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Phase separation and self-assembly in vitrimers: hierarchical morphology of molten and semi-crystalline polyethylene/dioxaborolane maleimide systems

Vitrimers -a class of polymer networks which are covalently crosslinked and insoluble like thermosets, but flow when heated like thermoplastics -contain dynamic links and/or crosslinks that undergo an associative exchange reaction. These dynamic crosslinks enable vitrimers to have interesting mechanical/rheological behavior, self-healing, adhesive, and shape memory properties.

We demonstrate that vitrimers can self-assemble into complex meso-and nanostructures when crosslinks and backbone monomers strongly interact. Vitrimers featuring polyethylene (PE) as the backbone and dioxaborolane maleimide as the crosslinkable moiety were studied in both the molten and semi-crystalline states. We observed that PE vitrimers macroscopically phase separated into dioxaborolane maleimide rich and poor regions, and characterized the extent of phase separation by optical transmission measurements. This phase separation can explain the relatively low insoluble fractions and overall crystallinities of PE vitrimers. Using synchrotronsourced small-angle X-ray scattering (SAXS), we discovered that PE vitrimers and their linear precursors micro-phase separated into hierarchical nanostructures. Fitting of the SAXS patterns to a scattering model strongly suggests that the nanostructures -which persist in both the melt and amorphous fraction of the semi-crystalline state -may be described as dioxaborolane maleimide rich aggregates packed in a mass fractal arrangement. These findings of hierarchical meso-and nanostructures point out that incompatibility effects between network components and resulting self-assembly must be considered for understanding behavior and the rational design of vitrimer materials.

Introduction

Thermoplastics and thermoplastic elastomers are soluble in good solvents and flow when heated above the glass or melting temperature. Thermosets and rubbers do not flow and are not soluble.

Vitrimers, a class of polymers introduced by Leibler and collaborators in 2011, flow when heated, but remain insoluble. [START_REF] Montarnal | Silica-Like Malleable Materials from Permanent Organic Networks[END_REF] Vitrimers are made of polymer networks which contain covalent crosslinks that undergo dynamic associative exchange reactions. The covalent crosslinks in a vitrimer maintain network connectivity at all times and temperatures. Unlike materials employing dissociative crosslinking mechanisms, [START_REF] Bowman | Covalent Adaptable Networks: Reversible Bond Structures Incorporated in Polymer Networks[END_REF] vitrimers cannot be completely dissolved -even in good solvents. [START_REF] Montarnal | Silica-Like Malleable Materials from Permanent Organic Networks[END_REF][START_REF] Smallenburg | Patchy Particle Model for Vitrimers[END_REF] Associative exchange reactions permit the network topology to fluctuate and the system to flow when stress is applied, and exchange reaction kinetics control the vitrimer relaxation dynamics and viscosity. [START_REF] Bowman | Covalent Adaptable Networks: Reversible Bond Structures Incorporated in Polymer Networks[END_REF][START_REF] Capelot | Metal-Catalyzed Transesterification for Healing and Assembling of Thermosets[END_REF][START_REF] Denissen | Permanent Organic Networks with Glasslike Fluidity[END_REF][START_REF] Capelot | Catalytic Control of the Vitrimer Glass Transition[END_REF] The initial reports of vitrimer systems focused on epoxy networks that reorganized via metal-catalyzed transesterification. [START_REF] Montarnal | Silica-Like Malleable Materials from Permanent Organic Networks[END_REF][START_REF] Capelot | Metal-Catalyzed Transesterification for Healing and Assembling of Thermosets[END_REF][START_REF] Capelot | Catalytic Control of the Vitrimer Glass Transition[END_REF] Today, the library of dynamic exchange reactions has expanded to include chemistries that are catalytically-controlled (olefin metathesis and transcarbonation) [START_REF] Lu | Making Insoluble Polymer Networks Malleable via Olefin Metathesis[END_REF][START_REF] Snyder | Reprocessable Acid-Degradable Polycarbonate Vitrimers[END_REF] or catalyst-free (transamination, [START_REF] Denissen | Urethane Vitrimers[END_REF][START_REF] Denissen | Chemical Control of the Viscoelastic Properties of Vinylogous Urethane Vitrimers[END_REF][START_REF] Stukenbroeker | Polydimethylsiloxane Quenchable Vitrimers[END_REF] trans-N-alkylation, [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF][START_REF] Obadia | Tuning the Viscosity Profile of Ionic Vitrimers Incorporating 1,2,3-Triazolium Cross-Links[END_REF] reversible addition of thiols, [START_REF] Ishibashi | Vitrimeric Silicone Elastomers Enabled by Dynamic Meldrum's Acid-Derived Cross-Links[END_REF] imine exchange, [START_REF] Taynton | Heat-or Water-Driven Malleability in a Highly Recyclable Covalent Network Polymer[END_REF][START_REF] Geng | Vanillin-Based Polyschiff Vitrimers: Reprocessability and Chemical Recyclability[END_REF] addition-fragmentation chain transfer, [START_REF] Scott | Photoinduced Plasticity in Cross-Linked Polymers[END_REF][START_REF] Kloxin | Stress Relaxation via Addition-Fragmentation Chain Transfer in a Thiol-Ene Photopolymerization[END_REF] boronic esterification, [START_REF] Cromwell | Malleable and Self-Healing Covalent Polymer Networks through Tunable Dynamic Boronic Ester Bonds[END_REF][START_REF] Cash | Room-Temperature Self-Healing Polymers Based on Dynamic-Covalent Boronic Esters[END_REF][START_REF] Cash | Maximizing the Symbiosis of Static and Dynamic Bonds in Self-Healing Boronic Ester Networks[END_REF] boroxine exchange, [START_REF] Ogden | Recyclable, Strong, and Highly Malleable Thermosets Based on Boroxine Networks[END_REF] and dioxaborolane metathesis). [START_REF] Röttger | High-Performance Vitrimers from Commodity Thermoplastics through Dioxaborolane Metathesis[END_REF] Judicious choice of the exchange reaction offers an avenue for tuning vitrimer mechanical/rheological properties, selfhealing and adhesion ability, and shape memory properties. [START_REF] Denissen | Permanent Organic Networks with Glasslike Fluidity[END_REF][START_REF] Capelot | Catalytic Control of the Vitrimer Glass Transition[END_REF][START_REF] Röttger | High-Performance Vitrimers from Commodity Thermoplastics through Dioxaborolane Metathesis[END_REF][START_REF] Pei | Regional Shape Control of Strategically Assembled Multishape Memory Vitrimers[END_REF][START_REF] Altuna | Shape Memory Epoxy Vitrimers Based on DGEBA Crosslinked with Dicarboxylic Acids and Their Blends with Citric Acid[END_REF][START_REF] Ma | Bio-Based Epoxy Vitrimers: Reprocessibility, Controllable Shape Memory, and Degradability[END_REF] Theoretical models have been developed to clarify the relationship between the exchange reaction kinetics and resulting vitrimer material characteristics. [START_REF] Long | Modeling the Mechanics of Covalently Adaptable Polymer Networks with Temperature-Dependent Bond Exchange Reactions[END_REF][START_REF] Meng | Stress Relaxation, Dynamics, and Plasticity of Transient Polymer Networks[END_REF][START_REF] Meng | Transient Network at Large Deformations: Elastic-Plastic Transition and Necking Instability[END_REF][START_REF] Rovigatti | Self-Dynamics and Collective Swap-Driven Dynamics in a Particle Model for Vitrimers[END_REF][START_REF] Ciarella | Dynamics of Vitrimers: Defects as a Highway to Stress Relaxation[END_REF][START_REF] Altuna | Epoxy Vitrimers: The Effect of Transesterification Reactions on the Network Structure[END_REF] While much of the vitrimer literature focuses on optimizing exchange reactions, diversifying polymer backbones, and applications, [START_REF] Pei | Mouldable Liquid-Crystalline Elastomer Actuators with Exchangeable Covalent Bonds[END_REF][START_REF] Yang | Carbon Nanotube-Vitrimer Composite for Facile and Efficient Photo-Welding of Epoxy[END_REF]35,[START_REF] Chabert | Multiple Welding of Long Fiber Epoxy Vitrimer Composites[END_REF][START_REF] Ruiz De Luzuriaga | Transient Mechanochromism in Epoxy Vitrimer Composites Containing Aromatic Disulfide Crosslinks[END_REF][START_REF] Lyon | Remoldable Thiol-Ene Vitrimers for Photopatterning and Nanoimprint Lithography[END_REF][START_REF] Chen | Multi-Stimuli Responsive and Multi-Functional Oligoaniline-Modified Vitrimers[END_REF][START_REF] Tang | Mechanically Strong, and Adaptive Elastomers Enabled by Interfacial Exchangeable Bonds[END_REF][START_REF] Zhou | Poly(Butylene Terephthalate)/Glycerol-Based Vitrimers via Solid-State Polymerization[END_REF][START_REF] Demongeot | Cross-Linking of Poly(Butylene Terephthalate) by Reactive Extrusion Using Zn(II) Epoxy-Vitrimer Chemistry[END_REF][START_REF] Denissen | Vinylogous Urea Vitrimers and Their Application in Fiber Reinforced Composites[END_REF][START_REF] Zhou | In Situ Network Formation in PBT Vitrimers via Processing-Induced Deprotection Chemistry[END_REF][START_REF] Tran | Formation of Cross-Linked Films from Immiscible Precursors through Sintering of Vitrimer Nanoparticles[END_REF][START_REF] Han | Poly(Methyl Methacrylate)-Epoxy Vitrimer Composites[END_REF][START_REF] Self | Brønsted-Acid-Catalyzed Exchange in Polyester Dynamic Covalent Networks[END_REF][START_REF] Mcbride | A Readily Programmable, Fully Reversible Shape-Switching Material[END_REF][START_REF] Guerre | Fluorinated Vitrimer Elastomers with a Dual Temperature Response[END_REF] less attention has been directed towards exploring incompatibility effects. This question should be particularly important in vitrimer systems, for example, in which the crosslink functional groups and network strands have very different polarizabilities. Here, we show that network element interactions can lead to hierarchical organization of vitrimers at nano-and mesoscopic length scales through micro-phase self-assembly and macroscopic phase separation. Accounting for and taking advantage of such structuring is crucial for understanding vitrimer properties and for applications.

