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ABSTRACT: Polyolefins (POs), which constitute over 50% of all | Enhanced reversible crosslinking => Reprocessable
plastics, predominantly end up in landfills. To date, there have " !
been no reports on mixtures of PO vitrimers. This study reports
the successful synthesis of PO vitrimers from a mixture of 27.7%
high-density polyethylene (HDPE), 36.3% linear low-density
polyethylene (LLDPE)/low-density polyethylene (LDPE), and
36.0% polypropylene (PP), which is similar to that of Municipal

Solid Waste (MSW). This is achieved by using silyl ether-based o1

chemistry, both with and without nitroxides. Additionally, these S W— e
PO vitrimers are compared with individual vitrimers made of O T Seperecg " " T e ™
12 101515} | DY 218}, 1LLbIDY 215, evatal 1202, el | e mtiatistere posvels foearinn 215 | PE=HDPE+LLDPE/LDPE mixturc | PO = HDPE + LLDPE/LDPE + PP mixturc |
blends (comprising HDPE, LLDPE, and LDPE). All vitrimers were

prepared via melt extrusion. Their cross-linking density, storage modulus, tensile properties, and reprocessability were assessed. For
PO vitrimers, a storage modulus of 0.61 MPa was achieved, indicating a cross-linked network while also maintaining complete melt
reprocessability. This study not only provides fundamental insights but also presents a sustainable pathway for recycling PEs and
POs into useful materials, hence helping to minimize waste.
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1.0. INTRODUCTION fine-tune their properties. Dynamic chemical cross-links
provide superior mechanical strength for demanding applica-

Polyolefins (POs), composed of polyethylenes (PEs) and
tions compared to nonbonding interactions. Vitrimers operate

polypropylene (PP), are the most widely used thermoplastics

and account for nearly 50% of all plastics produced and used via an associative mechanism, where bond formation occurs
today." However, they are also a significant source of plastic simultaneously with bond breaking, maintaining the cross-
waste.” POs are composed of different types of plastics such as linking density within the system.””'® On the contrary,
low-density polyethylene (LDPE), linear low-density poly- dissociative mechanisms, such as those obtained through
ethylene (LLDPE), high-density polyethylene (HDPE)) and Diels—Alder chemistry, result in a sudden decrease in cross-
polypropylene (PP), but their densities are less than 1 g/cm?. linking density because bond breaking precedes bond
Consequently, it is very difficult to separate POs into separate formation.* ™" Consequently, numerous studies have focused
PE and PP. On the other hand, the challenge with using POs on vitrimers utilizing associative mechanism chemistries, such
without further separation into PE and PP is that they have as boronic ester metathesis,"' " transesterification,”’ ~** and
inferior properties because of their incompatibility.’ vinylogous urethane.” However, these vitrimers degrade more

One promising solution to this problem is the creation rapidly in hydrophilic environments and are prone to
vitrimers from POs using thermally reversible cross-links in hydrolysis, necessitating a thermally and oxidatively stable
these systems.” This approach has the potential to revolu- chemical moiety. Additionally, the high catalyst loading in
tionize PO recycling by enhancing their reusability and, thus, these systems leads to leaching over time, indicating the need

reducing the environmental impact of plastic waste. On one
hand, physical cross-linking in PE, achieved through ionic
interactions and hydrogen bonding, has led to shape memory
effects, but at high temperatures, such physical cross-linking is
less effective.”® On the other hand, the area of dynamic -

chemical cross-linking has been extensively explored and used Recfnved: October 22, 2024 !g%!i,@,,
to create polymers that can flow like vitreous silica above their Revised:  November 28, 2024 N o
melting temperature without exhibiting an abrupt drop in Accepted: November 29, 2024
viscosity. These special polymers, named vitrimers by Leibler Published: December 13, 2024
in 2011,” have been the subject of extensive research,

