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List of abbreviations

'H NMR proton nuclear magnetic resonance

A acceptor

AP 1-aminopyrene

BIF barrier improvement factor

D donor

Pwm dispersity of molecular weight

DBTDL dibutyltin dilaurate

DCM dichloromethane

DMSO dimethyl sulfoxide

DMTA dynamical mechanical thermal analysis
DSC differential scanning calorimetry

EA ethanolamine

EP ethylene/propylene rubber

EVA ethylene vinyl acetate

EVOH ethylene vinyl alcohol

FT-IR Fourier transformed infrared spectroscopy
HDI hexamethylene diisocyanate

HDPE high density polyethylene

HEMA hydroxyethyl methacrylate

IE fluorescence intensity of an excimer

IM fluorescence intensity of a monomer



IPR-UPy 2-(6-isocyanatohexylaminocarbonylamino)-6-isopropyl-

4[1H]pyrimidinone
LDPE low density polyethylene
LLDPE linear low density polyethylene
MAH maleic anhydride
MIP 1-methylisocyanatopyrene
Mn number average molecular weight
mol% molar percentage
Mw weight average molecular weight
NAPY 2,7-diamido-1,8-naphthyridine
-OH hydroxy group
or oxygen permeability
PA polyamide
PBT polybutylene terephthalate
PE polyethylene
PEX crosslinked polyethylene
PP polypropylene
REX reactive extrusion
RH relative humidity
ROMP ring opening metathesis polymerization
RPM revolutions per minute
RT room temperature
SEC size exclusion chromatography
TCE tetrachloroethane

TGA thermogravimetric analysis



Tm
TMSPEDA
T
UHMWPE
UPy

uv
VLDPE
WLF
wt%
WVP
Xer

melting temperature
N,N'-Bis[3-(trimethoxysilyl)propyl] ethylenediamine
[ transition temperature

ultra high molecular weight polyethylene
2-(6-isocyanatohexylaminocarbonylamino)-6-methyl-
4[1H]pyrimidinone

ultra violet

very low density polyethylene
Williams-Landel-Ferry

weight percentage

water vapor permeability

degree of crystallinity
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Summary

Summary

Polyethylene (PE) is the most widely used commodity thermoplastic
due to its good solvent resistance, excellent flexibility, low cost and ease of
processing. It finds application in common objects like plastic bags,
packaging, automotive, medicine, aerospace and electronics." > However, its
use is limited by low melting point, stress cracking and poor wear resistance.
To overcome those issues and expand its applications, crosslinking of
polyethylene is used. Crosslinking forms a high molecular weight network,
which improves impact strength, stress cracking resistance, creep and
abrasion resistance without altering significantly tensile strength and
density.>4

Despite the numerous advantages of crosslinked polyethylene (PEX)
and its wide applications, recycling is a major drawback. Because of the
crosslinking, PEX does not flow after melting and cannot be reprocessed like
a thermoplastic. Most of the PEX waste is currently landfilled or incinerated
which is a major problem both for the environment as well as for a recovery
of valuable materials.> ¢

PE network that could be de-crosslinked at will or crosslinked using
dynamic covalent crosslinkers would be easy to process and recycle while
keeping benefits of PEX. The objective of this thesis is to explore properties
and potential applications of PE crosslinked using physical or dynamic

covalent crosslinkers.
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Chapter 2 is focused on ureidopyrimidinone (UPy) functionalized
polyethylene with enhanced mechanical properties. UPy was readily
introduced into various PEs bearing hydroxy groups by solution grafting,
affording physically crosslinked PE via supramolecular interactions. Utilizing
low melting UPy where its methyl group is substituted with the isopropyl one
(isopropyl UPy, IPR-UPy), reactive extrusion process was developed that
allowed to significantly shorten the reaction time and eliminate the use of
solvents and catalysts. Chemical structures were confirmed by Fourier
transform infrared spectroscopy (FI-IR) and proton nuclear magnetic
resonance ("H NMR). Differential scanning calorimetry (DSC), rheology and
dynamical mechanical thermal analysis (DMTA) were employed to
investigate thermal stability of the obtained polymers and revealed that UPy
functionalized PE can be safely processed using techniques like compression
molding and extrusion below 150 °C. Introduction of UPy significantly
improved mechanical properties and altered rheology showing that
quadruple hydrogen bonding interactions are present both in the solid state
and in the PE melt up to 150 °C after which UPy starts to degrade before it can
dissociate.

The development of pyrene grafted polyethylene as a strain detector is
described in Chapter 3. High density and very low density
polyethylene-graft-maleic anhydride (HDPE-MAH and VLDPE-MAH
respectively) functionalized with 1-aminopyrene (AP) were prepared via
reactive extrusion. The resulting strain-reporting PE retains similar
mechanical, thermal and rheological properties to that of the starting

PE-MAH materials. Fluorescent emission spectroscopy revealed pronounced
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changes in fluorescent behavior under stress due to the breakup of the pyrene
excimers. For HDPE-MAH-AP this change was very sudden with a clear drop
of excimer content (Ie/Im) of around 50 % due to necking of the material
stretched above 50 % strain. In contrast, VLDPE-MAH-AP showed no necking
and a linear decrease of Ir/Im ratio down to around 30 % when elongation up
to 1100 % strain was reached while HDPE-MAH-AP broke after 200 % strain.

Oxygen and water vapor barrier properties of PE-HEMA functionalized
with UPy (ureidopyrimidinone) or MIP (1-methylisocyanatopyrene) are
investigated in Chapter 4. Functionalization of PE-HEMA1 with 2.2 mol% of
UPy decreased OP (oxygen permeability) by about 30 % at 23 °C and 0 % RH
(relative humidity) and about 25 % at 38 °C and 50 % RH and WVP (water
vapor permeability) by about 25 %. When 1.2 mol% of MIP was introduced
into PE-HEMA1, OP was decreased by about 35 % at 23 °C and 0 % RH and
about 30 % at 38 °C and 50 % RH and WVP by about 40 %. Despite the
achieved improvements the samples did not performed as well as the
commercially available EVOH based multilayer structure used as a reference.

Synthesis and characterization of polyethylene silyl ether vitrimers is
discussed in Chapter 5. PE was dynamically crosslinked directly via reactive
extrusion using commercially available N,N'-Bis[3-(trimethoxysilyl)propyl]
ethylenediamine (TMSPEDA). This fast and efficient process allowed to
produce PE vitrimers without any synthetic effort or use of any solvent which
makes it environmentally friendly and easy to upscale. Dynamic crosslinking
transformed thermoplastic PE into an elastic solid with greatly improved melt
strength as revealed by DMTA and rheology. Mechanical properties could be
tuned by varying the amount of TMSPEDA crosslinker. All prepared
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vitrimers were insoluble in xylene and were not affected by moisture,

demonstrating crosslinked character and excellent solvent and hydrolysis

resistance. Despite the crosslink nature dynamic silyl ether exchange enabled

processability and recyclability of this system.

References

1. Kaminsky, W., Polyolefins: 50 Years after Ziegler and Natta Ii. Springer: 2013.

2. Vasile, C., Handbook of Polyolefins. CRC Press: 2000.

3. Ghosh, P., Polymer Science and Technology. Tata McGraw-Hill Education:
1990.

4. Platzer, N., Encyclopedia of Polymer Science and Engineering. Wiley: 1986.

5. Shang, L.; Wang, S.; Zhang, Y.; Zhang, Y. Pyrolyzed Wax from Recycled Cross-
Linked Polyethylene as Warm Mix Asphalt (Wma) Additive for Sbs Modified
Asphalt. Constr. Build. Mater. 2011, 25, 886-891.

6. Lee, H.-s.; Jeong, J. H.; Cho, H.-K.; Koo, C. M.; Hong, S. M.; Kim, H.; Lee, Y.-

W. A Kinetic Study of the Decross-Linking of Cross-Linked Polyethylene in
Supercritical Methanol. Polym. Degrad. Stab. 2008, 93, 2084-2088.



Chapter 1

Chapter 1
Introduction

Polyethylene! (PE) is the most widely used commodity thermoplastic
due to its good solvent resistance, excellent flexibility, low cost and ease of
processing. It finds application in common objects like plastic bags, packaging
automotive, medicine, aerospace and electronics.?>® However, its use is limited
by low melting point, stress cracking and poor wear resistance. To overcome
those issues and expand its applications crosslinking of polyethylene is used.
All types of polyethylene can be crosslinked including high density
polyethylene (HDPE), low density polyethylene (LDPE), linear low density
polyethylene (LLDPE) and ultra high molecular weight polyethylene
(UHMWPE) however, branched structure is more suitable for crosslinking.*
Crosslinking forms a high molecular weight network, which improves impact
strength, stress cracking resistance, creep and abrasion resistance without
altering significantly tensile strength and density.> Crosslinked polyethylene

(PEX) is produced using either chemical or physical methods (Figure 1).

PE CROSSLINKING

’—‘ CHEMICAL '—‘ ’—‘ PHYSICAL i—‘

PARTICULATE NON PARTICULATE
[ PEROXIDE ] [ SILANE ] [ RADIATION ] [ RADIATION ]

Figure 1. Methods of PE crosslinking
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Chemical methods consist of peroxide initiated crosslinking or
crosslinking via silane functionalization and hydrolysis. Peroxide process is
based on the decomposition of a peroxide and the reaction of free radicals.
The crosslinking occurs during the extrusion process in the molten state and
is mainly used for the production of HDPE pipes.®® Silanes used for
crosslinking contain vinyl groups for grafting onto PE backbone and alkoxy
groups that can undergo hydrolysis and condensation forming crosslinks
between the PE chains. In the first step PE containing silanes is produced
either by high pressure copolymerization of ethylene with vinyl silane or by
radical grafting. Subsequently, silane functionalized PE is processed with a
suitable condensation catalyst like dibutyltin dilaurate (DBTDL) and can be
extruded or injection molded before the crosslinking proceeds to completion.
It is also possible to introduce the silane moieties and crosslink them in a one
step process.*1!

