboxytelechelic PE (11 g,
3.05 mmol), neopentyl glycol (1.59 g, 15.3 mmol), adipic acid (1.78 g, 12.2 mmol) and Ti(iPrO),
catalyst (40 pg, 1.40 x 10 mmol) were added to a dry 100-mL round-bottomed flask equipped
with a N, inlet, mechanical stirrer, and distillation apparatus. A slight excess of neopentyl glycol
was charged relative to total carboxylic acid in the above reaction, 1.00 eq total acid to 1.20 eq
neopentyl glycol, to compensate for the lower boiling point of the monomer.>* The reaction was
purged with N, and degassed under 2 mmHg vacuum three times to ensure extensive removal of
oxygen prior to heating. The round-bottomed flask was then lowered into a metal bath at 170 °C
and allowed to proceed under N, purge and stirring for 2 h. The reaction temperature was then
raised to 220 °C for an additional 2 h, followed by an increase to 235 °C for 0.5 h. Vacuum was
then applied while stirring at 235 °C for 2 h. The resulting copolymer was removed from the round-

bottomed flask and used without further purification.

Film preparation: Following polycondensation, the polymers were removed from the stir rod and
melt pressed into films on a Carver press at 150 °C with 0.01 inch shims between sheets of Kapton®
film. The polymer samples were subject to 1 ton of pressure for 5 min, then 6 tons for another 5

min prior to removal and quench cooling in an ice bath.
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Characterization parameters: A Bruker 500 MHz spectrometer was utilized for NMR
spectroscopy. All polymer samples were analyzed in CDCl; with 128 scans and a 5 s relaxation
delay. High temperature '"H NMR experiments were performed on a Bruker 400 MHz spectrometer
with 8 scans and a 1 s relaxation delay. Number-average (M,) and weight-average (M,,) molar
mass and dispersity (D = M,,/M,) of polymers were obtained from size exclusion chromatography
(SEC) using a Waters Alliance €2695 separation module outfitted with two Shodex KD-806M
columns in series 8 x 300 mm). THF was used as eluent at 1 mL/min at 35 °C with sample injection
volumes of 100 uL. Polystyrene standards were used to calibrate the SEC system. Analyte samples
at 2 mg/mL were filtered through a poly(tetrafluoroethylene) membrane with 0.45 mm pore before
injection (100 uL). A dn/dc value of 0.110 for PCO was referenced from the literature.!” Absolute
molecular weight characterization proceeded with a Wyatt miniDAWN® TREOS® II multi-angle
light scattering detector. TA Instruments Discovery Series TGAS5500 was employed for
thermogravimetric analysis (TGA), with a 10 °C/min heating rate and N, atmosphere. TA
Instruments Discovery Series DSC2500 was utilized for differential scanning calorimetry (DSC),
with a 10 °C/min heating and 5 °C/min cooling rate for heat/cool/heat cycles. In all DSC plots, the
curves are depicted with endothermic transitions up. Dynamic mechanical analysis (DMA) was
conducted on rectangular samples from melt pressed films using a TA Instruments Q800 Dynamic
Mechanical Analyzer in tension mode, with 0.1% strain and 1 Hz, heated from -130 °C to 200 °C
at a heating rate of 3 °C/min under air. A DHR-3 rheometer was utilized for melt rheology of
polymer samples. The sample conditioning was performed at 170 °C and the analysis proceeded
using 0.1% strain and 1 Hz under air. Tensile testing was performed using an Instron 3343 with
polymer specimens prepared according to ASTM-D638 method from melt pressed films of

uniform thickness. Polymer samples were uniaxially strained at a crosshead speed of 10 mm/min
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with 5 samples per composition for statistical analysis. X-ray scattering experiments were
performed at room temperature on free-standing films using the Dual-source and Environmental
X-ray scattering (DEXS) facility at the University of Pennsylvania. This facility is equipped with
a PILATUS 1 M detector and PILATUS 100 K detector for small angle scattering (SAXS) and
wide angle scattering (WAXS), respectively. The GenixX3D X-ray source (8 keV, Cu K[, [] =
1.54 A) was used with a sample-to-detector distances of 122 cm and 15 cm to obtain q-ranges of