Interactions between functional groups and the polymer backbone induce micro-phase separation in many functional polymers. For polyolefins with grafts incompatible with the backbone monomers, micro-phase separation and formation of interesting nanostructures have been reported. [START_REF] Van Duin | Grafting of Polyolefins with Maleic Anhydride: Alchemy or Technology?[END_REF][START_REF] Pernot | Design and Properties of Co-Continuous Nanostructured Polymers by Reactive Blending[END_REF][START_REF] Ruzette | Block Copolymers in Tomorrow's Plastics[END_REF][START_REF] Van Der Mee | Structure, and Properties of Ionic Thermoplastic Elastomers Based on Maleated Ethylene/Propylene Copolymers[END_REF] In ionomer systems, where the polymer possesses a small fraction of ionic groups, strong dipole-dipole interactions between ion pairs and dielectric contrast between ion pairs and the polymer backbone drive the formation of clusters. [START_REF] Register | Effect of Ionic Aggregation on Ionomer Chain Dimensions. 1. Telechelic Polystyrenes[END_REF][START_REF] Eisenberg | Introduction to Ionomers[END_REF][START_REF] Seitz | Nanoscale Morphology in Precisely Sequenced Poly(Ethylene-Co-Acrylic Acid) Zinc Ionomers[END_REF][START_REF] Chen | Viscoelasticity of Entangled Random Polystyrene Ionomers[END_REF][START_REF] Enokida | Progression of the Morphology in Random Ionomers Containing Bulky Ammonium Counterions[END_REF] For supramolecular polymers, which have side-or end-groups engaged in non-covalent bonding, the combination of directional interactions and dispersion forces can spur the formation of aggregates or long-ranged ordered structures. [START_REF] Hilger | Molecular Origin of Supramolecular Self-Assembling in Statistical Copolymers[END_REF][START_REF] Müller | Junction Dynamics in Telechelic Hydrogen Bonded Polyisobutylene Networks[END_REF]6162,[START_REF] Lei | Effects of Component Molecular Weight on the Viscoelastic Properties of Thermoreversible Supramolecular Ion Gels via Hydrogen Bonding[END_REF][START_REF] Herbst | Dynamic Supramolecular Poly(Isobutylene)s for Self-Healing Materials[END_REF][START_REF] Lacombe | Structural and Mechanical Properties of Supramolecular Polyethylenes[END_REF] For thermo-reversible covalent networks, van Duin and collaborators recently unveiled micro-phase separation in ethylene/propylene rubbers crosslinked with a dissociative Diels-Alder chemistry. [START_REF] Polgar | Effect of Rubber Polarity on Cluster Formation in Rubbers Cross-Linked with Diels-Alder Chemistry[END_REF] In polymer covalent networks, macroscopic phase separation can also occur as a result of entropic effects. Indeed, when the crosslink density is sufficiently high, the presence of even good solvent may cause the network to undergo a syneresis. [START_REF] De Gennes | Scaling Concepts in Polymer Physics[END_REF] Smallenburg et al. predicted that similar entropically driven phase separation into a swollen network and a dilute solution of branched clusters also occurs in dynamic vitrimer systems in the presence of solvent. [START_REF] Smallenburg | Patchy Particle Model for Vitrimers[END_REF] In bulk molten networks, chains that do not carry crosslinkable groups act as a macromolecular solvent, and phase separation could result from entropic effects -even if all components in the system are compatible.

This work shows the meso-and nanostructure of a catalyst-free vitrimer system with an enthalpically incompatible polymer backbone/crosslink moiety pair. Polyethylene (PE), a semicrystalline polyolefin, was used as the model polymer because its strong apolarity makes it immiscible with most compounds. Following the method introduced by Röttger et al., [START_REF] Röttger | High-Performance Vitrimers from Commodity Thermoplastics through Dioxaborolane Metathesis[END_REF] the polymer was converted to a vitrimer using a two-step process. Dioxaborolane maleimide was first grafted onto the PE backbone, and subsequently crosslinked by the addition of bis-dioxaborolane (see Scheme 1). The crosslinks connecting the PE chains may rearrange via a dioxaborolane metathesis exchange reaction. [START_REF] Röttger | High-Performance Vitrimers from Commodity Thermoplastics through Dioxaborolane Metathesis[END_REF] Multi-scale characterization by optical tools, calorimetry, and synchrotron-sourced X-ray scattering revealed that these PE vitrimers undergo complex selfassembly in both the molten and semi-crystalline state. At micron length scales, PE vitrimers macro-phase separate to form a graft-rich percolating network and graft-poor domains. At the nanoscale, enthalpic incompatibility between the PE backbone and grafts induces hierarchical micro-phase separation. The meso-and nanostructures of PE vitrimers are compared with selfassembled structures seen for other associating polymer systems, and the implications of these discoveries are discussed. Scheme 1. Synthetic schemes for graft-functionalized PE and PE vitrimer.

Experimental section

Materials. High-density polyethylene (PE, melt index 2.2 g/10 min at 190 °C for 2.16 kg) was purchased from Sigma-Aldrich. Tetrahydrofuran, ethanol, hexane, and xylene were purchased from Carlo Erba Reagents; furan, (±)3-amino-1,2-propanediol, and magnesium sulfate were purchased from Alfa Aesar; 1,2-propanediol and ethyl acetate were purchased from Sigma-Aldrich; phenylboronic acid was purchased from TCI Chemicals; benzene-1,4-diboronic acid was purchased from Activate Scientific.