Physical methods typically do not require addition of any chemicals
since free radicals are generated by high energy radiation. Crosslinks are
created when two chains with free radicals meet together. Radiation induced
crosslinking can be carried out using particulate or non-particulate radiations
however, only non-particulate radiation sources are used for commercial
crosslinking. Although microwave crosslinking is independent of the part
thickness and can be used for parts of any size, only components containing
polar groups are excitable in this field. Crosslinking of polyethylene using
microwave radiation is very difficult and requires polar additives such as
carbon black, peroxide, metallic powders etc.!> Electron beam radiation is

mainly used for thin wall products such as films and shrinkable insulating
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parts because it can penetrate only up to few centimeters of thermoplastic
polymers. The crosslinking of molded parts having thick walls results in a
variable crosslink density.”® Crosslinking by UV radiation requires a use of
photo-initiators such as benzophenone, and benzyl dimethyl ketal. The
process is very slow and UV radiation penetrates only few millimeters
therefore, UV light is suitable for crosslinking of thin parts only.!41

PEX is currently commercially used in a broad range of applications
such as civil engineering, electric and electronic fields, medicine and the
packaging industry. One of the most important applications of PEX are hot
water pipes for under floor or central heating and domestic or portable water
piping systems. PEX pipes are an economic and lightweight alternative for
copper and cement ones. Such material provides resistance to chemical and
electrochemical corrosion, low encrustation tendency, long-term pressure
resistance and noise dampening properties while being light, flexible, and
easy to transport and install.””?° PEX finds also applications in the electrical
cable industry. Crosslinking does not compromise the dielectric properties of
polyethylene while providing good creep resistance. This allows for higher
conductor operating temperature and reduces the risk of short circuit and
required overload protection.?'?* Polyethylene biomaterials remain the
material of choice for artificial joint replacements like knee arthroplasty or
artificial hip replacements. For that application, crosslinking of ultra high
molecular weight polyethylene (UHMWPE) is utilized to minimize wear,
particle generation and prolong the material lifetime.?>? Specially molded
articles such as containers made of crosslinked polyethylene provide

improved solvent and creep resistance. Moreover, the increased dimensional
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stability at elevated temperatures allows the article to come in contact with
heated fluids.* Crosslinked polyethylene is used in packaging multi-layer
film constructions to increase temperature resistance especially for hot filled
or heat sterilization applications, heat seal strength, impact as well as tear and
abuse resistance.?!-3

Despite the numerous advantages of PEX and its wide applications
recycling is a major drawback. Because of the permanent covalent
crosslinking, PEX does not flow after melting and cannot be reprocessed like
a thermoplastic. Most of the PEX waste is currently landfilled or incinerated
which is a major problem both for the environment as well as for a recovery
of valuable materials.3*35

The objective of this thesis is to explore properties and potential
applications of PE crosslinked using reversible supramolecular or dynamic
adaptable covalent crosslinkers. Such crosslinked PE would allow for easy
processing and recycling keeping benefits of PEX. To achieve this aim,
supramolecular polymer chemistry was employed. Non covalent interactions
like pyrene m-mt stacking and ureidopyrimidinone quadruple hydrogen
bonding were incorporated into PE as physical crosslinks. Strength of those
interactions gets weaker with increasing temperature which allows for
thermoplastic like processing at elevated temperatures. Alternatively,
covalent crosslinking based on dynamic reactions between trimethoxysilyl
and hydroxy groups was employed to create silyl ether PE vitrimers. Those
materials with dynamic crosslinks exhibit high dimensional stability and
creep resistance at service temperatures, while maintaining processability at

elevated temperatures.
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Ureidopyrimidinone functionalized polyethylene

Chapter 2
Ureidopyrimidinone
functionalized polyethylene®

Ureidopyrimidinone (UPy) was readily
introduced into various PEs bearing
hydroxy groups by solution grafting,
affording physically crosslinked PE via
supramolecular interactions. Utilizing low

melting UPy where its methyl group is

substituted with the isopropyl one (isopropyl
UPy, IPR-UPy), reactive extrusion process was developed allowing to significantly
shorten the reaction time and eliminate the use of solvents and catalysts. Chemical
structures were confirmed by Fourier transform infrared spectroscopy (FI-IR) and
proton nuclear magnetic resonance (‘H NMR). Thermal stability revealed that UPy
functionalized PE can be safely processed using techniques like compression molding
and extrusion below 150 °C. Introduction of UPy moieties significantly improved
mechanical properties and altered rheology showing that quadruple hydrogen bonding
interactions are present both in the solid state and in the PE melt up to 150 °C after

which UPy starts to degrade before it can dissociate.

2 The content of this chapter is covered by the patent application: Zych, J. Tellers, M. Soliman, R. Pinalli,
J. Vachon, E. Dalcanale, Gas barrier film, 16POLY0166 and is being prepared to be submitted for
publication: A. Zych, A. Verdelli, M. Soliman, R. Pinalli, . Vachon, E. Dalcanale, Reactive extrusion of
ureidopyrimidinone functionalized polyethylene with enhanced mechanical properties.

12
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2.1 Introduction

Synthetic polymers have been extensively used for over a hundred
years since the introduction of the first synthetic polymer by Leo Hendrik
Baekeland. They are built from small organic molecules - monomers,
covalently bonded into a long chain - polymer. Those conventional polymers
have excellent mechanical properties but high melt viscosities due to the chain
entanglements. Therefore, high temperatures and pressures are required for
the processing of those polymers.

In 1878 Louise Henry proposed the idea of molecular polymerization by
associative interactions and later Lehn and coworkers synthesized the first
main-chain supramolecular polymer based on hydrogen bonding.'
Supramolecular polymers are formed from building blocks of any size
connected by reversible and highly directional non-covalent interactions,
most commonly hydrogen bonds. Therefore, properties of such obtained
materials depend on the strength, reversibility and directionality of those
secondary interactions. Probably the biggest advantage of supramolecular
polymers is the strong dependence of their melt viscosity on temperature
allowing for good processability. Mechanism of the stress relaxation is based
not only on reptation, like for conventional polymers, but also on breaking
and recombination of supramolecular chains. Supramolecular polymers give
rise to properties like self-healing,>> shape memory,*® stimuli
responsiveness,'2  polymer blend compatibilization’>!® or enhanced

mechanical properties.’”-?
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Ureidopyrimidinone functionalized polyethylene

Jean-Marie Lehn defined supramolecular chemistry as “a highly
interdisciplinary field of science covering the chemical, physical, and
biological features of chemical species of higher complexity, which are held
together and organized by means of intermolecular (noncovalent) binding
interactions”.?! Those noncovalent interactions can vary in type and strength,
ranging from very weak dipole-dipole interactions, through hydrophobic
interactions and hydrogen bonds, to very strong metal-ligand or ion-ion
interactions with binding energies approaching covalent bonds.?? Hydrogen
bonds are one of the most widely used weak interactions in supramolecular
chemistry because of their directionality and versatile nature. The strength of
a single hydrogen bond (1 -40 kcal/mol)® is usually not strong enough to
achieve a desired property which can be overcome by combining arrays of
multiple hydrogen bonds.?* The important aspect of linear multiple hydrogen
bonding motifs is that their association constant depends not only on the
number of hydrogen bonds but also on their arrangement. Looking at the
possible triple hydrogen bonding motifs, ADA-DAD, AAD-DDA and
AAA-DDD (A-acceptor, D-donor) arrays can be identified (Figure 1). The
ADA-DAD array has the weakest association constant because of the
repulsive A-A and D-D secondary interactions (red arrows). AAA-DDD array
exhibit the strongest interaction thanks to solely attractive A-D secondary

interactions (green arrows).?

14
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Figure 1. Influence of attractive and repulsive secondary interactions on the
association constant of triple hydrogen bonding motifs.?

The breakthrough in supramolecular polymer chemistry was the
introduction of the quadruple hydrogen bonding wunit UPy
(ureidopyrimidinone) by Meijer and Sijbesma.?* This self-complementary,
hydrogen bonding system brings ease of synthesis and high dimerization
constant of 6-10” M and a lifetime of 0.1 s in chloroform.?” It owes its high
dimerization constant value to the almost planar DDAA motif with reduced
number of repulsive secondary interactions.”® The strength of UPy hydrogen
bonding is highly dependent on a substituent on the 6-position of the
pyrimidinone ring and its bulkiness (R group, Figure 2) as well as on a solvent
and concentration. The tautomeric equilibrium can be shifted towards the
self-complementary pyrimidin-4-ol exhibiting DADA array (Figure 2). Due to
the increased number of secondary repulsive interactions the dimerization

constant in chloroform is lowered to 9-10° M-,
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Figure 2. Tautomeric equilibria in the 2-ureido-pyrimidinone motif.?

UPy can be readily obtained in a one step synthesis from commercially
available methyl isocytosine and hexamethylene diisocyanate? and easily
incorporated into polymers through versatile synthetic pathways. The
isocyanate linker can efficiently react with a polymer bearing hydroxy or
amino groups.?-*> Amino terminated UPy have been synthesized as well and
incorporated into polyurethane.®® Another viable approach to introduce the
UPy moiety is the reaction of carbonyldiimidazole activated isocytosine with
amino groups.**3¥ Celiz and Scherman used hydroxy terminated UPy as the
initiator for the ring opening polymerization of caprolactone,® UPy
methacrylate was copolymerized with hydroxyethyl methacrylate* and butyl
acrylate*! by Lewis et al. and liquid UPy methacrylamide was copolymerized
with various aliphatic and aromatic methacrylates by Heinzmann et al.2

The use of complementary hydrogen bonding units in combination with
polyolefins has been very limited. So far only UPy functionalized telechelic

poly(ethylenebutylene),** UPy grafted polypropylene (PP),'® compatibilized

16
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blends of isotactic PP functionalized with UPy and Ethylene/Propylene (EP)
rubber functionalized with NAPY (2,7-diamido-1,8-naphthyridine),* and an
olefin bearing UPy copolymerized with hexane” have been reported. The
introduction of such supramolecular groups often results in increased
mechanical properties such as improved Young’s modulus as well as better
tensile and impact strength. As illustrated by these examples, there are a few
challenges when it comes to incorporating such supramolecular units into
polyolefins. For instance, the limited number and availability on a large scale
of suitable functionalized polyolefins, the poor thermal stability of the
supramolecular units as well as the lack of economical and easy to upscale
production processes are key factors that limit the use of such polymers in
real applications.

Traditionally, extruders are used to melt, homogenize and transport
polymers for processes like film extrusion, film blowing, injection molding or
blow molding. Reactive extrusion (REX) combines chemical reaction and the
processing of the polymer into a one step process. In comparison to a batch
process no large equipment is needed, use of solvents is avoided and
residence time is significantly lowered. The ability of extruders to
continuously create new thin surfaces can increase the degree of mixing and
minimize temperature gradients within the polymer being processed, which
solves heat and mass transfer problems that arise from high volumes and
viscosities in batch processes. Additionally, REX allows to handle highly
viscose materials without any solvents which substantially reduces energy
usage and costs of raw materials and solvent recovery equipment.* 4 Reactive

extrusion of PE has been successfully employed for maleic anhydride
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grafting,¥ 4 silane grafting,*>* blending and blend compatibilization®-% and
composites preparation®7,

In this work, we demonstrate that by using the right supramolecular
motif with the appropriate functionalized polyolefins and combining it with
the reactive extrusion process, high scale production of processable materials
with increased mechanical properties can be achieved. We synthesized and
characterized  functionalized @~ PEs  physically  crosslinked  via
self-complementary quadruple hydrogen bonding of UPy (Scheme 1). Based
on availability, three PEs containing up to 5 mol% of functional groups were
used for UPy grafting in solution: polyethylene-co-2-hydroxyethyl
methacrylate (PE-HEMA), polyethylene-co-vinyl acetate (EVA) and
polyethylene-graft-maleic anhydride (PE-MAH). Moreover, low melting UPy
where its methyl group is substituted with the isopropyl one (isopropyl UPy,
IPR-UPy) was employed for reactive extrusion process, which significantly
shortened the reaction time and eliminated the use of solvents and catalysts.
The introduction of UPy and IPR-UPy dramatically influenced thermal,

rheological and mechanical properties of those materials.
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2.2 Results and discussion

2.2.1 UPy grafting onto functionalized PE

Since the isocyanate linker of UPy can readily react with hydroxy
groups to form a carbamate, different polymers with pendant hydroxy groups
were selected. While PE-HEMA copolymers already contain hydroxy groups
and thus could be used directly, commercially available EVA and PE-MAH
had to be further transformed. EVA was fully hydrolyzed into EVOH using
a mixture of toluene and ethanol solution of potassium hydroxide
(Figure appx 1), while PE-MAH was quantitatively functionalized with an
excess of ethanolamine in xylene (Figure appx 2). Functional group content,
melting temperatures (Tm), {3 transition temperatures (Tp), degrees of
crystallinity (Xe«) as well as number average molecular weights (Mxn) and
molecular weight distributions (Pwm) of the functionalized polyolefins are
listed in Table 1.

