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Abstract

While tremendous progress has been made in the dynamic crosslinking of polypropylene
(PP) for plastics upcycling, their efficacy in addressing low molecular weight (MW) PP waste
remains untapped. In this work, we demonstrate a simple and scalable method to convert brittle
low MW PP to vitrimer materials with enhanced thermal and mechanical properties, enabling their
use in circular upcycling. Different from most previous work employing small molecule
crosslinkers, we prepare PP vitrimers (PPy) using polymeric crosslinkers, containing polyethylene
glycol segments (PEG), which lead to altered crystalline structures and network formation.
Importantly, by increasing the MW of crosslinkers from 200 Da to 1000 Da, the PPy exhibit more
than 50 times increase in their fracture energy with strong ductility, which can be attributed to
combined effects of strengthened amorphous regions of semi-crystalline PP domains and the phase
separation between soft PEG segments and PP matrix. Moreover, when blending the PPy with high
MW PP (PPy), the PPn/PPy blends show comparable elastic modulus, yield strength, and
stretchability to the PPy, in sharp contrast to the widely-known embrittlement of low MW PP/PPy,
blends. These results demonstrate the use of polymeric dynamic crosslinkers as an important
strategy for upcycling low MW PP waste to value-added products.
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1. Introduction

Polypropylene (PP) is ubiquitous and widely used in numerous applications, such as food
packaging,' automotive parts,* and medical supplies.>®* With a global PP production exceeding
over 75 million metric tons in 2021, less than 10 % was recycled and the rest was landfilled,
incinerated, or improperly discarded.” Since PP is very difficult to decompose in the natural
environment, once mobilized the waste can form microplastics and leach into the ocean, soil, and
aquatic sediments, imposing significant environmental and health threats on human society and
marine ecosystems.> !0

Significant efforts have been focused on PP waste recycling and upcycling, aiming to
convert them to products with equal or higher value.!!!* Mechanical recycling is energy efficient
and allows the reuse of PP for new products, but it often leads to reduced viscosity and molecular
weight (MW) due to thermally and/or mechanically induced chain scissions.'*!*> As a result, PP
shows continually degraded properties upon recycling, which can become too brittle to meet the



requirement for practical applications. Chemical upcycling provides alternative approaches to
convert PP waste to products with altered chemical identity and properties. Among many chemical
upcycling methods, direct functionalization represents a promising solution, potentially more
energy-efficient than pyrolysis methods, through incorporating functional groups on PP for
achieving value enhancement.'® Particularly, converting commodity thermoplastics to vitrimers
through introducing dynamic crosslinkers using reversible chemical bonds has received significant
attention in recent years.!” Specifically, vitrimers are an emerging class of crosslinked materials
with unique reprocessability, enabled by associative dynamic bond-exchange mechanism, which
can retain the same crosslinking density at elevated reprocessing temperatures. Over the past few
years, a number of vitrimer chemistries have been demonstrated with polyolefins, such as
transesterification,'® !° disulfide crosslinking,?> ' imine exchange,?> 2 thio-anhydride,?* silyl
ether exchange,™ ?° and dioxaborolane metathesis;?’ 2’ most rely on reactive extrusion to
simultaneously process and functionalize plastics. A recent review article by Ahmadi et al.,
systematically discussed recent progress in polyolefin-based vitrimers.**

Despite the success in developing polyolefin-based vitrimers, understandings about the
influence of network formation on the polymer crystallization behaviors and crystal morphology
remain relatively limited.*! 3> Soman et al., found that dynamic crosslinking of olefinic oligomers
with small molecule crosslinkers can largely influence their crystallization behaviors.>* However,
opportunity of using polymeric crosslinkers for commodity polyolefin-to-vitrimer conversion is
still underexplored. Particularly, polymeric crosslinkers may result in microscopic phase
separation in vitrimers due to their high immiscibility with matrix, potentially providing additional
opportunities to alter material properties through controlling their phase separation behaviors. In a
recent work by Ji et al., di-functional, low MW polyesters were employed for dynamically
crosslinking high MW polyethylene (PE),** however, improved performance was not obtained
compared to starting materials.

Inspired by and building on previous research progress, we found three critical
opportunities for enabling improved use and transformative impact of PP chemical upcycling
methods. First, feedstock selection (e.g., targeted waste type) is a key component in technology
design and implementation. Most studies associated with PP upcycling focused on commodity
materials, which have high MW, good processability, and excellent mechanical performance.
However, their use for addressing poor-value waste, such as their brittle low MW counterparts
remains unclear, although their chemical upcycling represents a critical and urgent need. Second,
many reports of converting high MW PP to vitrimers show the derived products having
comparable properties to their virgin counterparts. It is desired to extend or establish technologies
that can improve the properties of low MW waste, which would be more impactful to the polymer
industry.*® Third, the recycling system design should accommodate other environmental
considerations for materials synthesis and processing.’® For example, previous works of
synthesizing polyolefin vitrimers were often based on transesterification chemistry employing
bisphenol A (BPA)-based chemicals as the crosslinkers. If BPA concentration is high, it could be
potentially harmful to human health, including the hormone system, brain, and reproductive
organs.’” Therefore, the need for new crosslinker chemistry (i.e., BPA-free) for PP vitrimer
synthesis is apparent.*®

This work collectively addresses these important challenges and opportunities by
demonstrating a robust strategy that converts fragile PP to vitrimers through reactive extrusion,
allowing their further and enhanced use in plastic upcycling. In particular, the purposeful selection
of low MW PP as the starting material represents plastic waste with very limited value and use.



Distinct from most previous efforts of polyolefin vitrimer synthesis using small molecule
crosslinkers, we employ polymeric dynamic crosslinkers and focus on understanding the impacts
of their MW and loading content on the gel fraction, crystallization, and morphology of resulting
vitrimers. It is observed that polymeric dynamic crosslinkers can efficiently alter the amorphous
domains (structures and properties) of PP vitrimers, enabling significantly enhanced mechanical
properties, including toughness, yield strength, and ductility. Gratifyingly, the upcycled PP
vitrimers, when serving as a minority component blended with high MW PP (PPy), do not lead to
embrittlement of PPy as the virgin low MW PP does, providing a working protocol to fulfill the
recent government mandate of containing 15% post-consumer resin (PCR) in new product
manufacturing. These results demonstrate that polymeric dynamic crosslinkers can be
fundamentally different from small molecule crosslinkers for controlling the macroscopic
properties of vitrimers, providing a new avenue for utilizing dynamic network chemistry to
upcycle PP waste.

