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Abstract

Functional polyethylene (PE) bearing pendant hydrgxoups was dynamically crosslinked via
reactive  extrusion using commercially available  NRM[3-(trimethoxysilyl)propyl]
ethylenediamine (TMSPEDA). This fast and efficiargty allowed to produce PE vitrimers without
synthetic effort or use of solvent, which makes phecess environmentally friendly and easy to
upscale. The dynamic crosslinking transformed tlogdastic PE into an elastic solid with greatly
improved melt strength as revealed by DMTA and ibgp Mechanical properties could be tuned
by varying the amount of TMSPEDA crosslinker. Alkepared vitrimers were sparingly soluble in
xylene and were not affected by moisture demonsgatrosslinked character, improved solvent
resistance and excellent hydrolysis resistance twhg of great importance for industrial
applications. Despite the crosslink nature of ttegemal, the dynamic silyl ether exchange enabled
processability and recyclability of this systemngsindustrially relevant techniques like injection
and compression molding.
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Introduction

Polyethylene (PE) is a widely used commodity theplastic due to its good solvent resistance,
excellent flexibility, low cost and ease of prodegs[1,2]. However, its use is limited by low
melting point, stress cracking as well as pooraai\and wear resistance. To overcome those issues
and expand its applications, crosslinking of pdiy&ne is commonly used. Crosslinking forms a
high molecular weight network, which improves impatrength, creep and abrasion resistance,
without altering significantly tensile strength addnsity [3]. Crosslinked polyethylene (PEX) is
produced using either chemical (e.g. with peroXidékor physical methods (e.g. with radiation)
[5].

Despite the numerous advantages of PEX and itsspidad applications, recycling is a major
drawback. Because of the permanent and fixed @nassbetween the chains, PEX does not flow



after melting and cannot be recycled and reprodeldse thermoplastics. Most of the PEX waste is
currently landfilled or incinerated which is a mapoblem both for the environment as well as for
a recovery of valuable materials [6,7]. Therefdreere is an urgent need to explore alternative
technologies to manufacture reusable crosslinkégbfains [8]. A rational solution to the problem
comes from vitrimers [9], a new class of materithiat behave like permanently crosslinked
polymers at service temperatures, but flow likerrt@plastics at elevated temperatures [10,11].
They are crosslinked using exchangeable covalemidyovhich enable them to change topology
maintaining constant number of chemical bonds adstinks [12]. These cross-links undergo
thermally triggered exchange reactions at high sraipre, making their processability possible.
Upon cooling, the shape can be fixed by slowing mithe exchange reaction [13] or by quenching
the motion of polymer molecules through glass ftitarsor crystallization [14].

To date, a limited number of PE-based vitrimersdascribed in the literature. Nicolay and Leibler
grafted maleimides bearing dioxaborolane functitieal onto HDPE via two-step reactive
extrusion [15]. The dioxaborolane metathesis alltags reshuffling of the boronic esters crosslinks
at temperatures above 60°C, leading to a PE vitriwith melt flow index and tensile strength
comparable to that of pristine HDPE. In a more mepaper, the same approach was further refined
to achieve PE vitrimers via direct one-step reacextrusion, using nitroxide dioxaborolanes as
grafting agents [16].

Transesterification has been adapted to polyolefinform dynamic covalent polymer networks
starting from poly(ethylene-co-vinyl acetate) inetlpresence of a suitable catalyst [17]. As
alternative approach, glycidyl methacrylate unitgevintroduced in HDPE as cross-linking units to
be reacted with hydroxyl-terminated polytetrahydrah or polycaprolactone via reactive blending
[18].

Guan and co-workers introduced bis-silyl ethersdasamic cross-linkers for vitrimers. Initially
they reported the direct crosslinking of polystyeunnctionalized with pendant hydroxyl groups
with commercially available silyl ether crosslinkg9]. More recently, direct silyl ether metatlsesi
was employed to generate polyethylene-co-vinyl fadtovitrimers with exceptional thermal
stability [20].