0.01-0.2 A-1 and 1.1-3.2 A-1, respectively.
Results and Discussion
Synthesis of carboxytelechelic PE prepolymers

ROMP initially produced PCO (Scheme 1) as an unsaturated precursor to the carboxytelechelic
PE for subsequent melt reactions. CT-ROMP provides a facile pathway to fully linear
carboxytelechelic PE, enabling reliable synthesis of PE segments with control over endgroup
identity, functionality, and molecular weight.!® Common endgroup functionalities with this
approach include diacids and diols, in which are derived from the chain transfer agent (CTA).
Maleic acid served as the CTA, providing telechelic carboxylic acid endgroups. Furthermore, the
molecular weight selection proceeded through stoichiometric alteration of relative equivalents of
monomer to CTA, i.e., the higher ratios providing lower endgroup concentrations and
corresponding lower M,. PCO M, was clearly characterized by endgroup analysis from 'H NMR
(Figure S1) due to endgroup aggregation in SEC, which skewed the molecular weight upward
(Figure S2).'® For this study, a single M, was selected (3,700 g/mol) for segmented copolyester
synthesis, and a consistent PCO precursor was maintained to ensure reproducibility across the
compositional space. The subsequent reduction of unsaturated PCO proceeded efficiently in the

presence of tosyl hydrazide, which generated the expected diimide reducing agent upon thermal

10
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decomposition.>® Selectivity toward symmetric double bonds of this particular reducing agent
provides an advantage over other common catalyst choices such as Pt-based catalysts, which also
reduce carbonyls, leading to loss of targeted functionality.> 3> The carboxytelechelic PE oligomer
was characterized with high temperature '"H NMR spectroscopy (Figure S3), which confirmed
quantitative hydrogenation and validated number-average molecular weight for melt

polymerization stoichiometry to ensure high molecular weight segmented copolyesters.

G2
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W N<
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o n xylenes, 140 °C, N, o) n

Scheme 1. Top) CT-ROMP with maleic acid CTA, providing telechelic carboxylic acid
functionality. Bottom) Reduction of double bonds via diimide generation, yielding
carboxytelechelic PE segments. Synthesis adapted from reference.'®

Synthesis of amorphous polyester control and segmented copolymers

The copolymerization of long-chain aliphatic carboxytelechelic segments with various diacids
and diols proceeded according to a step-growth polymerization, and monomers where selected to
produce an amorphous polyester segment. An amorphous, aliphatic polyester segment offered ease
of melt processability in comparison to semi-crystalline counterparts. In addition, the selected
polyester segment facilitated analysis of the influence of PE composition on crystallization
behavior within segmented copolymers. Due to PE serving as the only crystallizable component,
the emergence of co-crystallization and other complex morphological phenomena was avoided,
The synthetic investigation initially involved the polymerization of an amorphous polyester

11
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homopolymer, i.e., poly(neopentyl adipate) (PNA) in accordance with our previous work (Scheme

2) to probe the thermal properties of the homopolymer.>*

Ti(iPrO),
1.170-220 °C, N,

HO Q 2.220 °C, 2 mmHg 9
MOH + HO™ X ToH oo
O H,0 o n

Scheme 2. Polycondensation of the amorphous polyester PNA, synthesized using 1:1.2
stoichiometry of diacid:diol. Synthesis adapted from our earlier efforts.>*

Segmented copolymers with varying wt.% PE loading were prepared similarly to the
amorphous polyester control using a melt condensation approach (Scheme 3), with marginally
higher top temperatures (235 °C) due to higher viscosities reached at high conversion. The
resulting solids displayed mechanical robustness upon removal from the glassware, and a slight
yellow color, primarily originating from catalyst selection and residual oxygen. The application of
antimony-based catalyst may improve the color in future segmented copolymer syntheses outside

of this work.5°

o] Ti(iPrO),

HO 1.170-235 °C N, 0 o)
WOH HO%OH 2.235°C,2mmHg | g o
o} o 0 / MO
o x 0

Hzo Y
HOMOH )

)

Scheme 3. Polycondensation of carboxytelechelic PE segments with adipic acid and neopentyl
glycol provides segmented copolyesters.