2. Experimental Section
2.1 Materials

Low MW polypropylene-graft-maleic anhydride (PPg, number-average molecular weight,
Mn: 3,900 Da, maleic anhydride (MA) content: ~6 wt% determined by titration), zinc
acetylacetonate hydrate (Zn(acac)), and phenolphthalein were purchased from Sigma-Aldrich.
Poly(ethylene glycol) diglycidyl ether (PEGDGE) with two molecular weights (MW), 200 Da and
1,000 Da, were purchased from Polysciences, Inc., and referred to as PEG200 and PEG1000.
Xylene (99 %) was obtained from Thermo Scientific. Ethanol (190 proof) was obtained from
Decon Laboratories, Inc., and potassium hydroxide (KOH, 85 %) was purchased from Alfa Aesar.
PP (extrusion-grade, high MW commodity plastic, noted as PP,, which has a viscosity-average
molecular weight of approximately 1.6 X 10° g/mol) was obtained from Muehlstein. All chemicals
were used as received unless otherwise noted.

2.2 Sample preparations

All formulations were mixed and compounded by an Xplore MC5 microcompounder at
147-160 °C at a screw speed of 80 rpm. In a typical process, PP (3 g) was first introduced into the
microcompounder, followed by adding a blend of di-epoxide terminated crosslinkers (PEG200 or
PEG1000) and catalyst (Zn(acac)z, 1 wt% of the PP amount) with controlled molar ratio, including
0.8, 1.2, and 1.6. The residence time for the reactive extrusion was determined through the force
output that is related to the viscosity of the compounding materials. Total processing time was
varied from 10 — 30 min to achieve the force plateau as the crosslinker content changed. Details of
the material composition and processing condition for each vitrimer are provided in Table S1. We
refer to the vitrimer samples as PPy-x-y, in which x represents the MW of PEGDGE, and y is the
molar ratio of epoxide (from PEGDGE) to MA groups (from PPy).

2.3 Materials characterization

The MA content of the PP, was determined via titration. PP, (0.5 g) was refluxed in xylenes
(150 mL) at 130 °C until PPy was completely dissolved. Approximately 0.25 mL of water was then



added dropwise to the PPy/xylene solution before titration with 0.05 M KOH solution, using
phenolphthalein as the indicator. The MA content (G), in weight percent, was calculated via the
following equations:

A N. = VIDMnkon) (1)
T Mpoly ’
AN.
_ Gooo)Mnma) 0
G = —(ZMn,KOH) X 100%, 2)

where A.N. is the acid number, otherwise known as the mass of KOH (unit: mg) required to
neutralize one gram of PPy. V' is the volume of KOH titrant added, M is the molarity of titrant, M,
is the molar mass of the specified component, and m,.;, is the mass of polymer used in the analyte.
M, kor1s multiplied by two in Eq.2 to account for the dual acidic groups of MA.

A solvent extraction method was used to determine the gel fraction of the vitrimer
networks. Specifically, the vitrimers were submerged in hot xylene at 120 °C for 24 h.
Subsequently, the insoluble fraction was removed from the vitrimer/xylene mixture and dried
under vacuum overnight. The gel fraction was then calculated via the following equation:

gel fraction = (::}—’:) X 100%, 3)

where w; and wrare the mass before and after solvent extraction, respectively.

Fourier transfer-infrared (FT-IR) spectroscopy was performed on solid vitrimer samples
using a PerkinElmer FT-IR spectrometer with the universal attenuated total reflectance (ATR)
sampling accessory attached. Scans were taken from 4000 to 600 cm™ at a resolution of 4 cm™ and
an average of 32 scans. The thermal stability of vitrimers was determined via thermogravimetric
analysis (TGA) using a TGA Q50 (TA instrument). In platinum pans, 10 — 15 mg vitrimer samples
were heated under nitrogen at 10 °C/min up to 600 °C. The temperature at which 5 % mass loss
occurred (Tgs) was recorded. The melting and crystallization temperatures (Tm and T¢) of samples
were characterized using differential scanning calorimetry (DSC), which is a TA Instruments
Discovery DSC250. Tzero pans and lids (from TA instruments) were used, and a heat-cool-heat
cycle was employed with a temperature profile ranging from -50 °C to 200 °C at a ramp rate of 10
°C/min. T¢ and T were determined by the temperature at the peak heat flow from the second and
third step, respectively, and the degree of crystallinity (X.) was calculated using the following
equation:

X, = (j—zjﬂc,”) x 100%, @)
where AHy is the enthalpy of fusion and AH}) = 209 J /g is the standard enthalpy of fusion of PPy.
Both TGA and DSC data acquisitions and analysis were carried out using Trios software.

Rheological and tensile samples (ASTM 638 type IV bars for tensile testing) were prepared
using a Carver 4386 press. Linear rtheology was performed on an Anton Paar MCR302 rheometer
with a CTD 600 oven. The accuracy of the temperature control was + 0.1 K. Small amplitude
oscillatory shear (SAOS) tests were performed on a pair of 8§ mm parallel plates with a gap of 1
mm and a temperature range from 160 °C to 80 °C at a temperature interval of 10 °C. The samples
were loaded and tested at 160 °C (above the melting point of PP) before subsequent tests at lower
temperatures. To ensure thermal equilibrium, the samples were annealed at each testing
temperature for at least 20 minutes before the test. The strain amplitude was chosen to be 5% at
160 °C and gradually reduces to 0.05 % for the temperature of 80 °C. We would like to note that
the SAOS measurement of polymers and filled polymers can be made to modulus of ~ 10 Pa that
is at least one order of magnitude higher than the shear modulus of semi-crystalline polymers in



this study.* In our systems, all PPy samples had high fractions of amorphous region (~ 80 v%)
that facilitate the SAOS measurements. To examine the influence of wall-slip in the SAOS
measurements for the PPv samples, we varied the testing gap from 0.80 mm to 0.95 mm and
observed negligible changes in shear modulus (Figure S1). These results supported the absence of
wall-slip in the tests, even at the lowest temperatures of 80 °C. The testing frequency was set as
10? rad/s to 107! rad/s. The step-strain relaxation of vitrimers took place at 165 °C in the same 8
mm parallel plate geometry at a strain unit of 5 % and a strain rate of 0.01 s™!.

For the tensile testing, PP, and their derived vitrimers were melt pressed at 175 °C for a
total of 15 min (10 min heating with no pressure, 3 min under 10 MPa, and 2 min under 25 MPa)
before cooling on an aluminum bench with a steel heatsink on top, holding the mold together.
Uniaxial extension tests of PP, were performed on an RSA-III solid analyzer at a constant
crosshead speed of 0.01 mm/s. Rectangular-shaped sample strips were employed in the
measurements with an initial sample length of 10 mm and sample thickness of 0.1 —0.15 mm. The
strips were pressed at 160 °C in a Carver Press and quenched to room temperature through air
cooling. For blend samples containing PPy, as the majority component, tensile tests were performed
using an MTS Insight frame with a 500 N load cell at 5 mm/min at room temperature, based on
ASTM 638 with a type IV tensile bar. Data analysis was performed on Igor Pro 9, where the
ultimate tensile strength (UTS) was determined by the maximum tensile stress achieved before
sample failure, the elastic modulus was calculated as the slope of the linear region of the curve
prior to yield, and the toughness was determined by integrating the stress-strain curves for each
sample.