UPy grafting onto functionalized PE involved typical reaction between
the electrophilic isocyanate and nucleophilic hydroxy groups catalyzed by
dibutyltin dilaurate (DBTDL) widely used in polyurethane production and
organic synthesis.?> % % The solution grafting procedure consisted of
dissolution of a functionalized polyolefin bearing hydroxy groups in toluene
at 100 °C and subsequent addition of UPy and DBTDL catalyst (Scheme 1).
The reactions were performed in a glass reactor with mechanical stirring and
left overnight to proceed upon completion. Grafted polymers were recovered

by precipitation in acetone and subsequent filtration.
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Table 1. Functional group content, melting temperatures (Tm), (3 transition
temperatures (Tg), degrees of crystallinity (X«) as well as number average molecular
weights (Mn) and molecular weight distributions (Pm) of the functionalized
polyolefins.

Functional
TP Tpe Xerd M:e
Polymer group content Dwme
[°Cl [°C] [%] [g/moll]
[mol%]>
PE-HEMAL1 4.4 99.6 7.1 12.2 4000 4.2
-2.1f
PE-HEMA2 3.3 102.1 20.1 5700 2.6
68.9¢
-9.5¢f
EVA 3.0 99.1 11.7 13 500 5.1
59.8f
EVOH 3.0 110.4 315 23.5 10 800 4,6
PE-MAH 0.4 99.2 -16.4 9.3 2500 2.4
PE-MAH-EA 0.4 99.8 -17.5 114 3400 19

aFunctional group content was calculated from "H NMR (120 °C, TCE-dz). PE-MAH with higher functional
group content was not available from Sigma-Aldrich. * Melting temperatures (Tm) were determined by DSC
from the second heating scan. <3 transition temperatures (Tp) were determined by DMTA from the
maximum of tan 3.4 Degrees of crystallinity (Xc) were calculated dividing the melting enthalpy of 100 %
crystalline PE (286.2 J/g)® by melting enthalpy of a polymer determined by DSC from the second heating
scan. eMolecular weight and dispersity were determined by SEC in oDCB at 150 °C with respect to
polyethylene standards. { Two 3 transition temperatures were observed.

In order to avoid the use of a large quantity of solvents and catalyst as
well as to make the production of UPy functionalized polyethylene viable on
a large scale, the reactive extrusion process was envisioned. Low temperature
of 120 °C was selected because of the concerns regarding thermal stability of
UPy .o When UPy was extruded with PE-HEMALI at 120 °C for 15 min, the
final product contained white particles indicating that UPy did not react fully
since it was extruded below its melting point (174 °C, Figure appx 3). When

the temperature was raised above the melting point of UPy to 200 °C, the
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product became brown indicating degradation which was confirmed by
'HNMR (Figure appx 4). Based on those findings it became clear that
a derivative of UPy that melts below the extrusion temperature is necessary.
It has been demonstrated that when the methyl group of UPy is replaced with
the isopropyl one (IPR-UPy) the melting temperature is lowered to 98 °C
which makes it liquid at the extrusion temperature of 120 °C.> When IPR-UPy
was extruded with PE-HEMAZ2 at 120 °C homogeneous and transparent
PE-HEMA-IPR-UPy (polymer 2) was obtained without the need of DBTDL
(Scheme 1). Reaction progress was followed by monitoring the melt viscosity
measured by the extruder and a constant value was reached after around

15 min (Figure appx 5).
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Scheme 1. UPy grafting on functionalized PE.

Full conversion of UPy (solution grafting) and IPR-UPy (reactive
extrusion) was achieved which was confirmed by FT-IR (characteristic
isocyanate band at 2275-2250 cm! was not detected, Figure appx 6). Polymer
structure and degree of functionalization were determined by 'H NMR,

considering the integral of diagnostic peaks. There is a significant chemical
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shift in the methylene signals of the HEMA units after reaction with
isocyanate linker of UPy. For example, the degree of functionalization for
polymer 1 (PE-HEMA1-UPy, Figure 3A) was calculated as a ratio of the
integration of the peak 19, 20 (HEMA grafted with UPy) and peaks 28 and 29
(unreacted HEMA). The same approach was used for polymer 2
(PE-HEMAZ2-IPR-UPy, Figure 3B), polymer 3 (EVOH-UPy, Figure appx 1),
and polymer 4 (PE-MAH-EA-UPy, Figure appx 2). It was not possible to use
the characteristic UPy signals at low field: -NHC(CH:)=, -CH:NH(C=O)NH-,
-CH:NH(C=O)NH- since they were very broad and hardly visible at 120 °C in
TCE-d.. Table 2 summarizes the amount of hydroxy groups grafted, the
amount and type of H-bonding motif used for grafting, melting temperatures
(Tm), B transition temperatures (Tp) and degrees of crystallinity (Xe), of
functionalized polyolefins grafted with UPy (Figure appx 7 - Figure appx 10).
Molecular weights of the functionalized polyolefins were not determined as

these polymers are not suitable for SEC analysis due to the solubility issues.
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Table 2. Amount of hydroxy groups grafted, amount and type of H-bonding motif
used for grafting, melting temperatures (Tm), p transition temperatures (Tp) and
degrees of crystallinity (X«) of functionalized polyolefins grafted with UPy.

-OH . . .
H-bonding motif Tt Ty Xt
Polymer grafted?
[ (o] 0,
. [mol%] [Vchainpp [Cl [°Cl %l
[%]
1 (PE-HEMA1-UPy)f UPy 2.2 2.4 97,7 18.6  11.0
50
IPR- 12.3h
2 (PE-HEMA2-IPR-UPy)s 33 1.1 2.0 101.5 17.7
UPy 68.9n
3 (EVOH-UPy)! 80 UPy 2.4 11 995 260 71
4 (PE-MAH-EA-UPy)f >99 UPy 0.4 0.5 94.7 -36.8 9.7

2Calculated from 'H NMR (120 °C, TCE-dz). It was not possible to use the same PE-HEMA both for the
solution and reactive extrusion grafting because of the limited availability of the material and timeline of
the experiments. P Number of UPy/chain was calculated based on the amount of -OH grafted and Mn of
starting material. < Melting temperatures (Tm) were determined by DSC from the second heating scan. 43
transition temperatures (Tp) were determined by DMTA from the maximum of tan &. ¢Degrees of
crystallinity (Xe) were calculated dividing the melting enthalpy of 100 % crystalline PE (286.2 J/g)® by
melting enthalpy of a polymer determined by DSC from the second heating scan. It can be noted
fSynthesized in solution. 8 Synthesized via reactive extrusion. " Two [ transition temperatures were
observed.

2.2.2 Thermal stability of PEs grafted with UPy.

As mentioned earlier, the thermal instability of polymers functionalized
with UPy can limit the use of processing techniques like extrusion, injection
molding, compression molding or thermoforming and consequently their
applications. To the best of our knowledge there is no reported study
investigating the thermal stability of UPy attached to a polymer chain. To
investigate the thermal stability of PE-UPy polymers, DSC, rheology and TGA

analysis were employed. As can be seen in Figure 4A, polymer1
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(PE-HEMA1-UPy) was subjected to heating cycles where the maximum
temperature was increased by 10 °C after each cycle, starting from 120 °C.
Until 150 °C, no change in the melting temperature of the polymer was
observed. When the polymer was heated above 150 °C, the melting
temperature started to shift toward lower values (marked with arrows). This
behavior indicates thermal degradation of the polymer grafted with UPy that
occurs at temperatures above 150 °C, which is in a good agreement with the
UPy degradation temperature mentioned by van Beek et al.2 and 20 °C higher
than the one mentioned by Botterhuis ef al.*# The same experiment was
performed on UPy grafted EVOH (polymer 3, Figure appx 11), UPy grafted
PE-MAH-EA (polymer 4, Figure appx 12) and compared to PE-HEMALI that
did not contain UPy. While no degradation was observed for PE-HEMAI1,
EVOH-UPy and PE-MAH-EA-UPy revealed very similar behavior with
respect to PE-HEMA1-UPy, demonstrating that the thermal degradation can
only be attributed to UPy and not to the polymer matrix.

This phenomenon was confirmed by rheology temperature sweep
measurements which were performed on PE-HEMA1 and polymer1
(PE-HEMA1-UPy) (Figure 4B). For PE-HEMAI1, a typical decrease in storage
modulus with increasing temperature was observed.®> ¢ In contrast, for
polymer 1, a short plateau followed by a rapid increase in storage modulus
can be observed around 160-°C. This rapid increase was attributed to UPy
degradation and subsequent covalent crosslinking between liberated
isocyanate and hydroxy groups of functionalized polyolefins.®” Similar
observations arose for polymer 2 (Figure appx 14) as well as for polymer 3

and 4 (Figure appx 15 and Figure appx 16). Together, these measurements
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confirm that PE grafted with UPy (polymer 1) or IPR-UPy (polymer 2) starts
to degrade as low as 160 °C and the maximum safe processing temperature is
confirmed to be 150 °C.

In contrast, TGA measurements showed that polymer 1 containing
2.2 mol% of UPy starts to degrade to volatile compounds around 300 °C (mass
loss > 1 %) and corresponding PE-HEMA1 around 450 °C (Figure appx 17).
These observations showcase that TGA alone cannot accurately assess
thermal stability and structural degradation of polymeric materials. For
reliable results it should be combined with other techniques such as NMR,

DSC and rheology.
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2.2.3 Rheological characterization.