particularly with regard to the use of exchange chemistry to

for a catalyst-free fast exchange mechanism.
Recently, we reported that HDPE silyl ether vitrimers
showed good thermal stability and a high storage modulus
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above the melting temperature of the polymer.”> There are
reports of vitrimers from HDPE, LDPE, and PP employing
different exchange chemistries such as dynamic dioxabor-
olanes'' *° and transesterification.”' ~>* Some recent studies
have also reported cross-linked PE elastomers that were
obtained via dynamic cross-linking.”*>” However, no studies
have explored silyl ether-based vitrimers for mixed poly-
ethylenes (PEs) combining HDPE and LLDPE/LDPE, or for
polyolefins (POs) composed of HDPE, LLDPE/LDPE, and
PP. Considering that POs account for an astonishing 62.8% of
plastic waste generated, this study focused on exploring new
applications for POs in the form of vitrimers.”® Therefore, we
report for the first time the synthesis of vitrimers made of PEs
(HDPE and LLDPE/LDPE), and POs (HDPE, LLDPE/
LDPE, and PP) using silyl ether-based chemistry in both the
presence and absence of nitroxides. Given that POs in
municipal solid waste (MSW) consist of approximately
27.7% HDPE, 36.3% LLDPE/LDPE, and 36.0% PP,***° we
formulated a PO vitrimer to parallel this composition and
simulate real-world scenarios. Additionally, PE and PO
vitrimers were compared with vitrimers made separately from
HDPE, LDPE, LLDPE, and PP.

2.0. EXPERIMENTAL SECTION

2.1. Materials. HDPE (DOWLEX IP 1026232) with a
melt flow rate (MFR) (190 °C/2.16 kg) of 9¢/10 min, LDPE
(Petrothene NA860008) with a MFR (190 °C/2.16 kg) of 24g/
10 min, LLDPE (DOWLEX 2645G) with a MFR (190 °C/
2.16 kg) of 0.9¢/10 min, PP (SABIC PP S00P) with a MFR
(230 °C/2.16 kg) of 3.1g/10 min polymeric resins were used
in this study. Vinyltrimethoxysilane (VIMS, 98%), dicumyl
peroxide (DCP, 98%), 2,2,6,6-tetramethyl-4-piperidinol (T,
98%), and 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, also
denoted in this study as TP, 98%) were purchased from Sigma-
Aldrich, Milwaukee, WI. Bis[3-(trimethoxysilyl)propyl]amine
(BTMSPA, 97%) was purchased from TCI AMERICA, USA.
These chemicals were used as received from the commercial
suppliers without any further purification.

2.2. Synthesis of Polyolefinic Vitrimers. Table 1 lists the
materials used in the synthesis of vitrimers and their roles.
Table 2 summarizes the compositions of the polyolefinic

Table 1. List of material codes and their functions in the
study

Material Code Function
High-density polyethylene HDPE polymer
Linear low-density LLDPE polymer
polyethylene
Low-density polyethylene LDPE polymer
Polypropylene PP polymer
Polyethylenes PE polymer mixture of HDPE,
LLDPE, and LDPE
Polyolefins PO polymer mixture of HDPE,
LLDPE, LDPE, and PP
Vinyltrimethoxysilane v grafting agent
Dicumyl peroxide DCP radical initiator
Bis[3-(trimethoxysilyl) BTMSPA  silyl ether exchange cross-linker
propyl]amine
2,2,6,6-Tetramethyl-4- T radical scavenger
piperidinol
2,2,6,6- TP radical scavenger

Tetramethylpiperidine 1-
oxyl (TEMPO)

vitrimers using the above materials. Physical mixing was used
to combine all the chemicals, which were then placed into a 15
cc DSM microcompounder (1SHT, Xplore Instruments BV,
The Netherlands) equipped with twin screws that rotate
conically. The reaction proceeded in a molten state in a
nitrogen environment while the screws were rotating at 100
rpm. The torque of the system was equilibrated to a constant
value after 4 min of residence time for the polymer at 190 °C.
Subsequently, the samples were extruded and injection molded
at 190 °C using an injection molder IMS.5 #0802, (Xplore
Instruments BV, The Netherlands) to produce samples for
dynamic mechanical analysis (DMA) analysis, as well as
thermal analysis and tensile strength testing. The molten
material was injected into the mold at a pressure of 6 bar while
the mold’s temperature was kept at 45 °C.

2.3. Differential Scanning Calorimetry. DSC was
performed to investigate the thermal properties of injection-
molded samples on TA Instruments Q100, USA. Approx-
imately 8.0 + 1.0 mg of each sample was analyzed under a
continuous nitrogen flow at 100 mL/min. The samples were
placed in aluminum DSC pans with lids. The temperature
program involved heating the samples from 25 to 200 °C at a
rate of 10 °C/min, followed by cooling at the same rate. After
cooling, the samples underwent a second heating cycle under
identical conditions.