X-ray scattering measurements were performed at the beamline 12-ID-B at Advanced
Photon Source of Argonne National Laboratory with an X-ray energy of 13.3 keV (Axray= 0.9347
A). The scattered X-ray signals were collected using a two-dimensional Pilatus 2M detector. The
sample-to-detector distance was set to be at 2.0 m and the detecting range of the scattering wave
vector, g, covers from 0.003 to 0.9 A!. For all measurements, the sample thickness (solid thin film
at 25 °C) was in the range of 0.1-0.15 mm and the exposure time was 1 s. The absolute intensity
of X-ray scattering was calibrated using glassy carbon, and the values of detector pixels were
calibrated using silver behenate. The background signal was collected using an empty sample hole
at the same testing conditions. The presented intensities in this work were all after subtraction of
the background scattering. Polarized optical microscopy (POM) (Nikon Eclipse ME600) with a
temperature controller (Instec mK1000, HCS302) was employed to characterize the crystalline
morphology of the PP, and the PPy at temperatures from 160 °C to 30 °C. Isothermal crystallization
of PPy, PPn/PP; blends, and PPn/PPy blends were performed under POM at 125 °C using the same
optical setup. The temperature controller has an accuracy of £0.1 °C. All the polarized images
were taken by a Q-Imaging RoHS Camera (2048 pixel X1536 pixel) in a transmission mode at a
90° angle configuration between the linear polarizer and the linear analyzer.

3. Results and Discussions
3.1 Synthesis of PP vitrimers using PEGDGE as dynamic crosslinkers

Figure 1 presents the synthesis scheme of converting PPy into vitrimers (i.e. PPy) through
epoxy-anhydride reaction. Specifically, di-epoxide functionalized PEG (i.e., PEGDGE) was

employed as the crosslinking agent, which reacted with the MA group under the presence of
(Zn(acac)z) (Figure 1a) at temperatures higher than 150 °C. The crosslinking reaction, conducted



through reactive extrusion, can be confirmed by the force output on the screws reaching a plateau
value (Figure S2). The ester bonds (served as crosslinkers) are thermally reversible through the
associative bond exchange mechanism with the presence of a catalyst (Figure 1b and Figure
$3).4%4! Different molar ratios of epoxide (from PEGDGE) to maleic anhydride (MA), such as 0.8,
1.2, and 1.6, were prepared for understanding the influence of polymeric crosslinker loading on
resulting material properties. In this work, low MW PPy is brittle and can hardly form a film due
to a lack of chain entanglements, which was purposely selected as the starting material, known as

the (undesired) product generated from the mechanical recycling of commodity PP.#% 43
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Figure 1. (a) The reaction scheme of the crosslinking reaction of PPy and PEGDGE, where
Zn(acac): is the catalyst to enable (b) thermally reversible transesterification reactions of vitrimers.

FT-IR was performed to confirm the epoxy-anhydride reaction. As shown in Figure 2, neat
PP, has vibrational bands of alkane (C-H) stretching and bending at 2840-2950 cm™ and 1375-
1460 cm™, respectively, along with bands at 1730-1780 cm™ from the C=0 bonds in the
anhydrides. The introduction of PEG200 or PEG1000 to PP, results in a band at 1100 cm™,
corresponding to the C-O bonds. Upon crosslinking with PEGDGE, the intensity of the band at
1730 cm™! began to increase due to the formation of ester bonds. The appearance of C-O and O-H
bands, in addition to the shifting of the carbonyl bands from the anhydride to an ester, confirms
the successful epoxy-anhydride reaction between PPy and PEGDGE. Consequently, the band
intensities at 1780 cm™ and 1850 cm’!, associated with the symmetric and asymmetric C=0O
stretching of the anhydrides respectively, were both decreased, suggesting the esters were formed
from the anhydride groups. Additionally, after crosslinking reaction, a slight increase in the
absorbance at 3500 cm™! (corresponding to alcohol groups) for the PEG200 crosslinked samples
was observed (also highlighted in Figure S4), which was more pronounced when the PEG1000
was incorporated; these observations indicate a higher -OH content in PPy-1000 samples.
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Figure 2. FT-IR spectra of PP, (neat) and PPy with varying molar ratios of epoxides to MA using
(a) PEG200, and (b) PEG1000 as crosslinkers. Different IR bands corresponding to epoxy-
anhydride reactions are highlighted in grey.

To further confirm the network formation, xylene extraction was performed to quantify the
gel content. As shown in Figure 3, the control sample PP, was completely dissolved after 24 h
soaking in hot xylene. In contrast, insoluble parts can be obtained from PPy. The insoluble fraction
increases with a higher amount of PEGDGE crosslinkers. These observations are consistent with
the FT-IR results, indicating an increased degree of crosslinking. Additionally, it is found that a
higher gel content can be obtained with PEG1000 than with PEG200 at the same [PEG]/[MA]
molar ratio. For example, PPy-200-0.8 has a gel fraction of 16 wt%, which is much lower than the
26 wt% of PP,-1000-0.8. Increasing [PEG]/[MA] ratio to 1.2 and 1.6 results in a gel fraction of 24
wt% and 35 wt% of PP,-200 vitrimers, and 34 wt% and 40 wt% of PP,-1000 vitrimers,
respectively. The gel fractions obtained in this system, from 16 wt% to 40 wt%, were in a similar
range compared to previous literature results.'® The higher gel content for a high MW PEG
dynamics crosslinker is interesting and suggests a higher integration of PEG1000 than PEG200 to
the PP matrix. One possible reason of the higher reactivity of higher MW PEG crosslinkers might
be associated with their slower kinetics for phase separation of PP/PEG. As a result, the higher
MW PEG can have a longer contact time with PP to promote the chemical reaction under shear.**
4 These observations are also consistent with a higher force output (after reactive extrusion
reaction) of PPy-1000 than PPy-200 samples (Figure SS).
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Figure 3. Gel fraction was determined through a solvent extraction method using xylene at 120 °C
for 24 h, where PP,-200 samples are shown in blue circles, PP,-1000 samples are shown in red
squares, and neat PPy is a black circle for reference.

3.2. Thermal properties of PP,

TGA (Figure S6) was first performed to understand the thermal stability of PP-based
vitrimers. It was found that all PPy materials had a higher Tgs than the neat PP, (Figure 4).
Specifically, Tqs increased from 245 °C for PP, to 259 °C and 294 °C for PP,-200-0.8 and PP,-
1000-0.8, respectively. The Tqs also generally increased with increasing crosslinker content from
0.8 to 1.6 for both PEG200 and PEG1000, in which Tgs of PP,-200-1.6 increased to 278 °C and
that of PP,-1000-1.6 increased to 299 °C. It should also be noted that the Tqs of PPy-1000 series
was higher than the PP,-200 samples at the same [PEG]/[MA] ratio, which is a result of the
increased thermal stability of neat PEG1000 compared with PEG200 (Figure S6). Among all PP
vitrimer samples, Tas of PPy-1000-1.6 is the highest, comparable to commodity, high MW PP,
showing that on-set degradation temperature of PP can be significantly improved (an increment of
~50 °C) by creating vitrimer networks, likely a result of the significant increase in MW as it forms
a network.>!-?
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Figure 4. Tqs of PP; and PPy as a function of PEGDGE molecular weight and loading content. PP,
is a black circle for reference.