In order to explore properties of UPy functionalized PE in the melt,
rheological analysis was employed. Frequency sweep showed pronounced

effect of UPy hydrogen bonding on the flow of PE (Figure 5).
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PE-HEMAs display a typical behavior of a low molecular weight
polymer melt®® with a strong frequency dependence. They have no crossover
point between storage (G') and loss (G") modulus and they are more viscous
(G" higher than G') than elastic (G' higher than G") within the whole studied
frequency range. When comparing PE-HEMA1 and polymer1, it can be
observed that after the introduction of UPy, the material shows drastically
different rheological behavior (Figure 5A). The crossover point appeared in
between 0.1 and 1 rad/s and polymer 1 showed a more elastic behavior rather
than viscous above 1 rad/s. This result shows that UPy hydrogen bonding
increased the virtual molecular weight of the starting PE-HEMAT1 even in the
polymer melt at 140 °C.®® Polymer 2, obtained by reactive extrusion of
PE-HEMA2 with IPR-UPy, behaved like an elastic solid (G' higher than G")
more than 30 °C above its melting point and was less frequency dependent
than pristine PE-HEMA2 (Figure 5B) which is characteristic of crosslinked
materials.® 7 The absence of crossover point for polymer 2 shows that overall
it flows less then polymer 1 which can be caused by combination of different
molecular weight, dispersity and HEMA content of the starting material as
well as different amount of UPy grafted. In comparison with the PE-HEMA
based polymers 1 and 2, polymer 3 (EVOH-UPy) showed only a minimal
frequency dependence (Figure appx 18) which indicates a highly crosslinked
nature of this material. Finally, the introduction of UPy had also a great
impact on PE-MAH-EA polymer flow behavior. While the pristine material
showed very low viscosity hampering the measurement at lower frequencies,
polymer 4 (PE-MAH-EA-UPy) was easily measured within the whole studied

frequency range (Figure appx 19). This showcases the strength of UPy
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interaction that increased the virtual molecular weight of this low molecular
weight PE.
In general, supramolecular polymers combine mechanical properties of a high
molecular weight polymer and easy melt processing thanks to a strong
dependence of melt viscosity on temperature,” which is clearly not observed
in case of our UPy functionalized supramolecular PEs. It can be related to the
relatively high molecular weight of polymers used in this study in
comparison to usually used telechelic oligomers, the presence of multiple UPy
units per chain and the apolar nature of PE that increases the strength of
hydrogen bonding interactions.” 73

Rheology temperature sweeps described in the thermal stability study
section can be employed as well to determine the significant decrease in
viscosity or storage modulus at a given temperature which can be attributed
to a disassociation of UPy dimers. A clear dependence between the
dissociation temperature and the polymer architecture was shown by
Long et al. where polyethylene-co-propylene functionalized with UPy have a
disassociation temperature of chain end functionalized material at around
80 °C, telechelic at around 120°C and star shaped at around 160 °C.7*
Nojiri et al. claimed a disassociation temperature for UPy functionalized
polypropylene at around 190 °C for the material compressed molded at
190 °C. Based on the UPy thermal stability study, a potential permanent
covalent cross-link could have occurred to some extent, which can explain
why no significant decrease in storage modulus was observed at temperatures
as high as 230 °C. For our materials (Figure 4B) no significant drop in storage

modulus was observed below 160 °C, which confirms that UPy association is
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still present up to that temperature in the PE melt. At higher temperatures,
a strong increase in storage modulus was observed which demonstrates that
the previously mentioned permanent covalent cross-linking occurred before

UPy had a chance to dissociate.

2.2.4 Mechanical properties.

Semicrystalline PE exhibits three characteristic temperature
transitions.” 7 y transition is observed at around -130 °C, involving rotation
of CH:z groups in the amorphous and crystalline phases, and it is independent
of the branching content as well as the degree of crystallinity and was not
investigated in this study.  transition, occurring at higher temperatures, can
be related to movements involving longer parts of the polymer chains and
branch points. Finally, « transition is associated with a large movement of
molecules that arise as the crystalline phase undergo melting. PE-HEMA
copolymers exhibit also an additional transition around -60 °C that most
likely results from hydrogen bonds breaking and reforming between hydroxy
groups present in the HEMA units (-OH transition).” Grafting of PE-HEMAs
with UPy moieties provides two opposed effects. Although quadruple
hydrogen bonded crosslinks should reduce segmental mobility of PE chains
increasing consequently the Tg,# the presence of bulky UPy groups further
reduces crystallinity resulting in a decrease of the Tp. In fact, no drastic
changes in Tp and no clear trend was observed when UPy moieties were
grafted onto PE-HEMAs (Figure 6, Table 1, Table 2). A clear influence of

quadruple hydrogen bonding was revealed after the a transition. While the
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pristine PE-HEMA materials flowed after the melting (it was not possible to
measure any modulus after the « transition),*? the introduction of UPy or
IPR-UPy increased the virtual molecular weight by supramolecular
crosslinking, resulting in a low but measurable storage modulus after melting.
Additionally, this result can be used as an indirect measure of the melt
strength which was significantly improved by the multiple hydrogen bonding
interactions and is extremely important for processes like film blowing, blow
molding, thermoforming and foaming.”” The DMTA also confirmed the
covalent cross-linking phenomenon at temperatures above 150 °C with
a strong increase in modulus, again arising from UPy thermal degradation,
both for PE-HEMA and EVOH materials (Figure 6, Figure appx 20).
In contrast, the introduction of UPy to the low molecular weight PE-MAH-EA
material only provided moderate improvement. Indeed, while PE-MAH-EA
softened and failed around 70-80 °C, polymer 4 failed just around 15 °C later.
This demonstrates that in case of polymer 4 not enough UPy was grafted to
significantly ~increase the virtual molecular weight and create

a supramolecular network (Figure appx 21).
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PE-HEMAs exhibit tensile properties characteristic of a semicrystalline
thermoplastic, presenting an initial elastic deformation before the neck is
formed and subsequent cold drawing followed by strain hardening and
fracture (Figure 7).”® Multiple hydrogen bonds act like physical crosslinks,
creating links between chains and long chain branches increasing the virtual

molecular weight therefore, the introduction of UPy should lead to the

33



Ureidopyrimidinone functionalized polyethylene

improved mechanical performance compared to the pristine materials.
Indeed, increased toughness and ultimate tensile strength were achieved for
all supramolecular polymers despite of the reduced crystallinity, which is
particularly impressive. In details, polymer 1 was twice as tough and the
ultimate strength was improved almost 2.5 times, maintaining similar strain
at break and Young's modulus. It also showed more elastomer like
characteristic, the cold drawing region was no longer observed and necking
was immediately followed by the pronounced strain hardening.!” 7
Polymer 2, made by reactive extrusion with IPR-UPy, showed even more
significant improvements in toughness (3.5 times), ultimate tensile strength
(around 70 %) and strain at break (almost 3 times) with respect to PE-HEMAZ2.
Polymer 3 (EVOH-UPy) also displayed increased toughness and ultimate
tensile strength without sacrificing strain at break (Figure appx 22). The low
molecular weight of PE-MAH-EA, which is within the range of entanglement
molecular weight (830-2600 g/mol),* led to a low ultimate tensile strength
(<10 MPa) and a very low strain at break (~6 %) together with the absence of
necking and strain hardening. For polymer 4, the grafting of 0.4 mol% of UPy
onto PE-MAH-EA doubled toughness and increased ultimate tensile strength
to 11 MPa and strain at break to 10 % (Figure appx 23). This was particularly
remarkable considering poor mechanical performance of the starting

material.
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2.3 Conclusions

UPy was readily introduced into various PEs bearing hydroxy groups
by solution grafting, affording physically crosslinked PE via quadruple
hydrogen bonding. By utilizing low melting IPR-UPy, it was possible to
perform the grafting by reactive extrusion instead of solution grafting. This
efficient process allowed to significantly shorten the reaction time and
eliminate the use of solvents and catalysts. Incorporation of such

supramolecular motifs into PE matrix changed the rheology of a typical

35



Ureidopyrimidinone functionalized polyethylene

entangled thermoplastic melt to that of an elastic crosslinked system. DMTA
measurements indicated significantly increased melt strength, which is
extremely important for processes like film blowing, blow molding,
thermoforming and foaming. Moreover, greatly improved toughness and
ultimate tensile strength were achieved without sacrificing elongation at
break or Young’'s modulus. Rheology, DMTA and DSC studies proved that
UPy functionalized PEs degrade and crosslink above 150 °C and that TGA
alone is not well suited to determine the true thermal stability, since it only
shows the decomposition to volatile compounds. Identified thermal stability
limit of those materials allowed for a safe processing, using techniques like
compression molding and extrusion. Our work demonstrates an efficient way
for physical crosslinking of PE via reactive extrusion utilizing IPR-UPy
quadruple hydrogen bonding interactions that lead to improved mechanical
properties. This process allows for easy upscaling and is applicable not only
for PE but also for any thermoplastic bearing functional groups suitable for

grafting below 150 °C.

2.4 Experimental section

Materials

Toluene, xylene, heptane, acetone, ethanol, 1,2-dichlorobenzene
(0DCB), deuterated tetrachloroethene (TCE-d:), deuterated dimethyl
sulfoxide (DMSO-ds), hexamethylene diisocyanate (HDIL, 98 %), dibutyltin
dilaurate (DBTDL, 95 %), ethanolamine (EA, 99 %), sodium hydroxide and

2-Amino-4-hydroxy-6-methylpyrimidine (methyl isocytosine, 98 %) were
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purchased from Sigma-Aldrich. 2-(6-isocyanatohexylaminocarbonylamino)-
6-methyl-4[1H]pyrimidinone (UPy) was synthesized according to the
reported procedure.” 2-(6-isocyanatohexylaminocarbonylamino)-6-
isopropyl-4[1H]pyrimidinone  (isopropyl-UPy, IPR-UPy, 95%,) was
purchased from SupraPolix. Polyethylene-co-2-hydroxyethyl methacrylates
(PE-HEMAs) were kindly provided by SABIC. Polyethylene-co-vinyl acetate
(EVA, ELVAX 760A) was purchased from DuPont. Polyethylene-graft-maleic
anhydride (PE-MAH) was purchased from Sigma-Aldrich. All materials were

used as received unless otherwise stated.

Typical procedure for EVA hydrolysis

EVA (50.0 g) was dissolved in toluene (1000 mL) at 80 °C, under
nitrogen atmosphere, in a glass reactor equipped with mechanical stirring
(100 RPM). Subsequently, a solution of sodium hydroxide (3.0 g, 75.0 mmol)
in ethanol (100 mL) was added and the reaction mixture was stirred at 80 °C
for 24 h, under nitrogen atmosphere. The product was precipitated by
pouring the reaction mixture into acetone, filtered, washed twice with acetone
and dried at 60 °C under vacuum for 24 h. Full hydrolysis was confirmed by
'H NMR (Figure appx 1).