2.4. Thermogravimetric Analysis. TGA was performed
on the vitrimers using a TA Instruments | Waters Discovery
TGA 550, USA instrument. Similar to the DSC procedure,
approximately 8.0 + 1.0 mg of sample was placed in an
aluminum pan. The samples were heated from 25 to 600 °C at
a rate of 10 °C/min under a continuous nitrogen flow for TGA
analysis.

2.5. Ultimate Tensile Testing. Ultimate tensile tests were
conducted on the samples after they had been conditioned for
48 h at 23 °C. The tests were performed using an Instron
5565P6021, USA machine, following the ASTM D638
standard.”® Type V specimens were prepared via injection
molding with dimensions of 3.25 mm (width), 3.25 mm
(thickness), and 12.5 mm (gauge length). The tests were
carried out at an extension rate of 10 mm/min. Five replicates
of each sample were tested, and the mean values were reported
along with their standard deviation.

2.6. Dynamic Mechanic Analysis. DMA tests were
performed using an RSA-G2 system (TA Instruments), USA.
Rectangular specimens were prepared by injection molding,
with dimensions of 12.5 X 6.25 X 3.25 mm. These specimens
underwent a temperature sweep at a rate of 2 °C/min, ranging
from 40 to 220 °C, at a frequency of 1 Hz and 0.01% strain in
tensile mode. For control samples, the analysis was conducted
over a temperature range from 40 to 170 °C due to their melt
flow behavior. The DMA system was equilibrated at 40 °C for
S min prior to the analysis of each sample.

2.7. Fourier-Transform Infrared Spectroscopy. FT-IR
spectroscopy was conducted using a Jasco FTIR-6600, Easton,
MD, USA, that was equipped with an ATR Pro-One accessory
featuring a 28° Michelson interferometer. Spectra were
recorded over a wavelength range of 400—4000 cm™, with
the number of scans set to auto mode. The collected signals
were processed by using the Spectra Manager software.

2.8. Stress-Relaxation Experiments. Stress-relaxation
tests were performed using a TA-ARES G2 rheometer, USA,
which was equipped with a Rheometric Scientific Oven for
precise temperature control (+0.1 K). The tests were

https://doi.org/10.1021/acs.iecr.4c04006
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Table 2. Formulations (mol %) of materials used to produce PO vitrimers”

HDPE (mol LLDPE (mol LDPE (mol PP (mol
Sample %) %) %) %)
HDPE Series
HDPE 100.00
HDPE+V 98.99
HDPE+V+T 98.96
HDPE+V+TP 98.96
LLDPE Series
LLDPE 100.00
LLDPE+V 98.99
LLDPE+V+T 98.96
LLDPE+V+TP 98.96
LDPE Series
LDPE 100.00
LDPE+V 98.99
LDPE+V+T 98.96
LDPE+V+TP 98.96
PP Series
PP 100.00
PP+V 98.99
PP+V+T 98.96
PP+V+TP 98.96
PE Series (HDPE, LDPE, and LLDPE)
PE 42.00 29.00 29.00
PE+V 38.36 26.50 26.50
PE+V+T 38.36 26.50 26.50
PE+V+TP 38.36 26.50 26.50
PO Series (HDPE, LDPE, LLDPE, and PP)
PO 26.21 18.07 18.07 25.00
PO+V 23.93 16.50 16.50 22.81
PO+V+T 23.93 16.50 16.50 22.81
PO+V+TP 23.93 16.50 16.50 22.81

DCP (mol V (mol BTMSPA (mol T (mol TP (mol
%) %) %) %) %)
0.02 0.49 0.50
0.02 0.50 0.50 0.03
0.02 0.50 0.50 0.03
0.02 0.49 0.50
0.02 0.50 0.50 0.03
0.02 0.50 0.50 0.03
0.02 0.49 0.50
0.02 0.50 0.50 0.03
0.02 0.50 0.50 0.03
0.02 0.49 0.50
0.02 0.50 0.50 0.03
0.02 0.50 0.50 0.03
0.02 0.49 0.50
0.02 0.50 0.50 0.03
0.02 0.50 0.50 0.03
0.02 0.49 0.50
0.02 0.50 0.50 0.03
0.02 0.50 0.50 0.03

“HDPE+V+T denotes a vitrimeric sample created from HDPE with 0.5 mol % Vinyltrimethoxysilane (V) and 0.5 mol % silyl ether cross-linker
with a nitroxide radical scavenger 2,2,6,6-Tetramethyl-4-piperidinol (T).