Synthesis of graft-functionalized polyethylene and polyethylene vitrimer. 1-[(2-phenyl-1,3,2dioxaborolan-4-yl)methyl]-1H-pyrrole-2,5-dione (i.e., dioxaborolane maleimide) and 2,2'-(1,4phenylene)-bis[4-methyl-1,3,2-dioxaborolane] (i.e., bis-dioxaborolane crosslinker) were prepared according to previously reported schemes. [START_REF] Röttger | High-Performance Vitrimers from Commodity Thermoplastics through Dioxaborolane Metathesis[END_REF] Graft-functionalized PE (PE-g) and PE vitrimer (PEv) were synthesized using reactive mixing followed by extrusion. Functionalization and dynamic crosslinking of PE were conducted using a DSM Explore batch twin-screw extruder (capacity of 5 cm 3 ) with a co-rotating conical screw profile and a recirculation channel. The synthesis was based on the procedure reported by Röttger et al. (see Scheme 1). [START_REF] Röttger | High-Performance Vitrimers from Commodity Thermoplastics through Dioxaborolane Metathesis[END_REF] Table 1 lists the sample names, targeted graft densities, measured graft densities, and measured crosslink densities. To prepare PEg-4 and PE-g-6, PE, dioxaborolane maleimide, and dicumyl peroxide were first mixed in polypropylene bottles. The masses of PE and dicumyl peroxide were fixed to be 2.75 and 0.0014 g, respectively, while the amount of dioxaborolane maleimide was varied to target different graft densities. The mixture was fed into the extruder, which was pre-heated to a barrel temperature of 170 °C and operating at a screw speed of 100 rpm. After a residence time of 8 min, the polymer was released from the extruder. To prepare PE-g-8 and PE-g-12, the PE in the feed reagent mixture was replaced with PE-g-4 and PE-g-6, respectively. All other steps were the same as previously described. To prepare PE-v samples, the aforementioned functionalization step was performed, except the polymer was not released after a residence time of 8 min. Instead, at that time bisdioxaborolane crosslinker was charged into the extruder. For PE-v-4-0.5, PE-v-6-0.5, PE-v-8-0.5, and PE-v-12-0.5, excess crosslinker was administered to fully saturate the graft moieties with crosslinker. For PE-v-12-0.3 and PE-v-12-0.2, deficient amounts of crosslinker relative to the graft moieties were fed into the extruder. After an additional residence time of 6 min, the obtained PEv sample was released from the extruder. Contrary to Röttger et al., each sample was washed in dry acetone under reflux conditions at 60 °C to remove residual crosslinker and small molecules. PE and PE-g samples were washed for 24 hrs, while PE-v samples were washed for 120 hrs.

Afterwards, each sample was dried under reduced pressure at 140 °C for at least 12 hrs. For comparison, peroxide crosslinked PE was also prepared (see Supporting Information). respectively. The dioxaborolane maleimide graft exhibited a C=O stretching peak at 1710 cm -1 , and aromatic C=C stretching peaks at 1600 and 1500 cm -1 . The bis-dioxaborolane crosslinker exhibited an aromatic C=C stretching signal at 1517 cm -1 . [START_REF] Faniran | Infrared Spectra of Phenylboronic Acid (Normal and Deuterated) and Diphenyl Phenylboronate[END_REF] The measured FTIR spectra were decomposed by fitting each characteristic peak to a skewed Gaussian function. The average graft and crosslink densities were quantified using the Beer-Lambert law. For the attenuated total reflection cell, the IR wave penetration depth into the sample (! " ) is nearly a linear function of the wavenumber. [START_REF] Averett | Effective Path Length in Attenuated Total Reflection Spectroscopy[END_REF] Using this approximation and assuming molar absorption coefficients determined from solution are valid in the bulk, the PE-g and PE-v compositions were quantified using Equations 1-3:
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where # 7 is molar concentration of component <, , = is the area of the peak at wavenumber >, 1 = is the absorption coefficient of the peak at wavenumber >, and 2 = is wavenumber >. 1 -.-/ , 1 -:-. , and Optical transmission measurements. Transmission measurements were made using a custom-built setup based on previously reported experiments (see Figure S3 for the instrument schematic). [START_REF] Habersberger | Fluctuation Effects in Symmetric Diblock Copolymer-Homopolymer Ternary Mixtures near the Lamellar-Disorder Transition[END_REF] A piece of PE, PE-g, or PE-v sample was placed in the middle of a 1 or 0.3 mm thick Teflon™ spacer ring, sandwiched between two glass microscope slides, and put inside a Mettler FP82 hot stage. A 4 kg weight was placed on the heating stage door to compress the sample and improve optical contact between the sample and glass microscope slides. After the sample was annealed at 160 °C for 15 min, a 50 mW HeNe laser beam (wavelength 633 nm) was impinged on the sample, and a lens located downfield from the sample focused the transmitted beam onto a photodiode detector.

Automated temperature control and data collection were achieved using a Mettler FP80 central processor. The transmitted intensity through the sample, A ( , was taken as an average of the recorded intensity over a 5 min period. A / , the incident intensity, was taken to be equal to the transmitted intensity through the empty sample holder. The sample turbidity was determined using Equation S1.

Differential scanning calorimetry (DSC). DSC was run using a TA Instruments Discovery DSC.

6-7 mg of sample was placed inside a Tzero aluminum pan with a standard lid. Under a nitrogen gas flow of 50 mL/min, each sample was first heated from 0-200 °C, then cooled to 0 °C, and finally reheated to 200 °C. All heating and cooling rates had a magnitude of 10 °C/min. The crystallization temperature (Tc) was determined from the first cooling trace, while the melting temperature (Tm) and enthalpy of melting (DHm) were measured from the second heating trace. All compounds were examined by DSC in triplicate.

Synchrotron-sourced small-angle X-ray scattering (SAXS). Samples for SAXS measurements were prepared using custom-made aluminum washers (OD: 13 mm, ID: 4 mm, and thickness: 1 mm). First, one side of the washer was sealed with 25 µm thick Kapton film. 100 µm thick Kapton film and Kapton adhesive tape were placed on the outer edges of the thinner Kapton film to provide mechanical support and adhere the film, respectively. 30 mg of PE, PE-g, PE-v, or insoluble portion of PE-v sample were placed inside the washer opening and compression molded at 150 °C.

SAXS samples were annealed under reduced pressure for 12 hrs at 140 °C to remove air bubbles.

Excess sample was removed using a razor blade, and the open side of the washer was sealed using another layer of 25 µm thick Kapton film. X-ray scattering measurements were conducted at beamline SWING at the SOLEIL Synchrotron Source (Saint-Aubin, FR; range of wavevector B: SAXS patterns at the different sample-to-detector distances were merged using the SAXSutilities software package, [START_REF]On-line processing and analysis of SAXS data[END_REF] and subsequently analyzed using custom-made MATLAB (version R2017b)

0.02-2 nm -1 )
scripts. The background removal procedure and experimental details for the DND-CAT and SWING beamline measurements are detailed in the Supporting Information.

Results

Composition of dioxaborolane maleimide-grafted PE and PE vitrimer.

The samples featured in this work are labeled as PE-g-α and PE-v-α-β, where α is the targeted molar ratio multiplied by 1000 of the dioxaborolane maleimide graft to the ethylene monomer, and β is the targeted molar ratio of the bis-dioxaborolane crosslinker to the graft. Actual values, somewhat different from the targets, are gathered in Table 1. The graft and crosslink density of the samples were quantified using FTIR spectroscopy. Figure 1 displays FTIR spectra of PE, PE-g-4, and PE-v-4-0.5. The region between wavenumbers 1750-1420 cm -1 is isolated for quantification because it features characteristic signals. The neat PE spectrum exhibits a CH2 scissoring peak (representing the polymer backbone) and a CH3 scissoring peak (reflecting the presence of branching in the chains).