Typical procedure for PE-MAH functionalization with ethanolamine
PE-MAH (50.0 g) was dissolved in xylene (1000 mL) at 140 °C in a glass

reactor equipped with mechanical stirring (100 RPM) under nitrogen

atmosphere. Subsequently, ethanolamine (2.9 g, 46.9 mmol) was added and

the reaction mixture was stirred at 140 °C for 4 h, maintaining the nitrogen
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atmosphere. The product was precipitated by pouring the reaction mixture
into acetone, filtered, washed twice with acetone and dried at 60 °C under
vacuum for 24h. Full functionalization was confirmed by 'H NMR

(Figure appx 2).

Typical procedure for UPy grafting in solution

PE-HEMA1 (10.0 g) was dissolved in toluene (500 mL) at 100 °C in
a glass reactor equipped with mechanical stirring (100 RPM) under nitrogen
atmosphere. UPy (1.99 g, 6.78 mmol) and DBTDL (2 drops) were added and
the reaction mixture was stirred at 100 °C for 24 h, maintaining the nitrogen
atmosphere. The product was precipitated by pouring the reaction mixture
into acetone, filtered, washed twice with acetone and dried at 60 °C under

vacuum. (Figure 3A, Figure appx 1 and Figure appx 2)

Typical procedure of UPy grafting via reactive extrusion

PE-HEMAL1 (7.00 g) and UPy (2.78 g, 9.48 mmol) were mixed in a metal
cup and subsequently fed into a 15 mL twin crew micro extruder connected
to a computer monitoring melt viscosity. The reaction mixture was processed
under nitrogen, at 120 °C and the screw speed of 100 RPM for 15 min and
a small sample was taken out by quickly opening the dye. The sample
contained white particles indicating that UPy did not react fully at 120 °C
which is below its melting point (174 °C, Figure appx 3). Subsequently, the
temperature was raised above the melting point of UPy to 200 °C and the

reaction mixture was processed for another 15 min. The product came out
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brown suggesting degradation which was confirmed by 'HNMR

(Figure appx 4).

Typical procedure of IPR-UPy grafting via reactive extrusion

PE-HEMA2 (9.00 g) and IPR-UPy (1.00 g, 3.11 mmol) were mixed in
a metal cup and subsequently fed into a 15 mL twin crew micro extruder
connected to a computer monitoring melt viscosity. The reaction mixture was
processed under nitrogen, at 120 °C and the screw speed of 100 RPM until the
constant melt viscosity was reached (around 15 min, Figure 3B,

Figure appx 5).

Measurements

'HNMR analysis was carried out either at room temperature or at
120 °C using deuterated tetrachloroethene (TCE-d2), deuterated chloroform
(CDClIs) or deuterated dimethyl sulfoxide (DMSO-ds) as the solvents and
recorded in 5mm tubes on a Varian Mercury spectrometer operating at
frequencies of 400 MHz. Chemical shifts are reported in ppm and were
determined by reference to the residual solvent peak.

Fourier transform infrared spectra (FT-IR) were obtained using a Varian
610-IR spectrometer at room temperature in attenuated total reflection (ATR)
mode.

The molecular weight and dispersity were studied by size exclusion
chromatography (SEC) measurements performed at 150°C on
a Polymer Char GPC-IR® built around an Agilent GC oven model 7890,

equipped with an autosampler and the Integrated Detector IR4. oDCB was

39



Ureidopyrimidinone functionalized polyethylene

used as an eluent at a flow rate of 1 mL/min. The SEC data were processed
using Calculations Software GPC One®. The molecular weights were
calculated with respect to polyethylene standards. Molecular weight of UPy
functionalized polymers were not determined due to the solubility issues.

Melting temperatures (Tm) and enthalpies of the transition (AHm) were
measured by differential scanning calorimetry (DSC) using a DSC Q100 from
TA Instruments. The measurements were carried out at a heating and cooling
rate of 10 °C/min from -20 °C to 150 °C. The transitions were deduced from
the second heating curves.

Thermogravimetric analysis (TGA) was performed in nitrogen
atmosphere on Perkin Elmer Pyris 1 analyzer. Samples were heated to 100 °C
at a heating rate of 10 °C/min and kept at that temperature for 15 min to get
rid of potential traces of water. Subsequently, the temperature was raised to
800 °C at a heating rate of 10 °C/min and maintained for 15 min.

Tensile tests were performed with a Zwick Z100 tensile tester equipped
with a 100 N load cell. The tests were performed on samples cut from 200 pm
films (ISO 527-2 type 5B). The samples were pre-stressed to 0.3 MPa, then
loaded with a constant cross-head speed of 200 mm/min.

Dynamical mechanical thermal analysis (DMTA) was performed using
TA Instruments Q800 in tensile mode. The strips were cut from 200 um films.
Samples were measured from -100 to 200 °C with a heating speed of 3 °C/min
and a fixed oscillation (amplitude 10 um, frequency 1 Hz).

Rheology was measured using TA Instruments DHR-2 equipped with
a parallel plate geometry. Discs with diameter of 25 mm and thickness of

1 mm were compress molded at 140 °C. Temperature sweeps were measured
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from 50 to 200 °C with a heating speed of 3 °C/min and a fixed oscillation
(strain amplitude 0.4 %, frequency 1 Hz). Frequency sweeps were measured

from 100 to 0.01 rad/s (strain amplitude of 0.4 %) at a temperature of 140 °C.

2.5 Appendix

(EVOH-UPy)

>CH-OH
EVOH n .
>CH-OAc CH,
J i

rr

8 ['H, ppm]

Figure appx 1. 'H NMR spectra overlay of EVA, EVOH and 3 (EVOH-UPy) recorded
at 120 °C in deuterated TCE.
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Figure appx 2. 'HNMR spectra overlay of PE-MAH, PE-MAH-EA and 4
(PE-MAH-EA-UPy) recorded at 120 °C in deuterated TCE.
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Figure appx 3. DSC first (black) and second (red) heating curve of UPy.
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Figure appx 4. '"H NMR spectra overlay of 1 (PE-HEMA1-UPy, black) and PE-HEMA1
extruded with UPy at 200 °C (red), recorded at 120 °C in deuterated TCE.
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Figure appx 5. Representative melt viscosity changes recorded during the reactive
extrusion of sample 2 (PE-HEMA2-IPR-UPy)
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Figure appx 6. IR spectra overlay of UPy (red line) and functionalized polyolefins
grafted with UPy or IPR-UPy (black lines).
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Figure appx 7. DSC second heating curves of PE-HEMA1 and 1 (PE-HEMA1-UPy).
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Figure appx 9. DSC second heating curves of EVA, EVOH and 3 (EVOH-UPy).
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Figure appx 10. DSC second heating curves of PE-MAH, PE-MAH-EA and 4
(PE-MAH-EA-UPy).
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Figure appx 11. DSC heating curves of 3 (EVOH-UPy), maximal temperature was
increased by 10 °C each time starting from 120 °C.
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Figure appx 12. DSC heating curves of 4 (PE-MAH-EA-UPy) maximal temperature
was increased by 10 °C each time starting from 120 °C.
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Figure appx 13. DSC heating curves of PE-HEMAI, maximal temperature was
increased by 10 °C each time starting from 120 °C.
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Figure appx 14. Rheology temperature sweep curves of PE-HEMA2 and 2
(PE-HEMAZ2-IPR-UPy), storage modulus (G') - closed circles, loss modulus (G") - open
circles.
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Figure appx 15. Rheology temperature sweep curves of EVOH and 3 (EVOH-UPy),
storage modulus (G') - closed circles, loss modulus (G") - open circles.
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Figure appx 16. Rheology temperature sweep curves of PE-MAH-EA and 4
(PE-MAH-EA-UPy), storage modulus (G') - closed circles, loss modulus (G") - open
circles.
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Figure appx 17. TGA curves of PE-HEMAI1 and 1 (PE-HEMA-UPy).
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Figure appx 19. Rheology frequency sweep curves of PE-MAH-EA and 4
(PE-MAH-EA-UPy), storage modulus (G') - closed circles, loss modulus (G") - open
circles.
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Figure appx 20. DMTA curves of EVOH and 3 (EVOH-UPY), storage modulus (E') -
solid line, tangent delta (tan d) - dot line.
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Figure appx 21. DMTA curves of PE-MAH-EA and 4 (PE-MAH-EA-UPy), storage
modulus (E') - solid line, tangent delta (tan d) - dot line.
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Figure appx 22. Representative stress-strain curves and Young’s modulus, toughness,
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Chapter 3
Pyrene functionalized
polyethylene?

High density and wvery low density %
polyethylene-graft-maleic anhydride ‘- e,
(HDPE-MAH and VLDPE-MAH |

respectively) functionalized with ~ "N/\=Pe @ =pyrene @@y =pyrene excimer
I-aminopyrene (AP) were prepared via

reactive extrusion. Covalent attachment of

AP was confirmed by lack of residual free AP
after extraction with dichloromethane. Differential scanning calorimetry (DSC),
tensile test, dynamical mechanical thermal analysis (DMTA) and rheology were
employed to investigate the influence of AP incorporation on thermal, mechanical and
rheological properties when grafted on both HD and VLDPE-MAHSs. Fluorescent
emission spectroscopy revealed pronounced changes in fluorescent behavior under
stress due to the breakup of the pyrene excimers. For HDPE-MAH-AP this change
was very sudden with a clear drop of excimer content (Ie/Im) of around 50 % due to
necking of the material stretched above 50 % strain. In contrast, VLDPE-MAH-AP
showed no necking and a linear decrease of Ie/Im ratio down to around 30 % when
elongation up to 1100 % strain was reached while HDPE-MAH-AP broke after
200 % strain.

a The content of this chapter has been submitted for publication to Eur. Pol. J.: A. Zych, A. Verdelli,
M. Soliman, R. Pinalli, A. Pedrini, J. Vachon, E. Dalcanale, Strain-reporting pyrene-grafted polyethylene.
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3.1 Introduction

The monitoring of strain in polymeric materials is of great importance
to prevent premature failure like stress fracture or fatigue.! Polyethylene (PE)
is the most widely used commodity thermoplastics due to its good solvent
resistance, excellent flexibility, low cost and ease of processing, thanks to
which it finds application in automotive, medicine, aerospace and electronic
industries.? 3 Despite the wide use, PE suffers from premature failure like
stress cracking of pipes,*® cables” ® and storage tanks® as well as of laboratory
supplies and implants for medical applications, which could be prevented by
suitable monitoring. One of the most promising tools for strain detection in
polymers is fluorescent emission spectroscopy.! This noninvasive method
allows for a real time in situ analysis and it is based on a mechanochromic
polymer containing a fluorophore showing changes in fluorescence in
response to a mechanical stimulus.!> ! Changes in fluorescence during
deformation can be induced by an altered aggregation or alignment of the
fluorophore, typically transition from an excimer to a monomer due to the
separation of the aggregates'” 2 or aggregation-induced emission
phenomena.’> * Fluorophores are typically dispersed in the bulk of the
appropriate polymer matrix by means of solution or melt blending. The
polymer chains remain structurally unaltered and the obtained material is
generally biphasic unless the used dye is fully soluble in the polymer.!
During the lifetime of the material, the dye usually migrates from the core to
the surface and will alter the fluorescence properties of the material. To

circumvent that problem, efforts are being put into the preparation of
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mechanochromic polymers with fluorophores covalently attached to the
macromolecular chains. This method allows to obtain a material with
homogeneously distributed fluorophore molecules preventing its diffusion,
leaching and segregation. However, the need of appropriate functional
groups on both macromolecules and fluorophores limits its applications. 1°
Even more demanding is the grafting procedure, which must be as simple and
cheap as possible, particularly for commodity polymers.