Thermal characterization of copolymers and corresponding controls

Design of segmented copolyesters with PE segments of fixed length enabled the elucidation of
thermal properties with varying PE levels. TGA profiles, as depicted in Figure 1, displayed a

compositional dependency, revealing weight loss behavior consistent with the amorphous
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polyester level as well as the carboxytelechelic PE component. The amorphous polyester control
displayed a single weight loss step with Tjs¢, at 324 °C, while the carboxytelechelic PE Ty so,
occurred at 435 °C. Most segmented copolyester compositions exhibited two weight loss steps

apart from the 95 wt.% PE loading (Table S1).

100
o
£ 80 1
=
'm
E 60 -
: — carboxytelechelic polyethylene
S, 40 { — poly(ethyleneys-co-neopentyl adipates)
S poly(ethylene,s-co-neopentyl adipate,s)
(] poly(ethylene,s-co-neopentyl adipates,)
3 2 poly(ethylene,,-co-neopentyl adipateg)
— poly(neopentyl adipate)
0 T T T T ] :
50 150 250 350 450 550

Temperature (°C)

Figure 1. TGA of segmented copolymers and homopolymer controls corresponding to PE wt.%
loading. All samples were tested with a heating rate of 10 °C/min.

Analysis of the segmented copolyesters and homopolymer comparisons revealed compositional
influence on crystallization and melting with DSC analysis. For reference, the carboxytelechelic
PE prepolymer exhibited a T,,, at 130 °C with a relatively high enthalpy of melting with a value of
202 J/g (Figure S4, Table 1), as expected for PE with high symmetry and the absence of
branching. The prepolymer exhibited 70% crystallinity according to the literature value of 286.7
J/g AH; for 100% orthorhombic HDPE.>’ (Note that the orthorhombic crystal structure of the
copolymers is confirmed below.) In contrast, the amorphous polyester PNA only possessed a
single glass transition temperature (7,) at -45 °C (Figure 2), as anticipated from our previous

literature.>*
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Figure 2. DSC curves displaying the (left) 2" heating cycle and (right) cooling cycle profiles of
segmented copolyesters and homopolymer controls. Endothermic transitions are depicted
upwards. Samples were subject to a heat/cool/heat cycle with a heating rate of 10 °C/min and a
cooling rate of 5 °C/min.

The segmented copolyester containing the lowest PE wt.% and high PNA content displayed a
T, originating from the polyester segment and a diminished 7}, from the PE segment (Table 1,
Figure 2). The intermediate composition with roughly equal wt. % polyester and PE levels
displayed a less prominent 7, from the amorphous segment and more pronounced PE melting
endotherm. The high PE level segmented copolyesters only exhibited a sharp PE melting
endotherm with increasing enthalpy and percent crystallinity, modulated with increasing PE
loading. The observed trend was consistent with increasing symmetry due to decreasing ester

segment content, which effectively disrupts PE crystallization.

Table 1. Summary of thermal transitions and their enthalpies found in DSC traces of segmented

copolyesters with varying wt.% PE. Percent crystallinity calculated from literature value of 286.7
J/g for 100% orthorhombic HDPE.>’

14
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Polymer Composition T"1 (°C) AHm (J/g) Tc (°C) AHc (J/g) Calc. %
crystallinity