Recently we published an industrially relevant aagy to scale-up method for the preparation of
cross-linked vinylogous urethanes PE vitrimers base reactive extrusion [21]. Along this line,
here we present the direct dynamic crosslinkingeative extrusion of an hydroxyl functionalized
PE, namely ethylene-hydroxyethylmethacrylate copely (PE-HEMA) with the commercially
available TMSPEDA (N,N'-Bis[3-(trimethoxysilyl)prgl] ethylenediamine) silyl ether. The
resulting PE vitrimers are hydrolytically stabledareprocessable.

Results and discussion

To prepare PE-silyl ether vitrimers, TMSPEDA wagdigis a dynamic crosslinker profiting from
the dynamism and the high thermal and chemicalilgyalof the silyl ether bonds. PE co-
polymerized with HEMA was used as polymer backbexgloiting the hydroxyl groups to prepare
silyl ether connections. Reactive extrusion was leygal to prepare the vitrimers, reacting PE-
HEMA and TMSPEDA in presence of Irganox as antiaxid(Scheme 1). In this way, the use of
costly or harmful solvents and long reaction tinaes avoided. Noteworthy, all the reagents are
commercially available. The extrusion was perfornmed 15 mL twin screw micro compounder at
120 °C for 5 min and at 180 °C till constant vidtpsvas reached (Figure S1). At the end, the
process allowed to produce 10 g of PE-silyl eth&inver in around 10-15 min which is a great
improvement in comparison to previously reportelditsan processes [19,20]. Using this protocol,
four different vitrimers were prepared, in whicledinetical crosslink density was varied from 3 to 9
crosslinks per chain (X/C) assuming that all 6 ragyhgroups of TMSPEDA are involved in the
reaction. Table 1 lists the four produced vitrimeeporting the amount of the crosslinker used, the
number of crosslinks per chain (X/C), melting,J Bind beta transition gJ temperatures, as well as
degree of crystallinityX).
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Scheme 1. Preparation of PE silyl ether vitrimeasrgactive extrusion.

As Table 1 shows, thermal properties did not chasigaificantly after the crosslinking which
suggests that TMSPEDA is excluded from PE crysilphase (Figure S2).

b c d
S e
Pristine - - - 73.9 -6.5 12.2
Vit 1 10 0.66 3 72.4 -4.9 1.8
Vit 2 10 0.88 4 72.1 -4.4 2.0
Vit3 8 1.06 6 71.0 -4.0 2.0
Vit 4 7 1.39 9 69.7 -1.9 2.2

Table 1. Overview of the pristine and prepared pals: Pristine PE-HEMA characterization; amounT MSPEDA
crosslinker and PE-HEMA used for vitrimer preparatithermal properties and theoretical links peaictof each PE
vitrimers. *HEMA content = 12% mol (calculated fraitd NMR (120 °C, TCE ¢; M, [g/mol] = 2900 (GPC reported
in Figure S15)p = 2.2. Both M andb were determined by SEC ®mDCB at 150 °C with respect to polyethylene
standards? Theoretical number of crosslinks per chain (X/@svealculated using Mf PE-HEMA and the amount of
TMSPEDA used assuming that all 6 methoxy groupBMSPEDA can undergo the reaction with PE-HEMA hygto
groups.” Melting temperatures ¢} were determined by DSC from the second heatiag.§@ transition temperatures
(Tp) were determined by DMTA from the maximum of tan® Degrees of crystallinityX,,) were calculated with
respect to the meting enthalpy of 100% crystalitie (286.2 J/g) [22]. The melting enthalpy of eadhinaer was
determined from the DSC second heating scan.



All the prepared vitrimers resulted partially sdribn xylene after soaking at 100 °C for 24 h
(Figure S3) demonstrating the crosslinked charaetest improved solvent resistance of the
material, while PE-HEMA completely dissolved undkee same conditions (Table S1). The gel
fraction of vitrimer 4 reached 40% surpassing thkie of ~32 % reported for the HDPE vitrimer
based on dioxoborolane metathesis [12]. Gel fractb 40% is lower than that of commercial
silane crosslinked PE (60-70 %); however, it fémis good balance between performance and
processability.