Despite the extensive research on mechanochromic polymers in recent
years, PE with covalently attached fluorophores remains mainly unexplored
as PE lacks proper functionality allowing such grafting. The group of Weder
and Crenshaw published reports on mechanochromic blends of PE and
cyano-oligo(p-phenylene vinylene).!> ¢ The mechanical deformation of those
materials led to a pronounced change in photoluminescent characteristics and
when the strain reached 500 %, the monomer to excimer emission ratios Im/Ie
were increased by a factor of up to 10 (Figure 1A and B). Kunzelman et al.
reported on self-assessing polymer blends based on poly(ethylene
terephthalate glycol) and linear low density polyethylene (LLDPE) with
a cyano-substituted oligo(p-phenylene vinylene) obtained by melt-processing
and subsequent quenching below T (Figure 1C)."” Ruggeri et al. reported on
two perylene tetracarboxylic acid bis-imides containing linear or branched
alkyl chains dispersed in LLDPE at low loadings by melt processing
(Figure 1D).'® To the best of our knowledge, strain detection in polyethylene
with covalently attached fluorophores is unprecedented. Brown et al.

investigated selectivity and efficiency of pyrene attachment to polyethylene
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films by bombardment with MeV-range protons; however, the potential of

this material as strain detector was not explored.”

Figure 1. A: Picture of HDPE films containing 0.1, 0.2, 0.4, or 0.8 wt% of bis(R-cyano-
4-octadecyloxystyryl)-2,5-dimethoxybenzene deformed to around 400 % draw ratio.’®
B: Picture of LLDPE films containing 0.18 wt% of 1,4-bis(R-cyano-4-methoxystyryl)-
2,5-dimethoxybenzene (top) and 0.20 wt% of 1,4-bis(R-cyano-4-methoxystyryl)
benzene (bottom) stretched at room temperature to a draw ratio of 500 %. The pictures
were taken under excitation with UV light of a wavelength of 365 nm.'¢ C: Picture of
LLDPE film containing 1wt% of bis(R-cyano-4-octadecyloxystyryl)-2,5-
dimethoxybenzene stretched to a draw ratio of around 300 %.!” D: Picture of LDPE
film containing 0.1 wt% of  N,N’-bis-(2’-ethylhexyl)perylene-3,4,9,10-
tetracarboxyldiimide film stretched to a draw ratio of around 400 % under excitation
with UV light of a wavelength of 366 nm."8

Herein, we describe a strain-reporting polymer based on
polyethylene-graft-maleic anhydride (PE-MAH) with covalently attached
pyrene as a fluorophore, produced directly via reactive extrusion. Both
HDPE-MAH and VLDPE-MAH where functionalized with 1-aminopyrene
(AP) and their changes in fluorescence as a response to stress were

investigated. The thermal, rheological and mechanical properties of both
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pyrene functionalized polymers were also tested in comparison with those of

the pristine samples.

3.2 Results and discussion

3.2.1 AP reactive extrusion grafting onto PE-MAHs

1-Aminopyrene (AP) was used as a fluorophore of choice thanks to
pyrene’s clear and well-separated monomer and excimer emissions both in
solution and in the solid state, long singlet monomer excited state
fluorescence life time, high luminescence quantum yield as well as chemical
and thermal robustness.??! For the synthesis of pyrene functionalized PE, two
types of polyethylene grafted with maleic anhydride were selected: highly
crystalline, stiff HDPE and more elastic VLDPE with low crystallinity
(Table 1). To graft AP onto PE-MAHSs a reaction between amino group of AP
and maleic anhydride forming a robust maleimide was used (Scheme 1).22%
The reactions were performed at 160 °C in a corotating twin-screw micro

extruder allowing to eliminate the use of solvents.
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p

(0} reactive “

extrusion,
160 °C

ng 0

Scheme 1. AP reactive extrusion grafting onto PE-MAHs.

Increasing amount of AP was introduced ranging from 0.01 to 1 %
leaving always the excess of MAH to achieve complete grafting, which was
confirmed by extraction with DCM as no free AP could be detected by
'H NMR (Figure appx 3 and Figure appx 4). The covalent attachment of AP to
polyethylene backbone prevents leeching, ensuring a long-term stability.?-28
Incorporation of AP within the studied range did not influence significantly
thermal properties of PE-MAHs as indicated by DSC measurements
(Figure appx 5 and Figure appx 6). AP content, melting temperatures (Tm),
degrees of crystallinity (X«) as well as number average molecular weights
(Mn) and molecular weight distributions (Pm) of the samples are listed in

Table 1.
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Table 1. MAH and AP content, melting temperatures (ITm), degrees of crystallinity
(Xer) as well as number average molecular weights (Mn) and the molecular weight
distributions (Bwm) of PE-MAHSs and corresponding PE-MAH-APs.2

MAHP AP Tme Xerd Mre
Polymer Dwme

[mol%] [wt%] [°C] [%] [g/mol]
HDPE-MAH 0.7 - 125.7 53.9 6000 3.7
1 (HDPE-MAH-AP) - 0.01 127.7 42.6 - -
2 (HDPE-MAH-AP) - 0.1 128.2 422 - -
3 (HDPE-MAH-AP) - 1 127.9 423 - -
VLDPE-MAH 12 - 76.6 3.8 4500 5.3
4 (VLDPE-MAH-AP) - 0.01 734 4.1 - -
5 (VLDPE-MAH-AP) - 0.1 73.6 3.7 - -
6 (VLDPE-MAH-AP) - 1 73.6 34 - -

2 Conditions: reactive extrusion grafting was carried in a 15 mL twin crew micro extruder for 10 min at
160 °C and a screw speed of 100 RPM. P MAH content was calculated from the "H NMR (120 °C, TCE-d>).
cMelting temperatures (Tm) were determined by DSC from the second heating scan. ¢Degrees of
crystallinity (Xo) were calculated dividing the melting enthalpy of 100 % crystalline PE (286.2 ]J/g)* by
melting enthalpy of a polymer determined by DSC from the second heating scan. ¢ Molecular weight and
dispersity were determined by SEC in 0DCB at 150 °C with respect to polyethylene standards.

Tensile test, DMTA and rheology were employed to investigate the
impact of AP on mechanical performance and flow behavior of PE-MAH-APs.
Tensile and DMTA curves before and after introduction of 1 % of AP were
almost identical as well as rheology frequency sweeps, proving that
mechanical properties and flow behavior remained unaltered (Figure appx 7

- Figure appx 12).
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3.2.2 PE-MAH-AP fluorescent characterization

To investigate the amount of excimer present in PE-MAHSs containing
different amount of AP, fluorescence emission spectra were recorded
(Figure 2). Samples containing low amount of pyrene (0.01 to 0.1 %) exhibit
a low excimer formation (Ie/Im < 0.1) and only when the pyrene content was
increased to 1 % a pronounced broad peak around 465 nm was observed
confirming the excimer formation in PE matrix. Interestingly HDPE-MAH-AP
materials contain more excimer than VLDPE-MAH-AP ones. Since grafted AP
is present solely in the amorphous phase (no significant decrease in melting
point or degree of crystallinity after AP grafting was observed),® which is less
abundant in HDPE than VLDPE, pyrene groups in HDPE are more

concentrated leading to increased excimer formation.
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Figure 2. Normalized fluorescence spectra of A: HDPE samples grafted with AP
(polymer 1, 2 and 3) and B: VLDPE samples grafted with AP (polymer 4, 5 and 6).

Samples grafted with 1% of AP, therefore containing the highest
amount of excimer, were selected to investigate the fluorescent behavior
under stress. Specimens for testing were prepared by compression molding,
mounted in a metal frame between clamps and subjected to stretching with
5 mm increments. After each stretching step, the frame containing the sample

was placed in the spectrofluorimeter and the emission spectrum was

71



Pyrene functionalized polyethylene

recorded. As expected, stress induced plastic deformation broke the excimers
which manifested itself in the decrease of the Ie/Im ratio. Due to the different
tensile properties of HDPE-MAH and VLDPE-MAH, a different fluorescent
behavior under stress was observed. Polymer3 (HDPE-MAH-AP 1 %)
showed necking after 50 % strain and a clear drop of around 50 % of I¢/Im ratio
was observed when the emission spectrum was collected from the neck area
(Figure 3A). Samples of polymer 3 failed when the strain exceeded 200 %.
In contrast, polymer 6 (VLDPE-MAH-AP 1 %) showed no necking and
a linear decrease of It/Im ratio with elongation down to around 30 % for 1100 %
strain was observed, which is the maximum elongation the device can allow
(Figure 3B). The linear relationship between the extension ratio and excimer
content of polymer 6 (VLDPE-MAH-AP 1 %) can be used as a calibration line

for the construction of a strain-reporting polyethylene sensor.
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Figure 3. Fluorescent behavior under stress of A: polymer 3 (HDPE-MAH-AP 1 %)
and B: polymer 6 (VLDPE-MAH-AP 1 %).

3.3 Conclusions

Reactive extrusion was successfully employed as an efficient and
practical method to covalently functionalize PE-MAHs with increasing
amounts of AP (from 0.01 to 1 %). The resulting strain-reporting PE retains
similar mechanical, thermal and rheological properties to that of the starting
PE-MAH materials. Both polymers3 (HDPE-MAH-AP1%) and 6
(VLDPE-MAH-AP 1 %) showed pronounced fluorescence changes under
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stress which could be correlated to their different tensile properties. Around
50 % drop of the excimer content (Iz/Im) in polymer 3 was observed when the
elongation exceeded 50 % which could be related to a neck formation. In
contrast, polymer 6 showed no necking and a linear decrease of the excimer
content (Ie/Im) with elongation up to 1100 %. The results demonstrate
a significant potential for the development of a strain-reporting PE directly
via reactive extrusion. This solution is applicable not only for PE but also for

any thermoplastic bearing maleic anhydride units.

3.4 Experimental section

Materials

Chloroform, dichloromethane (DCM) 1,2-dichlorobenzene (0DCB),
deuterated chloroform (CDCls), deuterated tetrachloroethene (TCE-d2) and
1-aminopyrene (AP, 97 %) were purchased from Sigma-Aldrich. High density
polyethylene-graft-maleic anhydride (HDPE-MAH) was kindly provided by
SABIC. Very low density polyethylene-graft-maleic  anhydride
(VLDPE-MAH) was purchased from YPAREX. All materials were used as

received unless otherwise stated.