Additionally, differential scanning calorimetry (DSC) was performed to understand the
crystallization behaviors of PP,. Figures 5(a) and (b) show the crystallization of PPy in the cooling
process after thermal annealing at high temperatures. A crystallization peak in the temperature
window of 100 °C — 125 °C is observed for all PPy. Specifically, T. (determined from the peak
position) for PPy was 107 °C and increased to 110 °C and 111 °C for PPy-200-0.8 and PPy-1000-
0.8, respectively, and further increased to 114 °C and 115 °C for PPy-200-1.6 and PPy-1000-1.6
samples (Figure S7). The similar T, for both PP,-200 and PP,-1000 samples suggest that the MW
of the crosslinker has a very limited influence on T, while the PEGDGE loading level has a larger
impact. No crystallization peak of PEG was observed in these samples, indicating the formation
of vitrimer suppresses the PEG crystallization. Note that the neat PEG1000 has a sharp
recrystallization peak at 15 °C and the PEG200 is not able to crystallize (Figure S8). Interestingly,
upon second heating, a cold re-crystallization followed by melting of PEG1000 was observed for
PP,-1000-1.2 and PP,-1000-1.6, while there is no obvious cold recrystallization taking place for
PP,-1000-0.8 or any of the PP,-200 samples (Figures 5(c) and (d)). The lack of re-crystallization
of PEG in PP,-200 is anticipated since the neat PEG200 is amorphous. However, the emergence
of cold re-crystallization of the PEG component (observed in samples PP,-1000-1.2 and PP,-1000-
1.6) suggests the presence of phase separation between PEG segments and PP matrix, which
occurred due to their limited miscibility.*® 4

The use of PEG crosslinkers slightly alters the degree of crystallinity (X rr) of the PP
phase. As demonstrated in Figure S9, the neat PP, has a crystallinity degree of ~39 %, which was
slightly reduced to ~36 % for PP-200-1.6 and ~32 % for PPy-1000-1.6 vitrimers. The limited
reduction in X, pp for these materials further suggests phase separation between the PP and PEG
components. Additionally, the slightly larger influence of the PEG1000 than the PEG200 on the
crystallinity of PP is likely a result of a higher fraction of PEG1000 than PEG200 in the PP matrix
at the same molar ratio of [PEG]/[MA]. We note similar observations of a reduction in crystallinity
of polyolefin vitrimers have been observed in other systems. For instance, both Khonakdar et al.*3
and Krumova et al.* found that when increasing the organic peroxide, the polymer network
crystallinity would decrease. By increasing the crosslinker loading, slightly increased portions of
PPy chains were unable to crystallize, and this effect becomes further pronounced when employing
a higher molecular weight PEGDGE as the crosslinker. These results indicate that using a
telechelic polymer (i.e., PEG) to crosslink PP can also disrupt the crystallization behaviors of PP.
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Figure 5. DSC thermograms of (a) PP,-200 and (b) PPy-1000 samples during cooling, as well as
the 2" heating curve of (c) PPy-200 and (d) PP,-1000 samples. The heating curves include
representative baselines (dashed lines) across the thermograms to illustrate changing onset of melt.

3.3 Structural characterization of PP.

To be more quantitative, we analyzed the Tm of the vitrimers to determine their crystal
morphology. As shown in Figures 5(c¢) and (d), Tr, of the PP phase in PPy is lower than its neat
counterpart, PPg, which is related to the crystal lamellae thickness, as described through the Gibbs-
Thomson equation:

20¢
T = T8 (1 - ). 5)

where Tn 1s the observed melting temperature (peak value, unit in K) for a crystalline lamella of
thickness L, T;) is the equilibrium melting temperature of PP (unit in K), AHIQ is the enthalpy of
fusion for the crystalline phase, and o, is the surface energy of the basal surface of a lamellar
crystal. Using T in conjunction with the following values obtained from literature, the lamellar
thickness, L, was estimated for each sample (T, = 481 K, which equals 208 °C, g, = 62.3 X
1077 J/em?, and AHP = 209 J/g). ***' Through these calculations, we found the average L
decreased from 5.5 nm for PPy to 4.9 nm for PP,-200-0.8 and PP,-1000-0.8, as a result of
incorporating dynamic crosslinkers and conversion of linear polymers to networks. Furthermore,
Tm of the PP phase in all PPy were all very similar, regardless of PEG MW and loading content,
corresponding to a very similar L in the range between 4.8 nm and 5.0 nm (Table S2).

While the lamellar thickness can be obtained using the peak of the melting endotherm,
T — Tin,onset €an also be used to evaluate PP crystal morphology, where a lower value indicates
more uniform/perfect crystal formation.>? It can be observed that in Figures 5(c) and (d), both T,
onset decrease from 141 °C for PPy to 131 °C for PPy-200-0.8 and 132 °C for PPy-1000-0.8,

10



respectively, while their Tm was at 155 °C, 148 °C, and 148 °C, respectively. Additionally, by
increasing the crosslinker molar ratio in both PP,-200 and PPy-1000, a larger T;;, — Ty, onser Was
found, suggesting an increment in the size distribution of the lamellar thicknesses of these samples.
Additionally, lamellar thickness distribution of these PP crystals can also be determined via
following equation:>

1dM  dE (T%-Tm)?%pc

WAL AT 20Tw ©)
where M refers to the mass of the crystalline phase within the sample, dE/dT is the energy
necessary to melt the dM portion of the crystalline phase, obtained from the DSC endotherm, p. is
the density of the crystal phase, and the other parameters are defined the same as in equation 5.
Using this equation, distributions of lamellae thickness for all PPy samples and PP are determined
and provided in Figure S10, which the averaged L agrees well with results determined by Gibbs-
Thomson equation. Furthermore, a slightly broadening of peak was observed for PP,-1000 samples
with increased content of PEGDGE crosslinkers.