The processability and recyclability of the devedPE-vitrimers were evaluated using gel fraction
measurements, FT-IR and industrially relevant tephes like injection and compression molding
(Figure S4 and Figure S5). After the initial teadiést, the tensile bars of vitrimer 2 were cub int
pieces and compress molded again 4 times. Aftdr egarocessing step, gel fraction, FT-IR and
tensile tests were repeated to exclude any chawgm after reprocessing the PE-HEMA vitrimer 4
times, no significant changes in crosslink dengitgble S2), chemical structure (Figure S6) or
mechanical performance (Figure 1) were observed thowcasing the dynamic nature and
robustness of TMSPEDA crosslinks.
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Fig. 1. Representative tensile curves and ultisrength (inset) of vitrimer 2 tested as synthesized after up to™
reprocessing cycle.

Since silyl ether bonds are prone to hydrolysig],[2ydrolytic stability of the PE-vitrimers was
assessed by soaking the specimens in water for 24 foom temperature, and subsequently
measuring water uptake, gel fraction and tensitgpg@nties. All vitrimers showed minimal water
uptake (less than 1 %, Table S3), and the gelidracis well as the tensile properties were not
significantly affected by exposure to water (TaBteand Figure S7, respectively).

The hydrophobic nature of the polyethylene backdonis swelling and water uptake, protecting
the silyl ether crosslinks from hydrolysis, whichaf great importance for industrial applications
like water pipes and electrical cables isolation.

Dynamic silyl ether crosslinking of PE-HEMA greailyproved dimensional stability at elevated
temperatures and decreased creep in an exponistigdn with TMSPEDA amount (Figure S8) as
revealed by the hot set test. While the hot setgation of vitrimer samples after 10 min at 200 °C
under 0.5g load were fairly low (below 25%), PE-HEMompletely melted and failed almost
immediately (Figure 2).



To investigate the properties of the PE vitrimenstihe melt, rheology measurements were
performed (Figure 3). The frequency sweeps perfdratel80°C indicated that PE HEMA displays
a typical behavior of a low molecular weight polymmeelt with a strong frequency dependence
[24]. No crossover point between storage (G') asd (G") modulus was observed due to relatively
long relaxation times compared to the probed ticaes within the tested frequency range. The
polymer was more viscous (G" higher than G') thkstic (G' higher than G") within the whole
studied frequency range. Moreover, PE-HEMA was iihgyvout from between the plates of the
rheometer at lower frequencies demonstrating a hsvyiscosity. After dynamic crosslinking with
TMSPEDA, vitrimers behaved like an elastic solidhwirequency independent G' and much lower
G" which is characteristic of crosslinked materf@5]. Plateau modulus (3taken at the minimum
of G” increased in a linear fashion with increasing sliok density (Figure S9) and ranged from
around 2.810° (vitrimers 1) to around 1:20° MPa (vitrimer 4).
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Fig. 2. Hot set test of PE-HEMA and vitrimers 1(A) samples before the test, (B) samples aftettébeand (C) hot
set elongation.



While PE-HEMA reached the zero-shear viscosityratiad 10 Pes, vitrimers 1-4 had viscosities a
few orders of magnitude higher before they evenlred their zero shear viscosities (Figure S10).
This result indicates highly improved melt strengthich is extremely important for processes like
film blowing, blow molding, thermoforming and foangj [26,27].
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Fig. 3. Rheology frequency sweep curves at 180fREOHEMA and vitrimers 1-4.