Typical procedure for pyrene reactive extrusion grafting onto
polyethylene-graft-maleic anhydride (PE-MAH)

VLDPE-MAH (9.9 g) and AP (0.1 g, 0.46 mmol) were mixed in a metal
cup and subsequently fed into a 15 mL corotating twin-crew micro extruder.

The reaction mixture was processed for 10 min at 160 °C and a screw speed of
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100 RPM after which the discharge valve was opened. The amount of grated
AP was determined from the weight ratio of the polymer and AP fed into the
extruder. Extraction experiments proved that all AP has reacted (see below)
and 'H NMR showed the resonances of grafted pyrene at AP concentration of

1 % (and Figure appx 2).

Typical procedure for PE-MAH-AP extraction with DCM

A piece of PE-MAH-AP polymer (around 200 mg) was placed in a vial
and 5 mL of DCM was added. The vial was closed and left at RT for 24 h.
Subsequently, DCM was evaporated, the vial was washed with 0.5 mL of
CDCIs and "H NMR of the solution was recorded to detect if any free AP was

present (Figure appx 3 and Figure appx 4).

Measurements

'HNMR analysis was carried out either at room temperature or at
120 °C using deuterated chloroform (CDCls) or deuterated tetrachloroethene
(TCE-d2) as solvents and recorded in 5mm tubes on a Varian Mercury
spectrometer operating at frequencies of 400 MHz. Chemical shifts are
reported in ppm versus tetramethylsilane and were determined by reference
to the residual solvent signal.

The molecular weight and dispersity were studied by size exclusion
chromatography (SEC) measurements performed at 150°C on
a Polymer Char GPC-IR® built around an Agilent GC oven model 7890,
equipped with an autosampler and the Integrated Detector IR4. 0DCB was

used as an eluent at a flow rate of 1 mL/min. The SEC data were processed
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using Calculations Software GPC One®. The molecular weights were
calculated with respect to polyethylene standards.

Melting temperatures (Tm) and enthalpies of the transition (AHm) were
measured by differential scanning calorimetry (DSC) using a DSC Q100 from
TA Instruments. The measurements were carried out at a heating and cooling
rate of 10 °C/min from -20 °C to 150 °C. The transitions were deduced from
the second heating curves (Figure appx 5 and Figure appx 6).

Fluorescence emission spectra were measured in a solid state (film
thickness around 100 um) on a Horiba Jobin Yvon Fluoromax-3
spectrofluorometer equipped with a xenon arc lamp as a light source using
excitation wavelength of 320 nm.

Tensile tests were performed with a Zwick Z100 tensile tester equipped
with a 100 N load cell. The tests were performed on injection molded tensile
bars. The samples were pre-stressed to 0.3 MPa, then loaded with a constant
cross-head speed of 50 mm/min (Figure appx 7 and Figure appx 8).

Rheology was measured using TA Instruments DHR-2 equipped with a
parallel plate geometry. Discs with diameter of 25 mm and thickness of 1 mm
were injection molded at 160 °C. Frequency sweeps were measured from
100 to 0.1rad/s (strain amplitude of 0.4 %) at a temperature of 160 °C
(Figure appx 9 and Figure appx 10).

Dynamical mechanical thermal analysis (DMTA) was measured using
TA Instruments Q800 in tensile mode. The specimens were compressed
molded at 160 °C. Samples were measured from -100 to 200 °C with a heating
speed of 3 °C/min and a fixed oscillation (amplitude 10 um, frequency 1 Hz,

Figure appx 11 and Figure appx 12).
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3.5 Appendix
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Figure appx 1. 'HNMR spectra overlay of HDPE-MAH and 1, 2 and 3
(HDPE-MAH-AP) recorded at 120 °C in deuterated TCE.
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Figure appx 2. 'HNMR spectra overlay of VLDPEMAH and 4, 5 and 6
(VLDPE-MAH-AP) recorded at 120 °C in deuterated TCE.
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Figure appx 3. 'HNMR spectra overlay after extraction of 1, 2 and 3
(HDPE-MAH-AP) with DCM recorded at RT in CDCls.
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Figure appx 4. 'HNMR spectra overlay after extraction of 4, 5 and 6
(VLDPE-MAH-AP) with DCM recorded at RT in CDCls.
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Figure appx 5. DSC second heating curves of HDPE-MAH and 1, 2 and 3

(HDPE-MAH-AP).
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Figure appx 6. DSC second heating curves of VLDPE-MAH and 4, 5 and 6

(VLDPE-MAH-AP).
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Figure appx 7. Representative stress-strain curves of HDPE-MAH and 3
(HDPE-MAH AP %).
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Figure appx 8. Representative stress-strain curves of VLDPE-MAH and 6
(VLDPE-MAH-AP 1 %).
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Figure appx 9. Rheology frequency sweep curves of HDPE-MAH and 3
(HDPE-MAH-AP 1 %), storage modulus (G') - solid line, loss modulus (G") - dash
line.
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Figure appx 10. Rheology frequency sweep curves of VLDPE-MAH and 6
(VLDPE-MAH-AP 1 %), storage modulus (G') - solid line, loss modulus (G") - dash
line.
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Figure appx 11. DMTA curves of HDPE-MAH and 3 (HDPE-MAH-AP 1 %), storage
modulus (E') - solid line, tangent delta (tan d) - dot line.
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Figure appx 12. DMTA curves of VLDPE-MAH and 6 (VLDPE-MAH-AP 1 %),
storage modulus (E') - solid line, tangent delta (tan 0) - dot line.
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Chapter 4

Barrier properties of
ureidopyrimidinone and pyrene
functionalized polyethylene?

UPy or MIP
supramolecular motifs were

introduced into PE-HEMA

() = Supra-
molecular
motif

copolymers by  solution

grafting. The incorporation

was confirmed by NMR

spectroscopy. Oxygen (OP) and water vapor (WVP) permeabilities of those materials
were measured and compared to that of LDPE and polyethylene/polyamide/ethylene
vinyl alcohol (PE/PA/EVOH) multilayer structure to investigate the influence of
UPy quadruple hydrogen bonding and MIP mt-m stacking on oxygen and water vapor
barrier properties. Functionalization of PE-HEMA1 with 2.2 mol% of UPy decreased
OP by about 30 % at 23 °C and 0 % RH, and about 25 % at 38 °C and 50 % RH
while WVP by about 25 %. When 1.2 mol% of MIP was introduced into PE-HEMAI,
OP was decreased by about 35 % at 23 °C and 0 % RH, and about 30 % at 38 °C and
50 % RH while WVP by about 40 %.

2 The content of this chapter is covered by the patent application: Zych, J. Tellers, M. Soliman, R. Pinalli,
J. Vachon, E. Dalcanale, Gas barrier film, 16POLY0166.
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4,1 Introduction

Currently, the world is using 28 million tons of plastics for food
packaging and 6.8 million tons for healthcare applications including
cosmetics, hygienic, packaging and components. The most common polymers
used in food packaging have performed well with regard to chemical and heat
resistance. For instance, PE offers not only a good processability but also an
excellent water vapor barrier, which is required for many water-sensitive food
products such as dried food products. However, this type of plastic is not
appropriate for oxidation-sensitive food products due to its low oxygen
barrier property (Table 1). Concerning PP, it is often used for a variety of food
products ranging from cold-chain to heat-treated food products, including
microwaveable products available in either flexible or rigid plastic packaging.
Similarly to PE, due to its poor oxygen barrier properties, PP is very often
used in multilayers with high-oxygen-barrier polymers such as ethylene vinyl
alcohol (EVOH) for oxygen-sensitive food products like apple products, meat
products, soup, baby food, ketchup, and cooked rice.! However, multilayer
films have a major drawback, they are very difficult to recycle.2 Therefore,
there is a strong need of developing new modified polyolefins with improved
oxygen barrier that could be used as a single layer material for food packaging

enabling the recycling.
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Table 1. Oxygen and water vapor permeability values of some commodity polymers.?

O: Permeability H:0 Permeability

Polymer [cm?3 (O2)-mm/ [g(H20)-mm/

(m2-24h)] (m2-24h)]
Polyethylene (PE) 50 - 200 05-2
Polypropylene (PP) 50 - 100 0.2-04
Polystyrene (PS) 100 - 150 1-4
Polyvinyl chloride (PVC) 2-8 1-2
Polyvinyl alcohol (PVOH) 0.02 (dry) 30
Ethylene vinyl alcohol (EVOH) 0.001 - 0.01 (dry) 1-3
Polyvinylidene chloride (PVDC) 0.01-0.3 0.1
Polyethylene terephthalate (PET) 1-5 05-2
Polyamide (PA) 0.1-1 (dry) 0.5-10

Gas barrier properties of polymers are controlled by typical mass
transfer phenomena: permeation, absorption, and diffusion (Figure 1).
Permeation is the ability of permeants to penetrate and pass through an entire
material in response to a difference in partial pressure. Diffusion is the
movement of a diffusant in a medium caused by a concentration difference
acting as a driving force. Absorption and its counterpart desorption measure
the affinity of a given substance for two media with which it comes into
contact. Permeation is driven by the chemical potential caused by gradient of
concentration or partial pressure and is determined by solubility (relationship
between concentration in the solid and in the gas following Henry’s law) and

diffusion (rate aspect of mass transfer from Fick’s first law).
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The permeability (P) relates the diffusion coefficient and solubility
according to eq (1).

L
P=DS=-1 1)
AtAp
Where P: Permeability, D: Diffusion, S: Solubility, q: quantity of permeant
transferred by unit of area, L: film thickness, t: time; A: area of the film,

Ap: partial pressure difference.*

Permeation > Permeability (P)
Absorption —> Solubility (S)
Diffiusion > Diffiusivity (D)

Figure 1. Mass transfer phenomena and their characteristic coefficients.

It is known that barrier properties of PE are affected by crystallinity.
When crystallinity increases, density increases and thus permeability
decreases. This is related to the increased tortuous path brought by the
crystalline phase that is virtually impermeable to a gas (Figure 2). The
presence of more space and voids within the amorphous phase makes
amorphous polymers more permeable. HDPE (X. up to 85 %) has thus
a higher gas barrier compared to LD/LLDPE (Xc between 30 to 55 %).
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Figure 2. Schematic representation of amorphous and crystalline regions within
a polymer.