In addition to the polyolefin peaks, the PE-g-4 spectrum has a distinct C=O stretch signal at 1710 cm -1 that originates from the maleimide segment of the graft. The phenyl ring of the graft produces two weak aromatic C=C peaks at 1600 and 1500 cm -1 . The PE-v-4-0.5 spectrum has the same C=O stretch signal as the precursor, but it only displays a single aromatic C=C peak at 1517 cm -1 -this absorption is related to the crosslinker. Disappearance of the graft aromatic ring signals hints that all of the PE-v-4-0.5 grafts are saturated with crosslinker. In contrast, PE-v-12-0.3 and PE-v-12-0.2 exhibit all three aromatic signals (Figure S4). After decomposing the spectra to isolate the characteristic peaks (Figure S5), the graft and crosslink densities of each sample were quantified using Equations 1-3. The measured graft and crosslink densities for PE-g and PE-v samples are listed in Table 1. Vitrimers PE-v-4-0. Macro-phase separation in the melt state. FTIR reveals the global average composition of PE-g and PE-v. However, the distribution of grafts and crosslinks among PE chains can be non-uniform.

First, the molar mass distribution of the neat PE is broad (Figure 2). This large dispersity causes the distribution of the number of grafts per PE chain to also be broad, even if the grafting is statistical (Figure S6). In this ensemble, many PE chains do not have any grafts and cannot participate in the building of a network. Second, PE and dioxaborolane maleimide are strongly interacting. It is well documented that in such a situation the grafting may be non-random. [START_REF] Van Duin | Grafting of Polyolefins with Maleic Anhydride: Alchemy or Technology?[END_REF] More importantly, macroscopic phase separation in the molten state can occur. Figure 3 shows that a molten blend of PE and 12 wt% of dioxaborolane maleimide is turbid. Such phase separation and, more generally, ingredient incompatibility affects grafting during reactive mixing. To detect and quantify possible macro-phase separation above the melting temperature of PE-g and PE-v (i.e., when crystallization is turned off), we used a suite of optical tools. Visual inspection showed that unlike the neat polymer, molten PE-g and PE-v were turbid (Figure 4A), indicating bulk phase separation. Quantitatively, optical transmission measurements suggest the turbidity, which is normalized by sample thickness, arises from both bulk and surface scattering.

Decreasing the sample thickness from 1 mm to 0.3 mm causes turbidity to rise, hinting that some turbidity comes from surface roughness (Figure 4B). Optical phase contrast microscopy confirms that PE-g and PE-v have rough surfaces (Figure S7). For optical turbidity measurements, the contribution from the bulk is better measured on 1 mm thick samples. At a constant thickness of 1 mm, the turbidity for both PE-g and PE-v increases as the grafting density increases (Figure 4C), thus demonstrating that grafting causes the system to macro-phase separate. Macro-phase separation also causes PE-v materials to achieve relatively high soluble fractions. Figure 5 compares experimentally measured and expected soluble fraction values for PE-v materials with varying crosslink density. The solid curve, which is the estimated weight fraction of chains with 0 grafts (as calculated using Equation S2), represents the minimum possible soluble fraction for a system with statistically distributed non-dynamic crosslinks and the molecular weight distribution of the neat PE. The measured soluble fractions, however, are significantly higher than the lower-bound. This discrepancy arises because the soluble portion of the vitrimer not only contains chains with 0 grafts, but also chains with a small amount of grafts.

As shown in Figure 6 and Table 2, the soluble portion of PE-v-4-0.5 shows a C=O stretch signal whose integration corresponds to a graft density of 1.2 ± 0.1 grafts per 1000 ethylene units.

Conversely, the insoluble portion of vitrimer exhibits a C=O stretch peak that correlates to 8.5 ± 0.2 grafts per 1000 ethylene units. The insoluble materials of the other PE-v samples are also richer in graft than their initial vitrimers (Table 2). The measured graft densities for the insoluble portion of PE-v-4-0.5 and the corresponding soluble portion satisfy the material balance with the initial vitrimer. Turbidity measurements and optical phase contrast microscopy of the insoluble portion of PE-v samples may be seen in Figure S8. Unlike the PE-g and PE-v samples, the turbidity of the insoluble portion of PE-v is not linearly proportional to the graft density. Furthermore, while the surface of the insoluble portion still retains a rugged topography, the feature sizes are smaller. 

Sample Insoluble fraction [wt%] [Graft]/[Ethylene]

× 10 3

[Crosslinker]/[Graft]

Insoluble portion of PE-v-4-0. As mentioned previously, the expulsion of graft-poor chains from the percolating vitrimer network is propelled by not only PE/dioxaborolane maleimide incompatibility, but also entropy.

In the case of the PE-v melt, the soluble portion acts as a macromolecular solvent that swells the vitrimer.

Macro-phase separation in the semi-crystalline state. Modification of PE by grafting, copolymerization, or crosslinking generally leads to a lower overall crystallinity fraction, though the extent of that decrease depends on the chemistry. For example, grafting of maleic anhydride onto high-density PE causes minimal changes in crystallinity, while the addition of glycidyl methacrylate creates a moderate change. [START_REF] Martı Ńez | UV Sensitisation of Polyethylenes for Grafting of Maleic Anhydride[END_REF][START_REF] Cho | Grafting of Glycidyl Methacrylate onto High-Density Polyethylene with Reaction Time in the Batch Mixer[END_REF] For PE ionomers, neutralization of the pendant acid groups leads to large decreases in crystallinity and may cause a low temperature melting transition to appear. [START_REF] Marx | The Crystallinity of Ionomers[END_REF][START_REF] Baughman | Synthesis and Morphology of Well-Defined Poly(Ethylene-Co-Acrylic Acid) Copolymers[END_REF][START_REF] Jenkins | The Impact of Zinc Neutralization on the Structure and Dynamics of Precise Polyethylene Acrylic Acid Ionomers: A Solid-State 13 C NMR Study[END_REF][START_REF] Aitken | Precision Ionomers: Synthesis and Thermal/Mechanical Characterization[END_REF] For peroxide and radiation crosslinked PE, the crystallinity decreases as the crosslink density and, vicariously, the insoluble fraction increase. [START_REF] Kao | Crystallinity in Chemically Crosslinked Low Density Polyethylenes: 1. Structural and Fusion Studies[END_REF][START_REF] Venkatraman | Properties of Three Types of Crosslinked Polyethylene[END_REF][START_REF] Khonakdar | An Investigation of Chemical Crosslinking Effect on Properties of High-Density Polyethylene[END_REF] For PE-v, macro-phase separation significantly influences the relationship among the crystallinity, crosslink density, and the insoluble fraction. Micro-phase separation in the melt and semi-crystalline states. SAXS was used to probe the nanostructure of PE vitrimers because of the large scattering contrast between the backbone and graft. For an X-ray wavelength of 1 Å, PE and dioxaborolane maleimide have a calculated scattering contrast of 1 ×10 -7 nm -4 -6 times higher than the calculated scattering contrast between polystyrene and poly(methyl methacrylate). [START_REF]To estimate the X-ray scattering contrast[END_REF] At 160 °C (~30 °C above the PE melting temperature), both neat and peroxide crosslinked PE melts display SAXS scattering patterns characteristic of a homogeneous material (Figure S11). In striking contrast, molten PE-g, PE-v, and insoluble portion of PE-v SAXS patterns all feature a 2-shoulder scattering signature (Figures 8A,8B, and S12). The low-and high-B shoulders begin to descend at ~0.02 and ~0.2 nm -1 , respectively. The high-B scalings in the SAXS patterns (i.e., the slope of A vs. wavevector B in logarithmic axes) vary between -3 and -4, lower than the expected -2 scaling for scattering from a gel. 82,[START_REF] Panyukov | Polymer Gels: Frozen Inhomogeneities and Density Fluctuations[END_REF] These scalings, also inconsistent with scattering models for a statistical copolymer correlation hole, [START_REF] Fredrickson | Thermodynamics of Random Copolymer Melts[END_REF][START_REF] Fredrickson | Multicritical Phenomena and Microphase Ordering in Random Block Copolymers Melts[END_REF][START_REF] Kumaran | Critical Dynamics of Random Copolymer Melts[END_REF] suggest that the PE-g and PE-v nanostructures display sharp interfaces.