Commercial HDPE 130 183 118 177 63
HOOC-PE-COOH 130 202 117 202 70

poly(ethylene1O-CO-neopentyI adipatego) 120 1.5 79 1.7 -
104 14 0.5

poly(ethylene48-co-neopentyl adipate52) 121 103 75 3.3 -
110 88.5 36

poly(ethylene75-co-neopentyl adipate25) 120 137 73 54 -
106 112 48

poly(ethylene%-co-neopentyl adipate5) 123 153 75 5.1 -
109 124 53

Morphological characterization

The WAXS data for two segmented copolyesters and a HDPE sample show the presence of
orthorhombic crystals with comparable unit cell dimensions and crystal sizes (Figure 3). The
SAXS from these samples reveal long period peaks at low q, confirming their semicrystallinity.
The combination of % crystallinity determined using DSC with the SAXS profiles led to the
calculation of estimated crystalline thickness, which increased with decreasing heteroatom linkage
content, with the commercial HDPE exhibiting the highest value (Table S2). The thermal history
of the melt pressed films utilized in the SAXS analysis heavily influences the crystallization and
resulting crystal size; the quench cooling treatment of the polymer films prior to analysis employed
herein could yield distinct results from a slowly-cooled series of the same polymers. Elucidation

of the effects of these differences in cooling rate on crystal size may be pursued in future works.
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/_J\/w — Commercial HDPE

;—f — Commercial HDPE :";" poly(ethylene,s-co-neopentyl ad?pates)
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Figure 3. Scattering profiles comparing two segmented copolyesters and an HDPE control
obtained via (left) WAXS and (right) SAXS confirm the orthorhombic unit cell and a semi-
crystalline morphology. Data has been shifted vertically for clarity.

Thermomechanical analysis of segmented copolyesters

Tensile testing and DMA collectively revealed the relationship between PE content and
mechanical performance. Tensile testing revealed a trend in both strain at break and Young’s
modulus among compositions with increasing PE wt.% displaying a consistently higher % strain
at break and a decreasing Young’s modulus (Figure 4). Compositions below 48 wt.% PE failed to
form free-standing films due to lack of sufficient crystallinity, which serve as physical crosslinks.
The carboxytelechelic PE control exhibited insufficient M,, for film formation, therefore only high
levels of PE were tested. A commercial HDPE sample served as a benchmark, and the data
illustrated the similarity in yield behavior of the segmented homopolymers with 75 and 95% wt.%
PE, which was significantly less than the high elongations for the commercial sample by about 50-
60%. Conversely, the 48 wt.% PE copolymer demonstrated significant embrittlement compared to
the remaining segmented copolymer compositions with higher maximum stress and lower % strain
at break. The tensile experiment exemplified the necessary delicate balance between PE wt.% and
ester content, providing samples with sufficient mechanical integrity with incorporated ester
linkages. This balance appeared to reside closer to high PE wt.% levels over the compositional

range.
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Figure 4. Tensile curves of segmented copolymers containing varying wt.% PE incorporation.
One representative sample displayed for each composition, n = 5, 10 mm/min crosshead speed.

Table 2. Summary of tensile properties measured for segmented copolyesters and a HDPE
commercial sample. Samples were tested using crosshead speed of 10 mm/min and all table values
contain 5 samples per composition.

Sample % strain at Young’s Maximum Stress at
break Modulus (MPa) stress (MPa) break (MPa)

pon(etherne48-co- 40 £ 15 820 £ 100 37+6 3416
neopentyl adipateSZ)
pon(etherne75-co- 250 £ 100 3009 11+1 102
neopentyl adipatezs)
pon(etherne%-co- 380 £ 40 450 £ 10 16 £ 1 16 + 1
neopentyl adipate5)
Commercial HDPE 800 £ 150 870 £ 60 28+3 28+3
sample

DMA demonstrated intriguing trends in the transitions corresponding to the amorphous
polyester segments and the PE segments within the segmented copolymers (Figure 5). A slight