To gain further insights into the crystal sizes and the phase separation between PP and PEG
segments, we performed small angle X-ray scattering (SAXS) on PPy-200 and PPy-1000 samples,
as well as PP, as the control. Lorentz corrected scattering intensity as a function of scattering
wavevector ¢ (from SAXS measurements) of these materials was plotted as shown in Figure 6,
which can be used to evaluate the influence of PEGDGE crosslinkers on the long period, d, of the
PP lamellar structure. A clear shift of the peak towards a lower ¢ region is observed for PP,-200
and PPy-1000 vitrimers than the neat PPg; the higher the PEGDGE content, the larger the shift was
found. Moreover, PP,-1000 exhibits a much stronger shift to the low ¢ than the PP,-200, while the
correlation peak is also much sharper at the same [PEG]/[MA] molar ratio. The shift in
characteristic peak location corresponds to a significant increase in d after converting PP from
linear to network structures, increasing from ~10 nm (PPg) to ~15 nm and ~29 nm for PP,-200-1.6
and PP,-1000-1.6, respectively (Table S2). These results, along with the lamellar thickness of PP
determined by DSC (which shows a small reduction after converting PP; to PPy), indicate that
PEGDGE crosslinkers strongly influence the amorphous regions and the crystallinity with
increasing crosslinker MW and/or loading content.>*>* These observations are also consistent with
the shift of the crystal onset melting temperature towards lower values. Collectively, our results
show that by using polymeric crosslinkers, the morphology of semi-crystalline PP can be
successfully engineered, providing a pathway to control their mechanical performance. We would
like to note that previous studies of polyolefin vitrimers often focused on characterizing their
temperature- and strain-dependent viscoelastic responses for understanding the impact of dynamic
crosslinkers; yet the correlation between their crystalline morphology and material properties
remains underexplored. Since both the lamellae thickness and the degree of crystallinity are critical
for the mechanical properties of semi-crystalline polymers, one would anticipate a large influence
of the PEGDGE crosslinkers on the mechanical properties of resulting vitrimer materials, which
we will discuss in detail in the following section.
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Figure 6. Lorentz corrected SAXS plots of (a) PPy-200 and (b) PP,-1000 samples. PP, as a control
sample is also included

Another important feature from the SAXS patterns in Figure 6 and Figure S11 is the strong
upturn of the scattering intensity at the low ¢ region (< 0.06 nm™!), suggesting the presence of
features with sizes larger than 100 nm in all PPy. The nature of such features in our system could
arise from multiple mechanisms, such as large lamellae crystals of PP, phase separation between
PP and PEG, or high structural heterogeneity of crosslinked network. Given the leveling-off of the
scattering intensity at the low q region from neat PPy, it is unlikely that the low ¢ upturn of PPy is
from PP crystals. To examine another possibility of phase separation within PPy, polarized optical
microscopy (POM) was employed to study their morphologies. Figure 7 shows the optical images
of neat PP, (Figure 7 (a)), PP,-200-1.6 (Figure 7 (b)), and PPy-1000-1.6 (Figure 7(c)) at 100 °C.
These two compositions were selected as higher PEGDGE content could provide a greater
opportunity for phase separation to occur. Figure 7(a) shows the classical polycrystalline
morphology of PP, that fills the whole field of view. The bright and dark parts represent different
crystal orientations to the incoming polarized light. For PPy samples, both Figure 7 (b) and (c)
show significant phase separations between bright and dark regions, indicating the spatially
heterogeneous network structures. Moreover, while the crystalline domain of PP is observed, there
are no clear resolutions of the Maltese cross, suggesting the incorporation of PEG crosslinker
strongly influences the packaging of the crystal lamellae. Interestingly, cooling the sample of PP.-
1000-1.6 down to temperatures below the melting temperature of PEG, i.e. 30 °C or lower, does
not promote further crystallization in the dark region (Figure 7(d)), indicating a strong suppression
of PEG crystallization in PPy. We note that DSC measurements of PPy-1000-1.6 sample show
signatures of phase separation between PP and PEG segments as cold re-crystallization of PEG of
segment was occurred. Therefore, we believe that the upturn of scattering intensity at low ¢ region
1s associated with phase separation between PEG minority phase and PP matrix, creating PP-rich
and PEG-rich domains.
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Figure 7. Polarized optical microscopy images of (a) neat PPg at 100 °C, (b) PPy-200-1.6 vitrimer
at 100 °C, (c) PPy-1000-1.6 vitrimer at 100 °C, and (d) PPy-1000-1.6 vitrimer at 30 °C. The neat
PPy crystals cover the whole field of view. Strong structural heterogeneities were observed in the
morphologies (the bright region and the dark region) for PPy-200-1.6 and PPy-1000-1.6 vitrimers.

Scale bar: 20 pm

Moreover, WAXS results (Figure S12) indicate that for both PP,-200 and PP,-1000
samples, the crystallization of PP is well resolved and there is little evidence of the PEG
crystallization. This is consistent with the suppressed crystallinity of PEG in all vitrimers (the
highest PEG crystallinity is only at ~3 %, in PP-1000-1.6, according to DSC). Including PEGDGE
crosslinkers does not yield any new crystalline phases in the PP systems. Moreover, while the
characteristic peaks of PPy have identical 20 values compared to those of neat PP, they were
slightly narrow in PPy, indicating an increase in the average crystal size. Notably, the significantly
increased crystal size of PPy-200-0.8 can be attributed to the addition of a low amount PEG200
(~4 vol%); a small number of polymeric additives employed for promoting PP crystallization was
also observed in previous studies. -8

3.4. Mechanical properties of PP.

To quantify the impact of the polymeric crosslinkers on the viscoelastic properties and the
mechanical properties of the PPy, we performed linear viscoelastic measurements and tensile
deformation. Figure 8 presents the storage modulus, G', and loss modulus, G"', from SAOS
measurements of PPy at 100 °C, 130 °C, and 160 °C, while additional data was included in Figures
S13 and S14 to reveal more detailed temperature-responsive behaviors. At temperatures below
130°C,a G'~G" ~w?0 is observed with tand~0.1, indicating the solid-state response of PPy that
is typically observed in semi-crystalline polymers below their Tm. At temperatures above 130 °C,
a significant amount of PP lamellae melts and a sharp drop in elastic modulus was observed from
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108-107 Pa to 10°-10* Pa. In principle, one should be able to extract the molecular weight between
crosslinking points from the high-temperature (above the melting point) modulus plateau.
However, the phase separation between PEG and PP makes it challenging to perform quantitative
determinations since the soft domains can also lead to a modulus plateau.’® Assuming the plateau
modulus at high temperatures to purely from the elasticity of the network strands, a molecular
weight between crosslinking points (the lower bound) of ~11 kg/mol can be obtained by assuming
mass density p = 0.791 g/cm? and gel fraction of 40% of PP,,%° implying a combination of PEG
and PP in the network strands. While the crosslinking density and the molecular weight between
crosslinking points should also be able to quantify through swelling-based experiments, we note
that PPy samples can precipitate out upon cooling from high temperature (120 °C) swelling in
xylene, rendering it impractical to identify the crosslinking density of PP,. Additionally, the
average lamellar thickness is ~5 nm from the DSC that corresponds to 20 repeat units and much
smaller than the degree of polymerization of the parent polymer (~ 93 repeat units). The sizes of
network strands are thus much longer than the lamellar thickness.