Remarkably, the initial and insoluble portion of PE-v patterns are almost identical; the insoluble materials just have higher intensity (Figures 8C andS13). S2). Polarized optical microscopy, however, reveals that PE-g and PE-v do not form spherulites (Figure S23). The analyses of the molten and semi-crystalline SAXS patterns demonstrate that vitrimers undergo complex nanoscale self-assembly. Inspired by studies of PE ionomers and other associating polymer systems, the SAXS patterns were hypothesized to be evidence of hierarchical micro-phase separation between the PE backbone and grafts. According to this hypothesis, the high-B shoulder represents scattering from graft-rich aggregates. Clustering of the grafts likely occurs to minimize the enthalpic penalty of PE/dioxaborolane maleimide dispersion interactions.

The aggregate may be described as a sphere with radius D 5"E , and the lack of oscillations in the patterns hints that the aggregates are polydisperse. PE strands fill the space between aggregates; they can form loops or connect different clusters. Regardless of the chain conformations, SAXS captures the amorphous PE phase as a matrix for the aggregates. The lack of a sharp Bragg peak in the SAXS patterns conveys that the aggregates are not densely packed, which contrasts the observations of PE ionomer systems. [START_REF] Seitz | Nanoscale Morphology in Precisely Sequenced Poly(Ethylene-Co-Acrylic Acid) Zinc Ionomers[END_REF] Instead, the low-B shoulder suggests that the aggregates assemble into an ill-defined fractal shape with fractal dimension F and length scale G.

To test the hypothesized hierarchical nanostructure, the PE-g, PE-v, and insoluble portion of PE-v SAXS patterns were fit to an aggregate-fractal scattering model. The model features H 5"E , the form factor of polydisperse spheres (Equations S8-S11), and I '%&3 , a mass fractal structure factor with functional form

I '%&3 = 1 + L '%&3 M sin[(F -1) tan W-(BG)] (F -1)BG(1 + B Y G Y ) (ZW-) Y ⁄ (5)
where B is the scattering vector, F is the fractal dimension, G is the fractal length scale, and L '%&3 M is an amplitude factor that describes the scattering contrast between the fractal components and the matrix. [START_REF] Helgeson | Homogeneous Percolation versus Arrested Phase Separation in Attractively-Driven Nanoemulsion Colloidal Gels[END_REF][START_REF] Malo De Molina | Heterogeneity and Its Influence on the Properties of Difunctional Poly(Ethylene Glycol) Hydrogels: Structure and Mechanics[END_REF] Because the low-and high-B shoulder onsets differ by at least an order of magnitude, the total scattering intensity was approximated to be the sum of scattering from the mass fractals and the individual aggregates:

A(B) = ∆]^H 5"E I '%&3 ≈ L 5"E H 5"E `B; D 5"E , de + L '%&3 sin[(F -1) tan W-(BG)] (F -1)BG(1 + B Y G Y ) (ZW-) Y ⁄ (6)
where D 5"E is the average aggregate radius, d is the aggregate radius standard deviation, and L 5"E and L '%&3 are the amplitude factors for scattering from an individual aggregate and mass fractal, respectively.

To minimize the number of free-floating parameters during the model fitting, two assumptions were made. First, the aggregate size was assumed to be less than or equal to the amorphous layer thickness of the semi-crystalline materials. This assumption relies on the observations that the nanostructure length scales were the same in both the melt and semicrystalline states, and that the grafts and crosslinks persist in the amorphous fraction. Presumably, formation of crystal lamellae pushes the aggregates into the amorphous layers (see Figure S24).

To be consistent with this physical picture, the upper bound for D 5"E should be half the measured amorphous layer thickness (i.e., 1.5-2.5 nm). The aggregate-fractal model also does not fit the data if D 5"E < 1.5 nm. Therefore, D 5"E was fixed to be 2 nm for all samples. Second, L 5"E was assumed to be linearly proportional to the graft density. The justification for this assumption stems from preliminary model fits to a 2-term Debye-Bueche scattering model (Figure S25 and Table S3), which revealed that the high-B shoulder scattering contribution was linearly proportional to grafting density. Increasing graft density likely increases the number of aggregate scatterers.

Invoking this assumption, preliminary free fits to the aggregate-scattering model were used to develop a calibration curve that enabled L 5"E to be calculated a priori (Figure S26). By limiting both D 5"E and L 5"E , the model fits were performed using only four free-floating parameters: d, L '%&3 , F, and G.

The aggregate-fractal scattering model describes the PE-g, PE-v, and insoluble portion of PE-v SAXS data very well (Figures 10A andS27). Figure S28A shows that the fitted values for d are essentially the same for all samples (~1.4 nm), but the estimated values for the fractal parameters hint at interesting structure relationships. L '%&3 and F seem to be sensitive to the reactive mixing and extrusion feed composition (Figures S28B andS28C). PE-g-8 and PE-v-8-0.5 have similar L '%&3 and F values as the feed PE-g-4 that was used for their synthesis. The same relationship exists among PE-g-12, PE-v-12-0.5, and the feed PE-g-6. This phenomenon may possibly be related to the distribution of the dioxaborolane maleimide grafts along the feed PE-g backbone. Lowering the ratio between crosslinker and graft also alters L '%&3 (Figure S29). As seen in Figure 10B, G is similar between a particular PE-g sample and its corresponding PE-v specimens (both initial and insoluble material). This length scale, which decreases as the precursor PE-g grafting density increases, ranges from 70-30 nm. Because the measured values are much larger than the radius of gyration for a single PE chain (~10 nm), G does not describe the distance between two aggregates. Instead, G is commensurate with the PE crystal lamellae dimensions. As revealed by the electron density correlation functions, the average lamella thickness is about 16 nm, while the lateral dimensions are likely larger. The resemblance between these length scales suggests that G is related to the crystallization of the PE backbone. Based on X-ray scattering analyses, unfavorable enthalpic interactions between PE and the dioxaborolane maleimide graft seem to drive PE-g and PE-v to self-assemble into hierarchical nanostructures. The discovery of these structures, which persist in both the molten and semicrystalline states, illustrates the rich polymer physics of vitrimer materials made of interacting strands and dynamic crosslinks. Macro-and micro-phase separation also occur in the semi-crystalline state. The DSC results suggest that the overall PE crystallinity differs between the crosslinked graft-rich and graftpoor phases. Remarkably, however, the crystallite dimensions (i.e., unit cell parameters, periodicity, and lamellae and amorphous layer thicknesses) in neat PE, PE-g, and PE-v are basically the same. This hints that crystallization of PE located between aggregates is more difficult, but crystallites that do form are just like the ones in regular PE. The lack of an effect likely stems from the relatively sparse graft densities of the samples. In molar terms, the grafting densities explored in this study are relatively low (< 2.5 mol%). Moreover, both aggregation and formation of fractal assemblies of aggregates leave large regions with no dioxaborolane maleimide. In these regions, PE can readily crystallize. The relatively little molar amounts of grafting in these samples, however, are enough to inhibit spherulite growth. The complete elimination of spherulites is also seen in PE ionomer systems, where clustering of the ions is thought to reduce the lateral lamellae dimensions and disturb the lathlike growth of spherulites. [START_REF] Longworth | Physical Structure of Ionomers[END_REF][START_REF] Macknight | The Structure and Properties of Ionomers[END_REF] A similar mechanism potentially occurs in the PE-g and PE-v materials. The similarity between the fractal length scale G and the PE crystallite dimensions suggests that crystallization also influences the aggregate packing. Overlap of the low-B region in the molten and semi-crystalline SAXS patterns shows that the G values of the two states are identical, hinting that the aggregate packing arrangement must be able to accommodate the growth of crystallites.

Discussion and conclusions

The time scale for relaxation of the aggregates into a more homogeneous packing is likely exceptionally long (>> 48 hrs). Many kinetic obstacles operate even in the molten state -e.g., enthalpic barrier of transporting a dioxaborolane maleimide moiety through a PE-rich region, exchange reactions occurring mostly within a single aggregate, and PE chain entanglements. Thus, memory effects of sample synthesis and preparation are expected to be difficult to erase by simple thermal annealing.