decrease in modulus at -110 °C suggested the y-relaxation of the amorphous PE phase,’® which
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was visible in all segmented copolymers, and as expected, more pronounced in the highest PE
wt.% composition. The T, of the amorphous polyester segment emerged at -35 °C for the 75 and
48 wt.% PE, the latter demonstrating greater peak intensity in tand. The composition containing
only 5 wt.% of amorphous polyester segment did not display a 7,, presumably due to the
amorphous segments lacking sufficient length, thus only serving as linkers for the PE segments.
The final broad transition occurring prior to flow and subsequent sample failure corresponds to the
a-relaxation of the PE crystalline phase, and it appeared at different temperatures for all three
segmented copolymer compositions with peak temperatures of 82, 53, and 69 °C for 48, 75, and
95 wt.% PE copolymers, respectively. A trend occurred in the E’ at room temperature with higher
wt.% PE exhibiting higher E’ values. While the 48 and 75 wt.% PE compositions were relatively
close at 298 and 348 MPa, respectively, the 95 wt.% PE copolymer displayed a storage modulus
of 662 MPa. Additionally, the onset temperature for viscous flow varied by composition; the
highest melting temperature of 122 °C from the 95 wt.% PE copolyester, the others displaying
melting temperatures as low as 110 °C. The difference in flow onset temperature and room-
temperature E’ may suggest differences in molecular weight for the various segmented
copolyesters. The thermomechanical profiles corroborated the findings from tensile experiments,
indicating that higher wt.% PE segmented copolymers displayed improved performance compared

to lower PE levels.
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Figure 5. DMA of segmented copolymers containing 48, 75, and 95 wt.% PE loading. The solid
lines represent the storage modulus, while the dotted lines signify tand. All samples tested at a
heating rate of 3 °C/min.

All segmented copolyesters were further analyzed with melt rheology to probe differences in
their melt viscosity and melt stability to garner insight into potential melt processability. The
complex viscosity at 170 °C consistently increased with increasing wt.% PE (Figure S5).
However, the potential for variability in molecular weight presented challenges in differentiating
the role of chemical structure across this observed trend. Notably, the HDPE control sample
exhibited the same melt viscosity as the 48 wt.% PE containing segmented copolymer. The same
rheology experiment enabled analysis of the G’ and G” as a function of time, displaying a gradual
increase in the G’ , eventually crossing over the G” after 45 min to 1 h depending on composition.
Addition of antioxidants and stabilizers that are commonly necessary in an industrial setting may
alleviate the lack of thermal stability under air in addition to processing under an inert

atmosphere.>-60
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Preliminary experiments describing chemical depolymerization of segmented copolyesters
demonstrate the ability to recover the PE prepolymer following hydrolysis of the copolymer
(Figure S6). Similar chemical depolymerization pathways were previously described for
polyolefins with shorter aliphatic chains between ester or carbonate linkages, exhibiting good
mechanical performance of the recycled material.®! We aim to demonstrate the potential to reform
segmented copolymers from recovered telechelic PE; however, the depolymerization described
herein requires larger scales to generate sufficient polymer for further melt reactions. Future work
in this area entails further understanding of depolymerization kinetics of segmented copolymers

as a function of composition, in addition to recycling potential of the resulting prepolymers.

Conclusions

The application of CT-ROMP of cyclooctene in combination with hydrogenation enabled the
synthesis of carboxytelechelic PE segments, which produced segmented copolyesters upon melt
polycondensation in the presence of diacid and diol monomers. Previous investigations of
segmented copolyesters either contained significantly shorter aliphatic chains between ester units,
thus limiting crystallizability, or lacked the precise segment length control demonstrated herein.
Segmented copolyesters synthesized in this study comprised of amorphous polyester and linear PE
segments and exhibited thermal properties modulated by their wt.% PE levels in addition to
progressively improved mechanical performance with increasing wt.% PE content. DMA
displayed transitions from both the polyester and PE segments as well as dependence of
composition on E’. Rheological melt stability studies demonstrated an acceptable melt processing
window prior to crosslinking, displaying suitability for future melt processing with room for
improvement with antioxidant formulation and level of PE incorporation. This work establishes a

platform for creating custom PE-based segmented copolyesters with degradable ester linkages and
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potential to easily incorporate branched architecture through the ester monomers rather than multi-
step strained cyclic monomer functionalization.!® Control of PE crystallization and segment size
provides modularity for targeting specific physical properties of the final product. Further
structural tuning with other diols and diacids as well as amide linkages will provide additional

insight into structure-property relationships within these novel segmented systems.
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