R = H for polyethylene
= CHj; for polypropylene

100

Polyolefins U signifies branching in LDPE and LLDPE
PO
+
/o* IO\ ©>(0.0)<©
Si.
0”7

Dicumyl peroxide

DCP 190 °C

. Ll
Melt extrusion

Vinyltrimethoxysilane
VTMS

+

H
AkN)L
OH

2,2,6,6-Tetramethyl-4-piperidinol
T

Vitrimer (silyl ether bond exchange)

Figure 1. Reaction scheme depicting the creation of PO+V+T vitrimers involving a polyolefin mixture (PO), Vinyltrimethoxysilane (V) and the
nitroxide radical scavenger 2,2,6,6-Tetramethyl-4-piperidinol (T). BTMSPA enables cross-linking of silyl ether grafted polymer via silyl ether bond

exchange.

conducted with an 8 mm parallel plate geometry and a sample
thickness of 0.8 mm. After a 10 min temperature equilibration
at each temperature from 140 to 150 °C, in 5 °C increments, a
constant strain of 5% was applied, and the stress was

monitored over time. Based on prior strain sweep experiments,

22289

5% deformation was confirmed to be within the linear
viscoelastic range.

2.9. Melt Flow Index. An RR-6MBA Advanced Melt Flow
System (Ray-Ran Test Equipment Ltd., Warwickshire, UK)
was used to calculate MFI. At 230 °C, the polymers were first
allowed to melt for five min before being loaded with 2.16 kg.

https://doi.org/10.1021/acs.iecr.4c04006
Ind. Eng. Chem. Res. 2024, 63, 22287-22297
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Figure 2. FT-IR spectra for PE (a) and PO (b) vitrimeric systems indicating vinyltrimethoxysilane grafting at 1092 cm™".
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The weight of the sample that flowed out of the capillary dye
over a 10 min period was used to compute the MFI values.

2.10. Gel Fraction. A solvent extraction approach was used
to measure the gel content in the cross-linked network. For 48
h, a single specimen weighing 200—300 mg was submerged in
hot xylene (at 120 °C), with new solvent added after 24 h. The
insoluble portion was then dried for 24 h at 80 °C in an oven,
and the final weight was obtained. The gel fraction % was
calculated as follows:

final weight

gel fraction (%) = X 100%

initial weight

(1)

3.0. RESULTS AND DISCUSSION

3.1. Synthesis. The chemistry of PO vitrimers is illustrated
in Figure 1. Virgin PO materials (HDPE, LLDPE, LDPE, and
PP) were blended with a radical initiator dicumyl peroxide and
a silyl ether agent Vinyltrimethoxysilane (V), along with a
cross-linker BTMSPA and the radical scavenger 2,2,6,6-
Tetramethyl-4-piperidinol (T). The reaction was carried out
at 190 °C to ensure all polymers were fully melted, using a
microcompounder. As illustrated in Figure 1, V was grafted
onto polyolefin polymers and subsequently, the cross-linker
BTMSPA facilitated an exchange reaction between silyl ether,
thus leading to the formation of reversibly cross-linked
vitrimers. Utilizing this method, vitrimers for PE (HDPE,
LLDPE/LDPE), as well as individual HDPE, LDPE, LLDPE,
and PP vitrimers, were prepared. The formulations for all
vitrimers prepared in this study are given in Table 2. 2,2,6,6-
Tetramethyl-4-piperidinol (T) was used to improve the
efficiency of VIMS grafting onto polymer (PE, PP, and PO)
and thus enhance cross-linking density. In particular, T was
employed in this investigation because this radical scavenger is
known to efficiently bind to the polymer radicals and impede
the formation of nonreversible polymer—})olymer cross-link
structures, as reported in our recent study.”

3.2. FT-IR Analysis. FT-IR analyses were used to
characterize these vitrimers. The FT-IR spectra of the vitrimers
with silyl ether groups revealed several distinctive features. A
prominent Si—O stretching band was observed at 1092 cm™,
confirming the presence of the silyl ether groups. Characteristic
C—H stretching vibrations were identified by strong peaks at
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2919 and 2850 cm™, which correspond to the asymmetric and
symmetric stretching modes of polyethylene and polypropy-
lene. Additionally, C—H rocking vibrations were evident from
the peaks at 730 and 720 cm™. To differentiate between
polyolefins having PP in addition to PE, the spectrum of PO
exhibited distinctive peaks at 1376 cm™" corresponding to PP
and 1462 cm™' corresponding to methylene groups of PP and
PE. In contrast, the PE spectrum only showed the 1462 cm™
peak, lacking the 1376 cm™ peak present in PO (Figure 2).