Stress relaxation curves of vitrimer 2 have a tgpghape characteristic for vitrimers where stress
relaxation is governed by the exchange reactiohk [Phe experimental data did not fit well to the
Maxwell model (Figure S11) and were fitted usingnadified Maxwell equation (1), where an
exponent a is introduced [28].

e =6e®

The exponent a represent a deviation from Maxveell (a = 1) caused by different crosslinks with
unequal strengths. In our case, a ~ 0.25 which lmanattributed to the presence of chain
entanglements, trapped loops of the polymer baakb@md hydrogen bonding between the
hydroxyl groups of HEMA besides the silyl etherssiinks [29,30]. Based on the stress relaxation
(Figure 4), activation energy of the topologicammangement (& and topology-freezing transition
temperature (J) were determined using Arrhenius plot of the rateon times (Figure S12).,©f

155 kJ/mol and Jof 87 °C were calculated for vitrimer 2, this laste much higher than previously
reported for PS and PE based silyl ether vitrifig@s20]. This is also reflected in longer relaxatio
times, which might be caused by the use of diffeqfgslymer matrixes and unequal crosslink
density [21]. T of vitrimer 2 is just few degrees higher thanntslting point (~72 °C) facilitating
processability at relatively low temperatures. émttast PE-HEMA relaxes stress extremely fast at
those temperatures, (below 0.1s, Figure S16). Rtemindustrial point of view, long relaxation
times of vitrimers make processing more challenghhgwever they also ensure good performance
and safety in application such as wires and catyesot dripping at elevated temperatures even
without classical chemical cross-linking.
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Fig. 4. Stress relaxation curves of vitrimer 2 éitithg performed according to the equation (1)r Eomparison, stress-
relaxation curves for PE-HEMA are reported in Feg&rl6.

The semi-crystalline nature of our vitrimers carablgantageous, as it can impart increased strength
due to the presence of crystal domains. Therefbeeneed of extra network formation coming from
the dynamic crosslinker is reduced compared to mmorphous polymer as both networks
(crystallinity and dynamic crosslink) will be comled in the material at typical use temperature
resulting into an enhanced mechanical profile darehdcal resistance. Further, the processability of
the semi-crystalline vitrimers is improved when gared with amorphous vitrimers. In particular,
our semi-crystalline vitrimers have a relativelylmelting point (60 °C to 80 °C). This allows the
vitrimers to be produced via extrusion at 120 °C180 °C in about 10 to 15 minutes. The
mechanical properties of the vitrimers were cabgf@nalyzed via DMTA and stress-strain
analyses. Semi-crystalline PE usually undergoeseticharacteristic temperature transitions upon
heating [31,32].

y transition, involving rotation of CHgroups in the amorphous and crystalline phaseshssrved

at around -130 °C and it is independent of the d¢hveng content as well as the degree of
crystallinity. B transition, occurring at higher temperatures, loanmelated to movements involving
longer parts of the polymer chains and branch pdif). Finally, thea transition is associated with

a large movement of molecules that arises as fstatline phase undergoes melting. In the case of
PE-HEMA copolymers, an additional transition arows@® °C was observed which most likely
results from hydrogen bonds breaking and reforrbietgveen hydroxy groups present in the HEMA
units (Figure 5) [33].
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No influence of dynamic crosslinking op transition was observed since this transition is
independent of the branching content, as alreadytguobout. DMTA revealed a linear dependence
of crosslink density o transition (Figure S13) since crosslinking creabeanched points
restricting movement of chains which increases tdmperature of3 transitions [31,32]. Upon
further heating, PE-HEMA and vitrimers 1-4 undergoan a transition corresponding to the
melting of the crystalline phase. While PE-HEMAW® after the melting transition, vitrimers 1-4
display a rubbery plateau with low moduli charaster of crosslinked materials, indicating
improved melt strength of these dynamic cross-ingelyolefins. Plateau modulus of vitrimer 4 of
around 0.1 MPa was directly recorded by DMTA, wHibe the softer vitrimers 1-3 with lower
crosslink densities, plateau modulus had to betadajpom rheology temperature sweeps (Figure
S14) according to Hooke’s law reported in eq. 2F&r{ [J0.5):

E'=3G’ (2)

where E’ is the storage modulus and G’ the sheatutng (Figure 5, colored arrows).