Above the melting point, the linear viscoelastic spectra exhibit a modulus plateau in storage
moduli, G'(w), and a minimum in G"' (w). The appearance of the modulus plateau in G’ (w) above
T,y confirms the network formation from vitrimer synthesis. However, the lack of terminal modes
in these experiments (even at the highest temperature of 160 °C) prevents a clear quantification of
the exchange dynamics through rheology. Furthermore, the phase separation between the PP and
PEG further complicates the rheological behaviors of PPy due to the introduction of the long-lived
slow dynamics modes in the relaxation of soft domains (a leading characteristic of soft glassy
materials).>® Thus, it remains a challenge to extract the characteristics of the exchange dynamics
from the rheological measurements. Nevertheless, several other features are worth noting: (i) PP
vitrimers with a higher crystallinity have a higher modulus, supporting the origin of the high
modulus of PPy due to the PP crystals; (ii) a noticeable reduction of the modulus is observed for
the PP vitrimers when temperature was increased from 100 °C to 120 °C, indicating a softening of
the PP vitrimer upon heating. This could be due to the melting of thin lamellae of PP crystals (also
note that PPy has a relatively broad T, window in Figure 5); (iii) a strong modulus reduction with
increasing PEGDGE loading content is observed for both PPy-200 and PP,-1000; (iv) a very
interesting case appeared at 130 °C, where a modulus increase emerges at the low frequencies,
which is most likely due to the crystallization of PPy at 130 °C during the testing; (v) at
temperatures above 130 °C, there is not too much temperature dependence of the elastic modulus
for both PPy-200 and PP,-1000. The time-temperature superposition also fails at T > 130 °C. No
terminal region can be obtained at T = 160 °C or higher. All these features further confirm the soft
glassy features of the rheological spectra of PPy with long-lived slow modes.*® Note that the long-
lived slow dynamics modes often exhibit testing-time dependent properties, i.e. the aging, and
leads to the failure of time-temperature superposition.’! These characteristics are consistent with
the strong structural heterogeneity and the phase separation of PPy (Figure 7). Moreover, a nearly
complete stress relaxation (Figure S15) was observed after a step strain, implying the active
dynamic bond exchange in PPy.
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Figure 8. G’ (storage modulus, dashed), and G” (loss modulus, solid) for all PPy samples, at 100
°C, 130 °C, and 160 °C.

Tensile deformation is applied to examine the mechanical properties of these PP, samples
as shown in Figure 9. Importantly, PPy is too brittle to prepare a thin film at room temperature
(Figure 9(a)) due to their low MW and high crystallinity. As a result, the tensile properties of neat
PPg is not accessible. In contrast, both PPy-200 and PPy-1000 vitrimers can form uniform films for
tensile tests, suggesting a strong increase in the ductility of PPy. As shown in Figure 9(b) and (c¢),
the PPy-200 vitrimers remain mostly brittle and fail at a strain of ~ 5 %, while the PPy-1000 at
PEGDGE loadings of 1.2 and 1.6 can undergo strong plastic deformation, highlighting an
interesting influence of the MW of dynamic crosslinkers to the mechanical properties of PPy. The
brittle nature of PPy-200 vitrimers agrees with the general observations of poor mechanical
properties of PP vitrimers with small molecule dynamic crosslinkers. Furthermore, the elastic
modulus (determined from the stress ~ elongation curves) at room temperature decreases with
PEGDGE content in both PPy-200 and PP,-1000 vitrimers, where PP,-200 decreases from 410
MPa to 350 MPa in PP,-200-0.8 and PP,-200-1.2, respectively, and PP,-1000 decreases much
more, from 440 MPa (PPy-1000-0.8) down to 140 MPa (PPy-1000-1.6), which can be primarily
attributed to the reduction in crystallinity at a higher PEG loading. Meanwhile, the ultimate tensile
strength (UTS) increased significantly of the PPy-200 and PP,-1000 samples, where the UTS
increased from 5.8 MPa (PPy-200-0.8) up to 17.3 MPa (PPy-1000-0.8), likely due to the formation
of a stronger amorphous polymer network with higher MW polymer dynamics crosslinkers.
Notably, the maximum strain of PP,-1000 improves substantially with increasing PEGDGE
content, from ~8 % for PPy-1000-0.8 to ~37 % for PP,-1000-1.6, which is unusual for semi-
crystalline polymers. Moreover, we found that the fracture energy increases dramatically from
0.06 J/m? to 2.9 J/m? for PP,-200-0.8 and PP,-1000-1.6, respectively, representing an increase of
nearly 50-fold. Another nominal observation is the drastically different yielding response of the
PP,-1000-1.2 and PP,-1000-1.6 from that of the high molecular weight PP: no stress overshoot is
observed for both PPy-1000-1.2 and PPy-1000-1.6. Since the yielding of PP is typically due to the
tilting of lamellar chain folds through a slip of the crystalline planes,® the lack of stress overshoot
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and the weak yield stress could either be due to a reduced lamellae thickness or plastic deformation
of soft domains of the structural heterogeneous vitrimers. Comparing stress-strain behaviors
between PP,-200-1.6 and PP,-1000-1.2 further indicates that the substantially improved ductility
might correlate strongly with the gel structures, as these two samples had similar gel content, yet
distinct toughness and ultimate tensile strength of 0.2 J/m?®, and 8.6 MPa (PP,-200-1.6) and 2.9
J/m? and 12.7 MPa (PP,-1000-1.2). Additionally, the PPy-1000-1.6 was reprocessed three times
and the resulting mechanical properties as a function of recycling event are included in Figure
S16. Specifically, these materials maintained a consistent UTS as the material was reprocessed
three times, which were approximately 10 MPa, respectively. The elastic modulus was also slightly
increases after multiple reprocessing events, from 129.2 MPa after the first cycle to 136.2 MPa
after the third cycle. We also found that both PPy-1000-1.6 and PP,-200-1.6 exhibit strong stress
relaxation after an applied step strain at 165 °C, as shown in Figure S15, which is consistent with
their reversible crosslinking nature. Notably, while the physical blending of PP, and PEG1000 at
a 1.2 ratio leads to similar semicrystalline morphologies, the resulting film was brittle at room
temperature (this material cannot form a uniform film and therefore mechanical data is not
accessible), similar to PP, further highlighting the necessity of dynamic crosslinking to strengthen
PP, properties (Figure S17). Collectively, these results demonstrate the strong influence of
polymeric crosslinkers on the gelation, morphology, and crystallization behaviors of low MW PPy,
enabling strong synergistic effects for their enhanced mechanical properties.*
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Figure 9. (a) Photo of PP, (left) and PPy-1000-0.8 (right) after melt pressing, showing PPy is too
fragile to remove from the mold. Stress-strain curves for (b) PPy-200 and (c) PPy-1000 samples
were performed at the strain rate of 0.01 mm/s. (d) Schematic illustration of microphase separation
of PEG and PP in vitirmers, as well as the how amorphous phase of semicrystalline PP can be
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strengthened using polymeric dynamic crosslinkers, where the crosslinker is represented in orange
and the dynamic crosslinking sites are shown as red stars.