3.3. DMA Analysis. The storage modulus, a key character-
istic of vitrimers, was evaluated via DMA, as shown in Figure
3a—f. In the case of HDPE vitrimers (Figure 3a), control
HDPE, which was just thermoplastic, melted as soon as it
reached its melting temperature, and its storage modulus
dropped to nearly zero at around 140 °C. On the other hand,
the HDPE vitrimers continued to show varying storage moduli,
with the maximum storage modulus observed at around 1.52
MPa at 180 °C for the HDPE+V system. This finding suggests
that in the case of HDPE, the impact of V+T and V+TP was
counterproductive as it decreased the storage modulus.

The storage moduli of LLDPE vitrimers were also
determined by DMA as shown in Figure 3b. Control LLDPE
showed zero storage modulus around 160 °C. However, the
LLDPE+V had a strong modulus of 3.28 MPa at 180 °C.
Interestingly, the LLDPE vitrimer has a higher storage
modulus compared to the HDPE systems.

The most surprising data we obtained were for the LDPE
and PP system. The storage modulus for LDPE vitrimers was
0.19 MPa for the V+T system at 180 °C, as shown in Figure
3c. Overall, LDPE performed poorly in terms of vitrimer
formation relative to those of HDPE and LLDPE vitrimers. An
increase in the storage moduli of LDPE+V and LDPE+V+T
was observed beyond 205 °C. This increase may have occurred
because the branching in LDPE initially sterically hindered the
access of vinyl-grafted LDPE to the cross-linker BTMSPA. At
higher temperatures (205 °C), as LDPE became less viscous,
the steric hindrance was overcome, exposing more chains to
the free radicals and the silyl ether cross-linker present in the
system.

Figure 3d shows the control PP and its vitrimers. Given PP’s
high melting temperature, we observed a complete loss of
storage modulus for the control at around 180 °C. A possible
reason for this phenomenon could be that V does not

https://doi.org/10.1021/acs.iecr.4c04006
Ind. Eng. Chem. Res. 2024, 63, 22287-22297
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Figure 3. Storage moduli for polymers (black) and their vitrimeric counterparts employing V (red), V+T (blue), and V+TP (pink) for HDPE (a),
LLDPE (b), LDPE (c), PP (d), PE (comprised of HDPE, LDPE/LLDPE) (e), and PO (comprised of HDPE, LDPE/LLDPE, PP) (f) vitrimeric
systems. The characteristic rubbery plateau above T, depicts cross-linking in the polymer. These systems depict very high storage moduli,

suggesting that the mixed plastics exhibit good performance.

effectively react with the PP radical, and PP radicals undergo a
rearrangement that leads to the formation of unsaturated
fragmented PP rather than V-grafted PP, as shown Figure 4.
The degradation of PP was confirmed through melt flow index
(MFI) experiments conducted on PP and PP+V+T. Exper-
imentally, PP exhibited an MFI of 4.33 + 0.55 g/10 min,
whereas PP+V+T showed an increased MFI of 7.08 + 1.25 g/
10 min at 230 °C with a load of 2.16 kg. This increase in the
MFI for PP+V+T suggests a decrease in molecular weight due
to PP degradation during vitrimer formation. Additional
evidence for this degradation is observed in the torque
measurements during synthesis. While PP experienced a torque
of approximately 12 Nm in the extruder, PP+V+T demon-
strated a reduced torque of 8 Nm.
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The storage modulus data also correlate with gel fraction
analysis, as shown in Table S11. Among polyethylenes, the
HDPE vitrimer shows a gel fraction of 71.2%, while the
LLDPE vitrimer has a gel content of 33.8%. Meanwhile, the PE
and PO vitrimers have a gel content of 70.7% and 53.7%,
respectively.