Additional studies are needed to elucidate the details of the nanostructure dimensions and dynamics, but the implication of the current findings is clear: self-assembly must be considered when designing vitrimer systems. Similar to block polymers and ionomers, micro-phase separation in vitrimers can be potentially exploited to enhance mechanical and rheological properties. Specifically, the melt dynamics could be optimized for a particular application or process by balancing the exchange reaction kinetics and crosslink association strength. Macro-phase separation may also be employed to aid in vitrimer processing. For instance, the astonishingly short stress relaxation times of PE vitrimers potentially result from the graft-poor macrophase acting as a lubricant for the graft-rich percolating network. 23 

Estimated graft distributions for PE-g and PE-v

The large molecular weight dispersity of the initial PE (Đ = 7.5, see Figure 2) causes the number of grafts per chain distribution to be broad. To estimate this distribution for each sample, a simple statistical model -which assumes dioxaborolane maleimide adds to the PE backbone in a random manner -was employed. S2 In this model, 0 is the degree of polymerization of the chain S8 and 0 1 is the number of grafts on the chain backbone. The number fraction of chains with 0 segments and 0 1 grafts, 2, may be described as the product of two separate distributions 2(0, 0 1 ) = 4(0) × 6(0, 0 1 ) = 4(0) 0! (0 -0 1 )! 0 1 ! 9 : ; (1 -9) :=: ; (S2) where 4 is the molecular weight distribution of all PE chains, and 6 is the 0 1 distribution for chains with length 0. 6 was estimated using the binomial distribution, where 9 is the average mole fraction of grafts. Because all chains encompassed by 4(0) have identical degrees of polymerization, the number and weight fractions of chains with different 0 1 are equivalent. 4 was determined using the high-temperature size-exclusion chromatography trace of the neat highdensity PE (see Figure 2). The calculated distributions from this model indicate that the PE-g samples not only have a wide graft number distribution, but also that they contain a considerable fraction of chains that have no grafts or well below the global average (Figures S6A-S6D). Figure S6E details the weight fraction of chains with 0 grafts for each sample. For PE-v, the nonfunctionalized chains are not incorporated into the network; they act as a diluent and can be a source of macroscopic phase separation. 

S9

S10

Phase contrast optical microscopy

Phase contrast optical microscopy was performed using a LEICA DMR DAS microscope equipped with a 10×/0.30 HC PL Fluotar objective lens. A 150 µm thick film of the sample was put between a glass microscope slide and glass coverslip, and then placed into a Linkam Scientific LTS350 heating stage. The sample was annealed at 160 °C for at least 5 minutes before phase contrast micrographs were recorded. Figure S7A shows that neat molten PE, a homogeneous material, has a uniform surface contrast. In contrast, peroxide crosslinked PE has a more heterogeneous surface contrast that is attributed to surface roughness (Figure S7B). PE-g-4 also displays heterogeneous surface contrast (Figures S7C). When dynamic crosslinker is added to the system, the surface morphology becomes strikingly different. As seen in Figure S7D, PE-v materials exhibit a rugged surface morphology with well-defined interfaces. This observation suggests that the combination of macro-phase separation and dynamic crosslinking causes vitrimers to undergo a syneresis-like phenomenon. The brighter regions are interpreted to be a graft-rich percolating network, while the darker regions are viewed as deficient in graft. S1 tabulates the > ? , > @ , and ∆B @ for all samples. where + is the SAXS pattern intensity, G is the regression slope, and I is the regression intercept.

S11

Differential scanning calorimetry data of PE, peroxide crosslinked PE, PE-g, PE-v, and insoluble portion of PE-v samples

S14

Figures S11B and S11C feature the background regression for the PE-g-4 SAXS pattern. The final SAXS pattern was produced by subtracting the calculated background contribution (Figure S11D).

To avoid the influence of background subtraction artifacts, only the region between 0.01 nm -1 ≤ C ≤ 1 nm -1 was used in subsequent SAXS pattern analyses. 

S18

Comparison of initial PE-v and insoluble portion of PE-v SAXS patterns

S22

Influence of annealing time and temperature on SAXS patterns

The nanostructure of molten PE-v-12-0.5 under varying conditions was examined using synchrotron-sourced SAXS at both beamline SWING at the SOLEIL Synchrotron Source (Saint-Aubin, FR) and the DND-CAT beamline 5-ID-D at the Advanced Photon Source in Argonne National Laboratory (Argonne, IL). For measurements performed at SWING, the sample-todetector distance was 6.1 m, the X-ray wavelength was 1.03 Å, and the 2D scattering patterns were collected by a Eiger 4M CCD detector. For experiments performed at DND-CAT, the sample-todetector distance was 8.5 m, the X-ray wavelength was 1.03 Å, and the 2D scattering patterns were collected by a Rayonix CCD area detector. To probe the influence of annealing time, PE-v-12-0.5

was initially heated at 160 °C for 5 min inside a Linkam hot stage placed in the X-ray beam path.

After collecting a SAXS pattern, the sample was removed from the hot stage and immediately placed onto a heating plate pre-heated to 160 °C. The sample was annealed on the heating plate for 48 hrs, and then immediately transferred into the hot stage pre-heated to 160 °C. The transfer time was less than 5 seconds. Figure S15A shows that despite the large difference between annealing times, the SAXS patterns collected at each time point were identical. S2 for peak indexing). From the WAXS patterns, the unit cell parameters J, I, and K were measured using the GSAS-II Crystallography software package. S6 The measured unit cell parameters are approximately the same for all samples (Figure S20), suggesting that the presence of the grafts and crosslinks -at the densities examined in this work -have minimal influence on the PE unit cell dimensions. 

PE crystallite dimensions quantification via electron density correlation function analysis

The dimensions of the PE crystallite lamellae may be quantified by converting the SAXS patterns of semi-crystalline PE, PE-g, and PE-v into electron density correlation functions. S7,S8,S9

For a two-phase system composed of isotropically distributed stacks of parallel lamellae, the intensity distribution, L(C), is described by

L(C) = 2N C O P Q O R exp(-iCP)W(P)XP Y =Y (S4)
where C is the scattering vector, P Q is the electron radius, P is the distance along the trajectory that is normal to the surface of a lamellae stack, and W(P) is the one-dimensional electron density correlation function. The inverse Fourier transform of Equation S4 gives

W(P) = 1 2N O P Q O R exp(iCP)C O L(C) XC Y =Y = 1 2N O P Q O R cos(CP) C O L(C) XC Y % (S5)

S31

If the two-phase layer system is not perfectly ordered (i.e., fluctuations of intercrystalline spacings, varying lamellae thicknesses, and diffuse interfaces), W(P) exhibits a characteristic shape that is similar to a damped sine wave. [START_REF] Lu | Making Insoluble Polymer Networks Malleable via Olefin Metathesis[END_REF] Various features of the characteristic shape correspond to the average amorphous layer thickness (/ ^) and the long period spacing (/ _ ). The average lamella thickness (/ ? ) is the difference between / _ and / ^.

The arbitrary intensity units of the SAXS patterns reported in this manuscript prevent direct calculation of W(P). Instead, each semi-crystalline PE-g, PE-v, and insoluble portion of PE-v SAXS pattern was converted into a non-absolute unit electron density correlation function, `(P), using the equation

`(P) = R cos(CP) C O +(C) XC Y % (S6)
where +(C) is the SAXS scattering pattern intensity in arbitrary units. Despite the use of arbitrary units, `(P) has the same characteristic shape and horizontal positioning as W(P), so determination / ^, / _ , and / ? is the same.

Figure S21A displays the estimated `(P) curves for neat PE. The curve peak corresponded to an / _ value of 21 ± 1 nm. / ^ was found by finding the intersection between the `(P) minimum and X`/XP, which is an extrapolation of the linear portion of the curve near P = 0. / ^ was estimated to be 4 ± 1 nm. Accordingly, / ? was 16 ± 2 nm. 