3.5 Mechanism of the enhanced mechanical properties of PP..

The above in-depth characterization of the structural and thermal, viscoelastic, and
mechanical properties of PP, highlight the important roles of polymer dynamic crosslinkers, which
lead to significantly improved stretchability and toughness. While both PEG200 and PEG1000
give branching and network formation, the application of polymeric dynamic crosslinkers
distinguishes this work from previous efforts focusing on small molecule counterparts, with
several fundamental differences. Specifically, the use of PEG crosslinkers for polyolefin vitrimer
synthesis leads to phase separation between PP and PEG phases. The dispersion of the soft PEG
domains in PP matrix further toughens the obtained PPy, in analogy to rubber toughening
thermoplastics. In addition, the inclusion of polymeric crosslinkers can lead to strong modification
of the crystalline microstructures of PP. It is known that the crystal size affects the mechanical
properties in multiple ways. The lamellae thickness correlates the energy barrier for lamellar chain
tilting at deformation. The detailed analysis of DSC results show reduction in lamellar thickness,
which favors the yielding of the PPy. The inclusion of dynamic crosslinker PEG leads to much
smaller spherulites in the PPy that dispersed in the interconnected amorphous phase (Figure 7),
which also enhances the toughness and stretchability of the PPy.

Lastly, the inclusion of PEG changes the polymer network structures (amorphous region),
which is different from using small molecule crosslinkers: For small molecule crosslinkers, the
molecular weights, M,., between crosslinking points reduces progressively with increasing the

L . RT .

crosslinking degree (Figure 9d). As a result, the strength of the network, G = pM—, increases,® but
X

Nyl

the maximum network stretchability, 4,4, = peveaked N; /2 ~M;/ ? decreases, in which N, is the
X

degree of polymerization and [ is the average bond length. Thus, the stretchability and ductility
reduce upon the crosslinking reaction, an analogy to the well-known trade-off between modulus
and stretchability in the elastomer design.®* Note that when the polymer precursor has a low MW,
high crosslinking density is required to develop a strong network. This also explains why it is so
challenging to apply vitrimer chemistry to recycle low MW polyolefins. When polymer dynamic
crosslinkers are employed, the M,, between the crosslink points come from two different sources:
one is the PP strand between the reaction points along the PP backbone, and the other is the
polymer dynamic crosslinker that does not change with the degree of crosslinking (Figure 9d). As
a result, the average M, has a much higher lower-bound even at very high crosslinking density,
enabling both high strength and high stretchability of the formed network. Thus, the higher
molecular weight polymer dynamics crosslinker offers a much stronger amorphous network with
the simultaneous promotion of the modulus and high stretchability. The stronger amorphous
network, in turn, strengthens the interplay between the amorphous region and the crystalline
domain for improved ductility of the semi-crystalline polymers (Figure 9d). This explanation
agrees with the observed enhancement in stretchability and toughness of PPy-200 vitrimer than
PPg, and the much stronger ductility of PPy-1000 vitrimer than the PPy-200 vitrimer. It also agrees
with the systematic higher shear modulus of PPy-200 vitrimer than the PPy-1000 at temperatures
above their T,,. Thus, we attribute the combined effects of phase separation and the strong
modification of the network and crystalline structures for the observed strongly enhanced
mechanical properties of PPy.
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3.6. Extended value and life of PP, in recycling.

From the above results and discussions, significantly improved mechanical properties of
low MW PP (i.e., PP,) were demonstrated, enabled by its conversion to vitrimers through chemical
upcycling using polymeric crosslinkers. In this section, we demonstrate an immediate application
of the obtained PP, through their blending with PPy, (Figure 10(a)). Noteworthily, multiple states,
including California, Washington, Oregon, and New Jersey, have recently implemented the
mandated use of PCR in manufacturing new products. These requirements have started at levels
between 10-15 wt% and plan to increase up to 50 wt% by 2031,% requiring new design for the
strategic use of plastic waste-derived chemicals. In response to these government mandates and
policies, we studied the mechanical properties of commodity PPy blended with 15 wt% of PP,-
1000-1.6. The neat PPy and a blend of PPy with 15 wt% of PPy were also tested as references.
Figure 10(b, ¢) compares the tensile properties of these three samples. The neat PP, undergoes
normal yielding, strain softening, necking and necking propagation, and strain hardening before
the final fracture (the black line), while the PPn/PP, blend only shows yielding and strain softening,
and cannot undergo necking propagation. Specifically, PPw/PPg has a low elongation-at-break of
only ~50 %. From SAXS results (Figure S18b), it was found that the PPy/PP, blend can form two
types of lamellar crystals with a distinct long period, d, at 16 nm and 7 nm respectively. This result
can be used to explain why blending 15 wt% PP, can be very detrimental in waste recycling
systems, as they create defective sites due to insufficient amount of tie chains. As a comparison,
PPw/PP,-1000-1.6 showed comparable mechanical responses to neat PPy, including yielding,
necking, and even strain-hardening behaviors. The UTS was 26.3 MPa and 22.6 MPa for PP, and
PPw/PP,-1000-1.6, respectively, while the elongation for the materials decreased slightly from
1167 % for neat PPy to 1045 % for the PPn/PP,-1000-1.6 blend, suggesting their comparable
mechanical properties (Figure 10(c)). These results further confirm that PPy samples have the
necessary processability and properties for their extended use and lifetime. Interestingly, SAXS
measurements of neat PP, PPy/PPg blends (15 wt% PPy), and PPn/PPy blends (15 wt%) show no
signs of large-scale phase separation in these samples. In addition, the POM measurements (Figure
S19) show similar crystalline morphology of PP, and the PPn/PPy-1000-1.6 at isothermal
crystallization conditions at 125 °C. Noticeable heterogeneities in crystallization and crystal
growth are also absence. Thus, both the SAXS measurements and the POM measurements indicate
good dispersions of PPy-1000-1.6 in PPy and the significant role of PPy network for the toughening
of PPw/PPy blends. Therefore, our work demonstrates an important new system design, including
the conversion of PP, to PPy using polymeric crosslinkers and blending them into PPy, which could
provide a more sustainable solution for building up plastic circularity,’® while addressing the need
for remediating waste plastic by enabling their use as feedstock materials.
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Figure 10. (a) Alternative route for recycling low-quality PP in order to enable a closed-loop
material stream. (b) fractured tensile bars for PPy (black), PP/PPy-1000-1.6 (light green), and
PPw/PP, (dark green), and (c) Stress-strain curves and performed at 5 mm/min.