Next, we created vitrimers from PE made of HDPE, LDPE,
and LLDPE and analyzed their storage moduli. We observed a
storage modulus of up to 1.25 MPa at 180 °C, which is lower
than what we saw for vitrimers made of HDPE and LLDPE
individually. This reduction may be due to the presence of
LDPE, which has a much lower storage modulus when used
alone. The reason for this could be the same as explained
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Figure 4. Illustration of PP undergoing potential degradation in the
presence of DCP during melt-extrusion.

earlier, where we have more efficient grafting onto HDPE and
LLDPE, but less efficient grafting onto LDPE.

Subsequently, we determined the storage moduli for PO
blends prepared from HDPE, LLDPE, LDPE, and PP. We
observed that the storage modulus is 0.53 and 0.61 MPa at 180
°C for PO+V and PO+V+T, respectively. This finding was
particularly interesting because we did not see any vitrimer
formation from PP alone. From these results, it is possible to
form vitrimers from PO blends, but the final performance will
depend on the fraction of PP in the blends. The more PP
present, the lower the storage modulus will be, likely because
PP is less amenable to V grafting and tends to undergo
degradation instead.

Table 3 shows the cross-linking densities of vitrimers,
recorded based on their storage moduli at 180 °C. The cross-
linking density, v, is measured in units of (X 107> mol/cm?).
For the HDPE vitrimers in the HDPE+V system, the cross-
linking density reached 13.45 X 107> mol/cm’. In the case of
the LLDPE vitrimers, the LLDPE+V system showed a cross-
linking density of 28.98 X 10~° mol/cm®. This clearly shows
that LLDPE is more cross-linked than HDPE. For the LDPE
series, the cross-linking density of LDPE+V is 0.84 X 107°
mol/cm3, while for the PP system, the crosslinking density for
PP+V is 0 mol/cm>. For the PE blends and PO blends, the
maximum cross-linking densities were 12.82 X 1075 mol/cm’®
and 5.39 X 107° mol/cm’, respectively, achieved for PE+V+T
and PO+V+T, indicating the role of nitroxide in efficient
grafting of V onto PE and PO.

3.4. Thermal Analysis (DSC). Differential scanning
calorimetry (DSC) plots for the PE and PO vitrimers are
shown in Figure 5 and analysis for individual HDPE, LDPE,
LLDPE, and PP vitrimers are shown in the Supporting
Information (Tables S1—S4). For the PE blends, a very high
melting temperature (T, )was observed at around 130.9 °C,
followed by a smaller shoulder at around 110 °C for LLDPE/
LDPE. We also noted that for the PE+V system, where we
observed a very good storage modulus, the peak intensity
decreased, and the sharp melting peaks turned into broader
ones. The broadness of these peaks was roughly proportional
to their storage modulus and cross-linking densities; the larger

Table 3. Cross-linking densities of various vitrimers at 180

°C
E’ at 453.15 K Cross-linking density v (X 107°
Sample code (MPa) mol/cm?)
HDPE Series
HDPE 0.00 0.00
HDPE+V 1.52 13.45
HDPE+V+T 0.67 593
HDPE+V+TP 0.24 2.12
LLDPE Series
LLDPE 0.00 0.04
LLDPE+V 3.28 28.98
LLDPE+V+T 242 21.37
LLDPE+V 1.93 17.08
+TP
LDPE Series
LDPE 0.00 0.00
LDPE+V 0.10 0.84
LDPE+V+T 0.19 1.69
LDPE+V+TP 0.02 0.16
PP Series
PP 0.13 1.18
PP+V 0.00 0.00
PP+V+T 0.00 0.00
PP+V+TP 0.03 0.22
PE Series
PE 0.00 0.00
PE+V 1.25 11.09
PE+V+T 1.45 12.82
PE+V+TP 0.32 2.79
PO Series
PO 0.05 0.40
PO+V 0.53 4.72
PO+V+T 0.61 5.39
PO+V+TP 0.07 0.65

the storage modulus/cross-linking densities, the broader the
T, peaks. Also, T, peak intensities decreased with increasing
storage moduli/cross-linking densities. This broadness of T,
and the reduction in peak intensities are due to the cross-
linking in the PE system, which slows down/retard
crystallization.

In the case of PO vitrimers, we observe three T,, peaks for
PO at 109.6 °C, 128.7 °C, and 163.6 °C, corresponding to
LDPE/LLDPE, HDPE, and PP, respectively. Interestingly, the
PP peaks remain intact in terms of intensity and broadness,
suggesting that no significant cross-linking had taken place, as
evidenced by the storage modulus data. Conversely, the PE
peaks become broader and show a decrease in cross-linking
density. This behavior clearly suggests that cross-linking occurs
in the PE components rather than in PP.