  , DND-CAT beamline 5-ID-D at the Advanced Photon Source in Argonne National Laboratory (Argonne, IL; B-range: 0.02-32 nm -1 ), and beamline ID-02 at the European Synchrotron Research Facility (Grenoble, FR; B-range: 0.002-37 nm -1 ). For experiments performed at ID-02, simultaneous SAXS and wide-angle X-ray scattering (WAXS) measurements were made at a sample-to-detector distance of 1 m, while only SAXS measurements were made at 3 and 31 m. The X-ray wavelength used at all sample-to-detector distances was 0. 997 Å. 2D SAXS and WAXS patterns were collected by Rayonix MX170-HS and LX170 CCD detectors, respectively. Samples were mounted inside a Mettler hot stage purged with dry nitrogen gas. At each sample-to-detector distance, SAXS patterns were first collected after annealing the sample at 160 °C for 5 min, and then after cooling the sample to 40 °C at a rate of -10 °C/min. The 2D SAXS patterns were integrated to create 1D intensity (arbitrary units) vs. wavevector B (nm -1 ) patterns.

  5, PE-v-6-0.5, PE-v-8-0.5, and PE-v-12-0.5 each have a 1:2 crosslinker-to-graft molar ratio, suggesting the dioxaborolane maleimide moieties in these materials are saturated with crosslinker. Conversely, the grafts in PE-v-12-0.3 and PE-v-12-0.2 are deficient in crosslinker.

Figure 1 .

 1 Figure 1. FTIR spectra of PE, PE-g-4, and PE-v-4-0.5. Characteristic signals of the PE backbone, graft, and crosslinker are highlighted.

Figure 2 .

 2 Figure 2. High-temperature size-exclusion chromatography trace of neat PE.

Figure 3 .

 3 Figure 3. Photo of molten PE and a blend of PE + 12 wt% of dioxaborolane maleimide (DM) at 160 °C. Samples were placed on metal coins to aid visualization. PE is transparent, while the blend is turbid.

Figure 4 .

 4 Figure 4. (A) Photo of molten PE, PE-g, and PE-v materials at 160 °C. Samples were placed on metal coins to aid visualization. PE is transparent, while PE-g-4 and PE-v-12-0.5 are opaque. (B) Measured turbidities (C) for the aforementioned specimens at different sample thicknesses. (C) Measured turbidities for 1 mm thick samples of PE, PE-g, and PE-v.

Figure 5 .

 5 Figure 5. Measured soluble fractions for PE-v samples. The solid curve is the calculated lowerbound limit, assuming a statistical distribution of non-dynamic crosslinks. Soluble fraction values for PE-v-4-0.5 and PE-v-12-0.2 overlap at 70 wt% of PE.

Figure 6 .Table 2 .

 62 Figure 6. Comparison of FTIR spectra for the initial PE-v-4-0.5, the insoluble portion of the vitrimer, and the soluble portion of the vitrimer.

Figure 7

 7 displays the normalized crystallinity of PE, PE-g, PE-v, and insoluble portion of PE-v samples. (FigureS9is the corresponding DSC traces, FigureS10displays the non-normalized crystallinities, and TableS1tabulates the crystallization temperature, melting point, and melting enthalpy). The normalized crystallinity of the PE-g samples is within error of the neat PE crystallinity, suggesting that grafting of the dioxaborolane maleimide has minimal effect on the PE crystallinity fraction. The PE-v data shows that the addition of crosslinker causes the crystallinity to decrease to ~ 65 wt% of PE, and removal of the soluble portion further reduces the crystallinity to 55 wt% of PE. The crystallinity of both the initial PE-v and insoluble portion of PE-v show a weak dependence on the crosslink density. At the same time, the normalized crystallinity is inversely proportional to the insoluble fraction. Similar to peroxide and radiation crosslinked PE,[START_REF] Venkatraman | Properties of Three Types of Crosslinked Polyethylene[END_REF] this trend hints that the chains incorporated in the vitrimer network and those in the soluble portion of the vitrimer may crystallize separately. The dynamic crosslinks possibly slow crystallization kinetics, leading to a lower crystallinity in the graft-rich network domain. Although further studies are needed to illuminate the mechanism of crystallization in vitrimer systems, the DSC data highlight that macro-phase separation affects the crystallinity of PE-g and PE-v materials.

Figure 7 .

 7 Figure 7. Normalized crystallinities of PE-g, PE-v, and insoluble portion of PE-v versus (A) crosslink density and (B) insoluble fraction.

  If the initial PE-v pattern is vertically shifted, it completely overlaps the insoluble portion of PE-v pattern (Figures 8D and S14), indicating that the length scales of the PE-v nanostructure are undisturbed by the removal of the soluble portion. Long-time annealing experiments and annealing at different temperatures well above the melting point show that the observed melt SAXS patterns can be stable for at least 48 hrs and are insensitive to temperature (Figures S15).

Figure 8 .

 8 Figure 8. Small-angle X-ray scattering patterns (SAXS) of (A) PE-g and (B) PE-v samples at 160 °C. (C) Comparison of SAXS patterns for initial and insoluble portion of PE-v-4-0.5 at 160 °C. (D) The initial PE-v-4-0.5 SAXS pattern is vertically shifted onto the insoluble portion of PE-v-4-0.5 SAXS pattern.

Figure 9 .

 9 Figure 9. (A) Comparison of SAXS patterns for various semi-crystalline PE, PE-g, and PE-v samples at 40 °C. (B) Comparison of PE-v-4-0.5 SAXS patterns at 40 and 160 °C. The 160 °C pattern was vertically shifted to show the overlap in the low-B shoulder region.

Figure 10 .

 10 Figure 10. (A) SAXS pattern of PE-g-4 fit to the aggregate-fractal scattering model. (B) Fractal length scale G for PE-g, PE-v, and insoluble portion of PE-v samples.

Figure 11

 11 Figure 11 presents a schematic of the proposed PE vitrimer morphology. At micron length scales, macroscopic phase separation into domains rich and poor in grafts/crosslinkers occurs.Consequently, all vitrimer samples investigated in this work were turbid at temperatures above the melting point. At the nanoscale, the grafts/crosslinks form small aggregates, as reflected by the high-B shoulder in the SAXS patterns. At low-B values, the SAXS patterns reveal that the aggregates assemble to form a fractal object ≥ 30 nm in size and with a fractal dimension between 2.5-3.0. Because grafted and/or dynamically crosslinked PE chains may possess several dioxaborolane maleimide units, a given chain can form a loop within a single aggregate or serve as a bridge between two aggregates.

Figure 11 .

 11 Figure 11. Schematic of proposed (A) meso-and (B) nanostructure of molten PE-g and PE-v materials. In (A), dark circles represent fractals. In (B), aggregates, PE chain bridges, and PE chain loops are shown. G is the fractal length scale.

Figure S5 .

 S5 Figure S5. Decomposed FTIR spectra for samples of (A) PE-g, (B) PE-v with varying graft density, and (C) PE-v with varying crosslink density. The PE-v-12-0.5 spectra in (B) and (C) are the same. The black, green, and brown fit lines correspond to signals from the PE backbone, dioxaborolane maleimide graft, and bis-dioxaborolane crosslinker, respectively. Spectra were shifted for clarity.

Figure S6 .

 S6 Figure S6. Estimated number of grafts per chain distribution for (A) PE-g-4, (B) PE-g-6, (C) PE-g-8, and (D) PE-g-12. (E) Estimated weight fraction of chains with 0 grafts for PE-g and PE-v samples.

Figure S7 .

 S7 Figure S7. Phase-contrast optical microscopy images of (A) neat PE, (B) peroxide crosslinked PE, (C) PE-g-4, and (D) PE-v-4-0.5. In all images, the region-of-interest is an area where the optical contact is poor (and thus, image contrast is high). In (A), the red arrow is pointing to the edge of the sample. In (B), (C), and (D) the red arrows are pointing to regions of the film that have delaminated from the glass slide.

Figure S8 .