Stress and strain curves show that PE-HEMA exhitetssile properties characteristic of a
semicrystalline thermoplastic, displaying an inigdastic deformation before the neck is formed
followed by cold drawing and fracture (Figure 64]3Since PE-HEMA has low molecular weight
and low crystallinity (Table 1), low ultimate stigth (2.1 MPa) and Young’s modulus (7.4 MPa)
were observed. The ratio between PE-HEMA and TMSRE@sslinker (and thus the amount of
crosslinks per chain X/C) has a high impact onftitere mechanical properties on the vitrimer. For
instance, increasing the amount of TMSPEDA graguatiproved ultimate strength and Young's
modulus of the vitrimer material up to 134 % an@%4respectively for 9 X/C. However, a higher
number of crosslinks (such as for vitrimers 3 ahdedds to an increase of brittleness as indicated
by decreased toughness (strain at break % in Fjure
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Conclusions

Dynamic crosslinked PEs were developed introdu@rghangeable silyl ether bonds into PE-
HEMA. These PE-based vitrimers were directly sysithed via reactive extrusion, using the

commercially available TMSPEDA as dynamic cros&dmn and Irganox as antioxidant. The

silylation reaction proceeds easily thanks to thesgence of hydroxyl pendant groups on the PE-
backbone. This process allowed to produce thematrs in a fast and efficient way, avoiding the

use of expensive or toxic solvents, thus makingstirghesis environmentally friendly and easy to
upscale. We demonstrated that the thermoplasti¢tiPEA could be transformed into an elastic

material with improved melt strength and creepstasice. This enhanced property is crucial for
processes like film blowing, blow molding, thermofong and foaming, where permanent covalent
crosslink is often used to achieve the same pedoo®. Additionally, mechanical properties could

be tuned by varying the amount of TMSPEDA croskdm Increasing crosslink density, a gradual
improvement of ultimate strength (up to 134 %) &eding’s modulus (up to 148 %) was obtained.
All prepared vitrimers were sparingly soluble inletye and were moisture insensitive,

demonstrating crosslinked character and solventhgudolysis resistance, essential properties for
industrial applications. Dynamic silyl ether crdsg«dng enables processability and recyclability

via industrial relevant techniques like injectiardacompression molding.

Materials and methods

Materials.

Xylene, 1,2 dichlorobenzene-PCB) and Irganox 1010 (98%) were purchased fromna-
Aldrich. N,N'-Bis[3-(trimethoxysilyl)propyl] ethyleediamine (TMSPEDA, 95 %) was purchased
from BOC Sciences. PE-HEMA copolymer was kindly yided by SABIC (characterization in
Table 1 and Figures S15-16). All materials weredusereceived unless otherwise stated.

Typical procedure for reactive extrusion of PE-HEM&h TMSPEDA dynamic crosslinker. PE-
HEMA, TMSPEDA and Irganox 1010 (1000 ppm) were ndixe a metal cup and subsequently fed
into a 15 mL co-rotating twin-crew micro extrudé&he reaction mixture was processed at 120 °C
for 5 min and at 180 °C until constant viscosityswaached (5-10 min) with a screw speed of 100
RPM, after which the discharge valve was openeé. ahount of TMSPEDA in the final product
was determined from the weight ratio of the PE-HE&W TMSPEDA fed into the extruder.
Methods.

Reactive extrusion was performed using 15 mL twiewc EXPLORE micro compounder. PE-
HEMA and TMSPEDA were mixed in a metal cup and sgoently fed into the micro
compounder connected to a computer monitoring maeltosity. The reaction mixture was
processed under nitrogen, with a screw speed oREI, at 120 °C for 5 min and at 180 °C until
the constant melt viscosity was reached (arounehib) Figure S1).

Injection molding was performed using 12 mL EXPLOR[ection molder. Melt temperature, 180
°C, mold temperature 80 °C, injection pressured b

Fourier transform infrared spectra (FT IR) wereanidd using a Varian 610 IR spectrometer at
room temperature in attenuated total reflectionRAmode.