3.5. Mechanical Properties. The mechanical properties of
both PE and PO samples were analyzed, as shown in Figures 6
and 7, respectively. For the PE samples, which are a blend of
HDPE, LDPE, and LLDPE, we observed that the tensile stress
at yield was 25.5 MPa for the blend but increased to 30.4 MPa
for the PE+V+T system and 27.7 MPa for PE+V. This
enhancement can be attributed to the cross-linking in these
systems, which requires more energy to deform due to the
cross-linking structures. Figure 6b shows that PE exhibited a
high Young’s modulus of 301 MPa, but the Young’s modulus
for PE+V and PE+V+T were lower. This decrease in modulus
might be due to the lower crystallinity of the PE vitrimers, as
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Figure S. DSC analysis of PE and PO vitrimers. Heating and cooling curves for PE (a, b) and PO (¢, d) vitrimers.
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Figure 7. Tensile strength at yield (a), Young’s modulus (b), and elongation at break % (c) for PO vitrimers.

evidenced by the percentage crystallinity (x.) (see Table SS those of PE+V and PE+V+T. Cross-linking of PE resulted in a
and the heating curve shown in Figure Sa for PE vitrimers). reduction in elongation, which was an expected behavior.
For example, PE has a crystallinity of 51.6% while PE+V and Thus, the mechanical properties observed are in agreement
PE+V+T have crystallinity of 41.0% and 36.8% respectively. As with storage modulus data, where densely cross-linked
expected for thermoplastic PE, one would anticipate much vitrimers showed a significant decrease in elongation and
higher elongation because it was not cross-linked, compared to vice versa.
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Figure 7 shows the mechanical properties of the PO and its
vitrimers. The PO exhibited a high tensile stress at the yield,
but we observed a decrease for the PO vitrimers, as seen in
Figure 7a. Young’s moduli of the PO vitrimers were lower than
that of the PO itself. This could be attributed to reduced
crystallinity in the matrix (In PO systems, we assume PE forms
the matrix because of its dominant fraction, and PP becomes a
dispersed phase). Additionally, this is consistent with what we
noticed in the storage modulus; the higher the storage
modulus, the lower the elastic modulus, primarily due to a
decrease in crystallinity. While one might expect more cross-
linking to yield a higher elastic modulus, in this case, two
factors are interplaying: crystallinity and cross-linking. It seems
that at room temperature, the temperature at which the tensile
properties are tested, crystals in the polymer matrix act as
physical cross-linkers, overshadowing the impact of chemical
cross-linking on the elastic modulus.

Similar to the decrease in elongation observed in PE
vitrimers, the PO system also showed a reduction in elongation
at break with increased cross-linking density. However, this
was not as pronounced as in the PE systems due to the lower
cross-linking density in PO as compared to that of PE (Table
3). Overall, the mechanical properties of PO vitrimers, such as
elastic modulus and elongation, correspond to the combined
effect of opposing factors: the degree of cross-linking and
crystallinity. Apparently, the crystallinity effect determines the
modulus because tensile properties were measured at room
temperature, and crystalline regions act as physical cross-
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linkers in amounts much larger than the covalent cross-linking
generated in these vitrimers via a silyl ether bond. On the other
hand, elongation at break is most likely affected by chemical
cross-linking.

In our study, we also investigated the eftect of two
nitroxides, 2,2,6,6-tetramethyl-4-piperidinol (T) and 2,2,6,6-
Tetramethylpiperidine 1-oxyl (TP). TP, marketed as TEMPO,
is a stable radical used widely in academia and has now been
discontinued by Sigma-Aldrich and Thermo Fisher Scientific.
While T is low-cost and readily available, it stands out as the
superior nitroxide. In all the HDPE, LLDPE, LDPE, PE, and
PO, samples with T outperform samples with TP as observed
in Figure 3. Specifically, the PO samples having T exhibited a
storage modulus that was 8.7 times higher than those produced
using the TP radical scavenger, as illustrated in Table 3.
However, PO+V+TP exhibits superior mechanical properties
compared to PO+V+T, primarily because of less cross-linking
(Figures 6 and 7).