 S8 Figure S8. (A) Turbidity measurements for PE, peroxide crosslinked PE, and insoluble portion of PE-v. All samples were 1 mm thick. Y-axis error bars are the propagated error. (B) Phasecontrast optical microscopy image of insoluble portion of PE-v-4-0.5. The arrow refers to an area that has delaminated from the glass side and exhibits enhanced light scattering contrast.

Figure

  Figure S9 features the first cooling and second heating DSC traces for PE, peroxide crosslinked PE, PE-g, PE-v, and insoluble portion of PE-v samples. Figure S10 exhibits the overall crystallinity values, while TableS1tabulates the > ? , > @ , and ∆B @ for all samples.

Figure S9 .Figure S10 .

 S9S10 Figure S9. DSC traces for PE, peroxide crosslinked PE, PE-g, PE-v, and insoluble portion of PE-v. Panels (A)-(C) are the first cooling traces, and (D)-(F) are the second heating traces. Traces were shifted for clarity.

Figure S11 .

 S11 Figure S11. (A) Non-background-subtracted SAXS patterns of PE, peroxide crosslinked PE, and PEg-4 at 160 °C. (B & C) Comparison between PE-g-4 SAXS pattern and background regression. (D) Background-subtracted SAXS pattern of PE-g-4.

Figure

  Figure S12 contains the SAXS patterns of PE-v with varying crosslink density and insoluble portion of PE-v samples. Figure S13 compares the SAXS patterns of the initial PE-v samples against their corresponding insoluble portion of PE-v samples. Figure S14 shows that the vertically-shifted SAXS pattern of each initial PE-v sample overlaps the SAXS pattern of its analogous insoluble portion.

Figure S12 .Figure S13 .S21Figure S14 .

 S12S13S14 Figure S12. SAXS patterns at 160 °C of (A) PE-v with varying crosslink density, (B) insoluble portion of PE-v samples with varying graft density, and (C) insoluble portion of PE-v samples with varying crosslink density. The insoluble portion of PE-v-12-0.5 patterns in (B) and (C) are the same.

Figure S15 .Figure S16 .S25Figure S17 .

 S15S16S17 Figure S15. Comparison of molten PE-v-12-0.5 SAXS patterns at varying (A) annealing time and (B) temperature. Note: the background contribution was not removed from these patterns.

Figure S18 .

 S18 Figure S18. Comparison of shifted insoluble portion of PE-v SAXS patterns at 40 and 160 °C. (A) Insoluble portion of PE-v-4-0.5, (B) insoluble portion of PE-v-6-0.5, (C) insoluble portion of PE-v-8-0.5, (D) insoluble portion of PE-v-12-0.5, (E) insoluble portion of PE-v-12-0.3, and (F) insoluble portion of PE-v-12-0.2.

Figure S19 .

 S19 Figure S19. WAXS patterns of (A) PE-g, (B) PE-v and peroxide crosslinked (Prx. X-linked) PE, and (C) the insoluble portion of PE-v. The PE WAXS pattern is displayed in all patterns for comparison, while the vertical dashed lines signify characteristic reflections of the orthorhombic PE crystal unit cell with space group Pnam.

Figure S21 .Figure S23 .

 S21S23 Figure S21. Non-absolute unit electron density correlation functions for (A) PE, (B) PE-g-4, (C) PE-v-4-0.5, and (D) insoluble portion of PE-v-4-0.5.

Figure S24 .

 S24 Figure S24. Hypothesized nanostructure of semi-crystalline PE-g and PE-v materials.

Figure S25 .

 S25 Figure S25. (A) SAXS pattern of PE-g-4 fit to the 2 term Debye-Bueche scattering model. (B) Estimated d ijki for PE-g, PE-v, and insoluble portion of PE-v samples. Vertical error bars are the standard error of the nonlinear regression.

Figure S27 .Figure S28 .Figure S29 .

 S27S28S29 Figure S27. SAXS patterns at 160 °C fit to the aggregate-fractal scattering model. (A) PE-g with varying graft density, (B) PE-v with varying graft density, (C) PE-v with varying crosslink density, (D) insoluble portion of PE-v samples with varying graft density, and (E) insoluble portion of PE-v samples with varying crosslink density. The PE-v-12-0.5 patterns in (B) and (C) are the same, while the insoluble portion of PE-v-12-0.5 patterns in (D) and (E) are the same. SAXS patterns were shifted for clarity.

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Graft and crosslink densities for PE-g and PE-v. Error bars are the standard deviation of measurements from three different pieces of the sample.

	Sample	Targeted	Measured	Measured
		[Graft]/[Ethylene] × 10 3	[Graft]/[Ethylene] × 10 3	[Crosslinker]/[Graft]
	PE-g-4	4	3.3 ± 0.1	0
	PE-g-6	6	5.4 ± 0.1	0
	PE-g-8	8	6.9 ± 0.2	0
	PE-g-12	12	10.0 ± 0.6	0
	PE-v-4-0.5	4	4.2 ± 0.2	0.53 ± 0.02
	PE-v-6-0.5	6	6.2 ± 0.1	0.51 ± 0.01
	PE-v-8-0.5	8	7.7 ± 0.5	0.54 ± 0.02
	PE-v-12-0.5	12	11.6 ± 0.3	0.53 ± 0.02
	PE-v-12-0.3	12	10.8 ± 0.7	0.31 ± 0.02
	PE-v-12-0.2	12	10.7 ± 0.7	0.21 ± 0.02
	Composition quantification. Graft-and crosslink-densities for PE-g and PE-v samples were
	quantified using Fourier transform infrared spectroscopy (FTIR). Measurements were made using
	a Bruker Tensor 37 spectrometer equipped with a Specac Goldengate attenuated total reflection
	cell. The PE backbone displayed CH2 and CH3 scissoring signals at 1470 and 1450 cm -1 ,

Table S2 .

 S2 PE

		orthorhombic
	unit cell (space group
	Pnam)	Miller	indices
	corresponding to observed
	WAXS Bragg peaks.
	q [nm -1 ]	[h k l]
		15.3	1 1 0
		16.9	2 0 0
		21.2	2 1 0
		25.5	0 2 0
		26.8	1 2 0
		27.8	0 1 1
		28.3	3 1 0
		29.1	1 1 1
		30.0	2 0 1
		30.6	2 2 0
		32.5	2 1 1
		33.8	4 0 0

S30 Figure S20. Measured orthorhombic unit cell dimensions (space group Pnam) for PE, peroxide crosslinked PE, PE-g, PE-v, and insoluble portion of PE-v.
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Preparation of peroxide crosslinked polyethylene

Peroxide crosslinked polyethylene was prepared by reactive mixing followed by extrusion.

The procedure was performed using a DSM Explore batch twin-screw extruder (capacity of 5 cm 3 ) with a recirculation channel and a co-rotating conical screw profile. First, neat polyethylene (PE) and 3 wt% of dicumyl peroxide were mixed in polypropylene bottles. The mixture was charged into the extruder, which was set to a temperature of 170 °C and a screw speed of 100 rpm. After a residence time of less than 10 s, the mixture was extruded, directly placed into a disc-shaped mold 

Optical transmission instrument schematic and turbidity calculation

where + % is the incident intensity, + -is the transmitted intensity, and / is the sample thickness. S1 

Comparison of FTIR spectra for PE-v materials with varying crosslink density

Decomposed FTIR spectra and estimated graft and crosslink densities for PE-g and PE-v

Figure S5 displays the decomposed FTIR spectra for the PE-g and PE-v samples. Each characteristic peak was fit to a skewed Gaussian equation.

Table S1. Crystallization temperature (> ? ), melting temperature (> @ ), and melting enthalpy (∆B @ ) values. Error bars are the standard deviation of three different measurements.

Sample Tc [°C]

Insoluble portion of PE-v-12-0. 

where l is the normalized Schulz-Zimm distribution, S14 P is the aggregate radius, C is the scattering vector, Φ represents the square root of the hard sphere form factor, v 1_i is the average aggregate radius, r is the Schulz-Zimm distribution width parameter, and y is the standard deviation of the aggregate radius. To fit the data to the model, d 1_i , the amplitude factor for scattering from an