4. Conclusions

In this work, we have demonstrated a successful and scalable strategy to convert low MW
PP to vitrimers with substantially enhanced mechanical properties using polymeric dynamic
crosslinkers, which cannot be achieved through employing small molecule counterparts. In
particular, the polymeric crosslinkers can introduce soft domains to toughening the network, alter
the crystallinity and morphology of PP, and strengthen the network structures in a way that is
fundamentally different from their small molecule crosslinkers. As a result, the obtained new types
of PP vitrimers can have greatly improved thermal stability and mechanical properties than the
virgin low MW PP. To demonstrate the practical application of the obtained PPy as additives, we
further characterize the mechanical properties of PPn/PPy blends with up to 15 wt% PPy content,
which provides mechanical properties comparable to that of neat commodity PPy, including
toughness and elongation. These promising results thus demonstrate a working strategy towards
addressing low MW, “no-value” PP for establishing a circular economy for plastics. Since the
revealed molecular mechanisms are not limited to PP, we anticipate the reported strategy can be
generalized and broadly employed for polyolefin upcycling or other semi-crystalline polymers,
especially the low MW wastes, through incorporating polymeric dynamic crosslinkers. However,
we also would like to point out that the introduction of PEG into waste PP stream may not be
desired as it can create an additional layer of complexity for waste management. Nevertheless, the
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use of polymeric dynamic crosslinker for upcycling of polyolefin wastes should be further
investigated as a potential strategy to enable value-added products with controlled mechanical
properties. Future opportunities might exist to identify bio-degradable polymers as the crosslinkers
and understand the impact of crosslinker chemistry, composition and topology on controlling the
crystallization behaviors and mechanical properties of polyolefin vitrimers.
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Figure S1. Small amplitude oscillatory shear measurements of PPv-1000-1.6 at 80 °C for two
different gaps of 0.95 mm and 0.80 mm. The excellent agreement in the storage modulus, G', the
loss modulus, G", and the loss factor, tand, suggests the absence of shear detachment or wall slip
in the measurements.
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Figure S2. Force as a function of time during the epoxy-anhydride curing process as determined
by the sensors in microcompounder. Sample shown in the Figure is PPy-1000-1.2.
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Figure S3. Photos of extruded PP samples crosslinked by PEGDGE1000 at 1.6 with and without
the presence of Zn(acac), catalyst.
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Figure S4. FT-IR spectrum of PPy and PPy-200 vitrimers, at a selected wavenumber range
corresponding to the O-H stretching.
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Figure S5. Force as a function of time during the epoxy-anhydride curing process as determined
by the sensors in a microcompounder for samples PPy-200-1.6 (red) and PPy-1000-1.6 (blue).
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Figure S6. TGA curves in nitrogen for (a) PP,-200 vitrimers, (b) PP,-1000 vitrimers, and (c)
PEG200 (solid) and PEG1000 (dashed) at a heating rate of 10 °C/min.
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Figure S7. (a) T¢ and (b) Tm of PP (black circle), PPy-200 vitrimers (blue circles), and PP-1000
vitrimers (red squares) with varied crosslinker content.
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Figure S8. DSC curves for showing the a) cooling and b) heating steps of neat PEG200 (solid) and
PEG1000 (dashed) at a ramp rate of 10 °C/min.
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Figure S9. Degree of crystallinity in the PP domain for PP and PPy samples.
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Figure S10. Lamellar thickness distribution for PP,-200 (left) and PP,-1000 (right) samples.
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Figure S11. SAXS plot of a) PP,-200 and b) PP-1000 vitrimers.
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Figure S12. WAXS plot of a) PPy-200 and b) PPy-1000 samples, with labeled planes.
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Figure S13. Storage and loss modulii of PPy-200 (top row) and PP,-1000 (bottom row) vitrimers
every 10 degrees ranging from100 °C to 160 °C via SAOS measurements.
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Figure S14. Storage modulus across temperatures at 10 rad/s for a) PPv-200 and b) PPv-1000,
extracted from SAOS measurements.
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Figure S15. Stress relaxation after a step-strain of (a) PPy-200 vitrimers and (b) PPy-1000 vitrimers.
The strain is 5% and the strain rate is 0.01 s™. The testing temperature is 165 °C
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Figure S16: Mechanical properties of PP,-1000-1.6 after reprocessing three times via melt pressing
and then tensile testing, where (a) shows the stress strain curves and (b) shows the extracted
ultimate tensile strength (UTS) and modulus of the materials after reprocessing.
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Figure S17. (a) Photo of PPy/PEG900 blend after melt pressing, showing this blend is too fragile
to remove from the mold. (b) DSC thermogram of PPo/PEG900 blend showing the cooling (top)
and second heating (bottom) curves. (¢) Lorentz corrected SAXS plots of PP, (solid) and
PPy/PEG900 blend (dashed).
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Figure S18. X-ray scattering data for PPiw/PP blends, showing a) WAXS, and b) SAXS after
Lorentz-correction.
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Figure S19. polarized optical microscopy measurements of (a) PPy, (b) PPn/PP, blends (15 wt%
PPy), and (c) PPw/PPy blends (15 wt% PPy) under isothermal crystallization at 125 °C, where no
obvious phase separation were observed.

Polymer  Crosslinker [PEG)] Crosslinker Crosslinker Reaction Rez.lctlon
Name —_— content content temp. time

source type [MA]  (yolon) (Wt%) ©°C) (min)
PP, PP-g-MA . . . . . .
PP,-200-0.8 PP-¢MA  PEG200 0.8 4.1 5.0 150 10
PP,-200-12 PP-¢MA  PEG200 1.2 6.0 73 160 15
PP,-200-1.6 PP-¢MA  PEG200 1.6 7.8 9.5 160 20
PP.-1000-0.8 PP-gMA  PEG1000 0.8 16.9 20.7 150 15
PP.-1000-1.2 PP-g-MA  PEGI000 1.2 23.4 28.1 160 20
PP.-1000-1.6 PP-g-MA  PEGI000 1.6 29.0 343 160 20

Table S1. Sample names, composition ratios, and reaction conditions.

Sample Tm (°C) Xepp (%) L (nm) d (nm)
PP, 155.5 39.2 5.5 9.5
PPv-200-0.8 148.1 38.0 4.8 14.4
PPy-200-1.2 148.6 37.2 4.8 12.8
PPv-200-1.6 149.2 35.7 4.9 14.7
PPv-1000-0.8 148.4 38.7 4.8 12.5
PPv-1000-1.2 149.4 33.0 4.9 27.2
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PPy-1000-1.6 150.9 32.1 5.0 294

Table S2. Melting temperature and crystallinity of PP domain (via DSC) used for characterizing
the structure of PP; and PPy through lamellar thickness and long period.

Experimental Section for determining viscosity average molecular weight of PPy,

“PP samples were dissolved in decalin at 150 °C before being transferred to a D963 Ubbelohde
viscosity capillary tube submerged in an oil bath set at 135 °C. Once transferred, samples were
allowed to equilibrate at 135 °C before elution times were recorded. Four concentrations were
prepared, ranging from 0.00025 to 0.001 g/ml. Once the elution times were recorded and the
specific viscosity was determined, intrinsic viscosity was calculated based on the y-intercept value
of the reduced viscosity vs. concentration plot, as based on the equation below:

(7] = lim 2

c-0 C

where [n] represents the intrinsic viscosity, 7s, represents specific viscosity, ¢ represents
concentration, and % represents reduced viscosity. The calculated intrinsic viscosity was then

utilized to calculate the viscosity average molecular weight (Mv) of the polypropylene sample,
employing the Mark-Houwink equation listed below:

In this equation [n] represents intrinsic viscosity, M represents viscosity average molecular weight,
and K and o are constants which are determined based on the solvent, polymer, and temperature
used. For the purposes of this experiment, the K and a constants were utilized from a reference
and were 0.00011 dl/g and 0.80, respectively. The Mv for the polypropylene employed was
calculated to be approximately 1.6 x 10> g/mol.”
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