3.6. Melt-Reprocessability. Melt-reprocessability of vitri-
mers is considered as a major benefit of permanently cross-
linked polymers. To assess melt-reprocessability, we selected
PO+V+T and PO+V+TP systems to observe changes in their
storage moduli and appearance. These samples were
reprocessed for up to six times and recorded their storage
moduli after 0, 1, 3, and 6 processing cycles, as shown in Figure
8a,)b. The number 0 denotes the first time we made the
vitrimers so that they were not reprocessed at that stage. Figure
8a clearly shows a significant decrease in the storage modulus
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Figure 10. Thermogravimetric analysis showing weight loss with temperature for PE vitrimers (a) and PO vitrimers (b).

of PO+V+T as we proceeded from 0 to 1 reprocessing cycles,
but no further changes were observed from 1 to 3, and then to
6 reprocessing cycles. In contrast, Figure 8b, where PO+V+TP
displayed a different behavior, as the storage modulus was
initially lower at 0 cycle but significantly increased after
reprocessing cycle 1. From 1 to 3, and then to 6 reprocessing
cycles, the modulus remained relatively constant. This could be
attributed to the incomplete chemistry in the V+TP system
during the first cycle, which underwent further changes,
increasing the cross-linking density over time during the
reprocessing. This suggests that the chemistry involved in the
PO+V+TP system might enhance cross-linking upon repeated
reprocessing. The tensile properties of these reprocessed
samples, shown in Tables S9 and S10, further indicated that
these properties were maintained even after 6 reprocessing
cycles.

3.7. Stress-Relaxation Behavior. As a final step,
activation energies were calculated for bond exchange in the
PO+V+TP system, as shown in Figure 9. This data suggests
that the exchange reaction for silyl ether has an activation
energy of 183.4 kJ mol™'. The activation energy of this silyl
ether system is very high compared to those reported in
previous studies of silyl ether exchange chemistries. Reports
revealed that a silyl ether reaction using camphor sulfonic acid
as a catalyst’’ has an activation energy of 77.8 kJ mol™' and
amine-catalyzed®” silyl ether exchange has an activation energy
of 81 k] mol™". We attempted to incorporate a silyl ether cross-
linker having an amine nitrogen which could enhance the
exchange reaction due to the neighboring group effect of
nitrogen and eliminate the use of metal catalysts. Although we
could not achieve very low activation energy, our study still
marks an advantage of eliminating the problem of catalyst
leaching while still achieving the exchange chemistry as the
sample relaxed to 36.7% in 100 s. Further tuning of the silyl
ether cross-linker with diamine systems could possibly
decrease the activation energy for the exchange reaction.

3.8. TGA. Thermogravimetric analysis for PE and PO
vitrimers is shown in Figure 10. The vitrimers are thermally
stable as indicated by the very high degradation onset
temperature, 457 °C and 445 °C respectively, for PE+V+T
and PO+V+T. An interesting observation was that PO itself
degrades faster (at lower temperatures) than PO vitrimers. For
example, the onset of degradation temperature for PO is 350
°C, but that for PO vitrimers is 445 °C, indicating that the
vitrimers are more stable. While more studies are needed to

determine the exact reason for this, we assume that this could
be due to the cross-linked structure tethering PP during
degradation to PO vitrimers (slowing down the volatiles
formation).

4.0. CONCLUSIONS

This study is the first of its kind to address a significant
knowledge gap by creating PE and PO vitrimers and
comparing them with HDPE, LDPE, LLDPE, and PP
vitrimers. The rubbery plateau observed beyond the melting
temperature (T,,) confirms the presence of cross-linking in all
except for the PP samples. This study confirmed that HDPE
and LLDPE vitrimers can be prepared with the highest storage
modulus. PP does not effectively form any vitrimers, while
LDPE forms vitrimers, but with a lower storage modulus.
Meanwhile, PE blends form vitrimers but with a storage
modulus lower than those of HDPE and LLDPE and higher
than that of LDPE. PO can also be transformed into vitrimers,
but only the PE fraction is cross-linked, and PP remains mostly
un-cross-linked. Additionally, a significant improvement in the
storage modulus was observed, facilitated by the use of a more
cost-effective radical scavenger, 2,2,6,6-Tetramethyl-4-piperidi-
nol (T), in comparison to the more expensive TEMPO (TP).
Furthermore, these vitrimers are melt-reprocessable. Further
studies are required to understand the PE and PP composi-
tional impact on the PO vitrimers and testing of non-V grafting
agents in PO systems.
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