The molecular weight and dispersity were studied sige exclusion chromatography (SEC)
measurements performed at 150 °C on a Polymer GR& IR built around an Agilent GC oven
model 7890, equipped with an auto sampler and ritegtated Detector IR€-DCB was used as
eluent at a flow rate of 1 mL/min. The SEC dataemarocessed using Calculations Software GPC
One®. The molecular weights were calculated widpeet to polyethylene as standard.

Melting temperatures ¢J) and enthalpies of the transitionH,) were measured by differential
scanning calorimetry (DSC) using a DSC Q100 from IR&truments. The measurements were
carried out at a heating and cooling rate of 1fi@/from -20 °C to 150 °C. The transitions were
deduced from the second heating.



To determine the gel fraction a small piece (~20§) of cross-linked polymer was weighed and
placed in a vial to which around 200 mL of xylenerevadded. The vial was closed and heated at
100 °C for 24 h. The xylene was then removed ardé¢maining undissolved polymer was washed
with acetone, dried under vacuum at 80 °C for 2ddh \@eighed again. Gel fraction was calculated
from the mass ratio of the polymer after and befwating in xyleneHrror! Reference source

not found.).

To investigate the water uptake of PE-HEMA-TMSPEBRI#&imers, samples of around 200 mg
were weighed and submerge in deionized water far 3dibsequently the samples were dried with
a paper towel and weighed again. Water uptake waigsilated by dividing the initial mass by the
mass after water immersioRrfor! Reference source not found).

Resistance to hydrolysis was evaluated by measthiengel fraction of the samples previously used
for the water uptake experimetiir(or! Reference source not found). Additionally, tensile bars

of PE-HEMA and vitrimersl-4 were submerged in deionized water for 24 h at re@mperature,
and subsequently tensile test of the sample wdsrpeed (Figure S7).

Hot set test was performed using dumbell-shapeplean{IlSO 527-2 type 5A, 0.5 mm thickness
prepared by compression molding at 180 °C. The kzsnwere allowed to creep for 10 min at 200
°C by applying a weight of 0.5g. The final length,Lwas measured to calculate the hot set
elongatiorehot = (Lot - Lo)/Lo.

Tensile tests were performed according to ASTM D838with a Zwick Z100 tensile tester
equipped with a 100 N load cell, £0.001 N resolutioThe tests were performed on compression
molded tensile bars (ISO 527-2 type 5B, 0.5 mmkiinéss). The samples were pre-stressed to 0.3
MPa, then loaded with a constant cross-head speé&® onm/min. The Young's modulus was
determined between 0.05 and 0.25 % strain by rsgresmethod in the Zwick testXpert II
software. The calculation is based on 8-10 datatpoi

Rheology was measured using TA Instruments DHR @ppgd with parallel plate geometry.
Compression molded discs with diameter of 25 mm tarckness of 1 mm were prepared at 180
°C. Frequency sweeps were measured from 100 to @@ (strain amplitude of 0.4 %) at a
temperature of 180 °C. Stress relaxation measuresmere performed at 170 °C, 190 °C and 210
°C, applying a step strain of 1 %, then monitotimg stress for 20000 s.

Dynamical mechanical thermal analysis (DMTA) wasaswed using TA Instruments Q800 in
tensile mode. The specimens were compressed matd80 °C. Samples were measured from 140
to 200 °C with a heating speed of 3 °C/min andadioscillation (amplitude 10 micron, frequency
1 Hz).
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Production of PE vitrimers via reactive extrusion, a process that is fast, solventless and does
not require the use of catalysts.

The dynamic crosslinking transformed thermoplastic PE into an elastic solid with greatly
improved melt strength as revealed by DMTA and rheology.

The PE vitrimers show excellent hydrolysis resistance which is of great importance for
industrial applications.

Reprocessing of the materias has been positively tested without decrease of the mechanica

properties.
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