The influence of the degree of crystallinity of PE on oxygen
permeability, solubility and diffusivity is shown in Figure 3.> While solubility
decreases less than a factor 10 with increasing X, the diffusivity decreases
a factor of a few hundreds, which shows that diffusivity is the main factor
driving oxygen permeability for PE. Moreover, this effect is especially evident
when it comes to higher degrees of crystallinity (> 60 %). When crystallinity is
in between 20 and 60 %, a minimal change of permeation factors is noticed.
However, a major step change occurs at Xc~ 60 %. For Xcbetween 60 and 80 %,
a factor of a few hundred decrease of P is seen in this 20 % range of
crystallinity. At a higher crystallinity, the crystal structure changes from
discontinuous to continuous crystal domains which effectively prevent the

diffusion of gas molecules (Figure 4).°
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Figure 3. Oxygen permeability (P, left), solubility (S, middle) and diffusivity (D, right)
as a function of the degree of crystallinity (Xc) of polyethylene.>
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Since the crystalline phase of PE is virtually impermeable towards gas
molecules, it is the amorphous phase that has to be modified to improve the
barrier properties. One of the possible approaches is to enhance cohesive
interactions between PE chains in the amorphous phase utilizing
supramolecular interaction like -7t stacking (pyrene) or multiple hydrogen
bonding (UPy). Here we report the effect of the introduction of UPy and
pyrene moieties into a PE matrix on the oxygen/water barrier properties of

the resulting materials.
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4.2 Results and discussion

Low density polyethylene (LDPE) and a commercial EVOH based
multilayer structure (PE/PA/EVOH) made of polyethylene (PE), polyamide
(PA) and ethylene-co-vinyl alcohol (EVOH) were selected as benchmarks for
modified polyethylene samples. Oxygen and water vapor permeability were
measured at least twice for each sample to ensure reliable results.

As expected, PE/PA/EVOH commercial multilayer structure shows
a very good performance both in terms of oxygen and water vapor
permeability. It combines good oxygen barrier properties of EVOH protected
from moisture with LDPE outer layers ensuring sufficient water vapor
barrier. Water vapor permeability (WVP) is just slightly higher than that of
LDPE and oxygen permeability (OP) is reduced around 350 times. Despite
being a bit more sensitive to increased humidity and temperature,
PE/PA/EVOH keeps low OP of 1.3 at 38 °C and 50 % RH (Table 2 and
Table 3).

Table 2. Oxygen Permeability results of benchmark samples.

O:2 Permeability
Temperature  Humidity
Polymer [em3 (O2)-mm/
[°C] [%]
(m2-24h)]

23 0 0.3
PE/PA/EVOH

38 50 13

23 0 107
LDPE

38 50 244
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Table 3. Water vapor permeability results of benchmark samples.

4.2.1

H:0
Temperature  Humidity Permeability
Polymer
[°C] [%] [g(H20)-mm/
(m2-24h)]
PE/PA/EVOH 23 85 0.08
LDPE 23 85 0.06

Oxygen and water vapor permeability of PE-HEMA-UPy

The functionalization of PE-HEMA with UPy moieties in solution and

the relative characterization of the obtained PE-HEMA-UPy samples were

described in Chapter 2. OP and WVP results of PE-HEMA1 containing

4.4 mol% of HEMA and corresponding samples functionalized with 0.5 and

2.2 mol% of UPy (Table 4) are presented below in Table 5 and Table 6 and

visualized in Figure 5.
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Table 4. PE-HEMA-UPy samples used for permeability measurements.?

-OHP UPyb Tme Xerd Mnd
Polymer Dwmd
[mol%]>  [mol%] [°C] [%] [g/mol]
PE-HEMAL1 4.4 - 99.6 12.2 4000 4.2
PE-HEMA1-UPy 0.5 3.9 0.5 97,5 10.4 - -
PE-HEMA1-UPy 2.2 2.2 2.2 97,7 11.0 - -

2Conditions: reactions were carried out under nitrogen in a glass reactor equipped with a mechanical stirrer
set to 100 RPM at 100 °C for 24 h. 500 mL of toluene and 2 drops of DBTDL catalyst were used for 10 g of
starting polymer. b Calculated from 'H NMR (120 °C, TCE-d2). <Melting temperatures (Tm) were determined
by DSC from the second heating scan. ¢ Degrees of crystallinity (Xe) were calculated dividing the melting
enthalpy of 100 % crystalline PE (286.2 J/g)” by melting enthalpy of a polymer determined by DSC from the
second heating scan. ¢ Molecular weight and dispersity were determined by SEC in oDCB at 150 °C with
respect to polyethylene standards.

Table 5. Oxygen permeability results of PE-HEMA-UPy samples.?

Oz Permeability
UPy? Temperature Humidity
Polymer [cm? (O2)-mm/ BIF¢
[mol%] [°C] [%]
(m2-24h)]

23 0 107 -
PE-HEMA1 -

38 50 297 -

23 0 93 1.15
PE-HEMA1 0.5 0.5

38 50 264 1.12

23 0 77 1.39
PE-HEMA1 2.2 2.2

38 50 230 1.29

aSamples were prepared by compression molding, thickness around 100 pm. ® Calculated from "H NMR
(120 °C, TCE d2). BIF (barrier improvement factor) was calculated by dividing the permeability of
a reference material by the permeability of the modified one.
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Table 6. Water vapor permeability results of PE-HEMA-UPy samples.

H:0 Permeability
UPy? Temperature Humidity
Polymer [g(H20)-mm/ BIF¢
[mol%] [°Cl] [%]
(m2-24h)]
PE-HEMA1 23 85 0.53 -
PE-HEMA1 0.5 0.5 23 85 0.49 1.08
PE-HEMA1 2.2 22 23 85 0.45 1.18

aSamples were prepared by compression molding, thickness around 100 pm. b Calculated from "H NMR
(120 °C, TCE-dz). BIF (barrier improvement factor) was calculated by dividing the permeability of
a reference material by the permeability of the modified one.
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Figure 5. Permeability results of PE-HEMAI1-UPy samples, A: OP at 23 °C and
0 % RH, B: OP at 38 °C and 50 % RH.

95



Barrier properties of ureidopyrimidinone and pyrene functionalized
polyethylene

PE-HEMAL1 has around 5 times higher WVP than LDPE due to the
presence of hydrophilic HEMA comonomer (increased water solubility) and
decreased crystallinity (increased diffusivity). Surprisingly, it does not show
a decreased OP at 23 °C and 0 % RH as EVOH does and has a comparable
oxygen barrier to LDPE. That outcome can be caused by two conflicting
effects: decreased solubility of non-polar oxygen caused by the presence of
hydrophilic HEMA lowers OP, while the increased diffusivity by the
decreased crystallinity rises OP. At higher temperature and humidity
PE-HEMAL1 performs worse than LDPE since hydrogen bonding of HEMA
gets weaker and the amorphous phase become more mobile.

The introduction of 0.2 and 2.2 mol% of UPy gradually decreased OP
and WVP. This result proves that the quadruple hydrogen bonding of UPy is
insensitive to humidity unlike the hydrogen bonds between hydroxy groups
of HEMA, and increases the cohesive interactions between the polymer chains
more efficiently. By the introduction of 2.2 mol% of UPy into PE HEMA1, OP
was decreased about 30 % at 23 °C and 0 % RH (BIF = 1.39) and about 25 % at
38 °C and 50 % RH (BIF = 1.29). However, the PE-HEMA-UPy samples did
not perform better than the commercial solution. Although higher amount of
UPy could potentially further improve the oxygen and water vapor barrier,
samples witch such a high UPy content would be very difficult to process, if

not impossible, which is impractical for any packaging applications.
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4.2.2 Oxygen and water vapor permeability of PE-HEMA-MIP

PE-HEMAL1 containing 4.4 mol% of HEMA and PE-HEMAS3 containing
0.8 mol% of HEMA were functionalized with methylisocyanatopyrene (MIP)
using the same procedure as for UPy solution grafting. PE-HEMA1 was
functionalized with 1.2mol% of MIP and PE-HEMA3 with 0.6 mol%
(Table 7). OP and WVP results of PE-HEMA-MIP samples are presented

below in Table 8 and Table 9 and visualized in Figure 6.

Table 7. PE-HEMA-MIP samples used for permeability measurements.»

-OHP MIP Tme Xod Mhre
Polymer Dwme
[mol%]»  [mol%l] [°Cl] [%] [g/mol]
PE-HEMA3 0.8 - 109.0 19.5 16 200 39
PE-HEMA1 44 - 99.6 12.2 4 000 4.2
PE-HEMAS3-MIP 0.2 0.6 108.3 16.0 - -
PE-HEMA1-MIP 3.2 1.2 98.2 10.6 - -

aConditions: reactions were carried out under nitrogen in a round bottom flask with magnetic stirrer set to
100 RPM at 100 °C for 24 h. 100 mL of toluene and 1 drop of DBTDL catalyst were used for 2 g of starting
polymer. ® Calculated from '"H NMR (120 °C, TCE-dz). < Melting temperatures (Tm) were determined by DSC
from the second heating scan. 4 Degrees of crystallinity (Xcr) were calculated dividing the melting enthalpy
of 100 % crystalline PE (286.2 J/g)” by melting enthalpy of a polymer determined by DSC from the second
heating scan. ¢ Molecular weight and dispersity were determined by SEC in oDCB at 150 °C with respect to
polyethylene standards.
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Table 8. Oxygen permeability results of PE-HEMA-MIP samples compared to those
of their precursors.?

Oz Permeability
MIP® Temperature ~ Humidity
Polymer [em? (O2)-mm/ BIF¢
[mol%] [°C] [%]
(m2-24h)]

23 0 118 -
PE-HEMA3 -

38 50 262 -

23 0 87 1.36
PE-HEMA3-MIP 0.6

38 50 233 1.12

23 0 107 -
PE-HEMA1 -

38 50 297 -

23 0 67 1.60
PE-HEMA1-MIP 12

38 50 212 1.40

aSamples were prepared by compression molding, thickness around 100 pm. b Calculated from "H NMR
(120 °C, TCE-dz). BIF (barrier improvement factor) was calculated by dividing the permeability of
a reference material by the permeability of the modified one.

Table 9. Water vapor permeability results of PE-HEMA-MIP samples compared to
those of their precursors.?

H:0
MIP® Temperature  Humidity Permeability
Polymer BIF«
[mol%] [°C] [%] [g(H20)-mm/
(m2-24h)]
PE-HEMA3 - 23 85 0.08 -
PE-HEMA3-MIP 0.6 23 85 0.12 0.66
PE-HEMAL1 - 23 85 0.53 -
PE-HEMA1-MIP 1.2 23 85 0.32 1.66

aSamples were prepared by compression molding, thickness around 100 um.  Calculated from 'H NMR
(120 °C, TCE-d2). <BIF (barrier improvement factor) was calculated by dividing the permeability of
a reference material by the permeability of the modified one.
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Figure 6. Permeability results of PE-HEMA-MIP samples, A: OP at 23 °C and 0 % RH,
B: OP at 38 °C and 50 % RH.

PE-HEMAS3 with the low HEMA content of 0.8 mol% has a similar
barrier performance to LDPE. When HEMA content is increased to 4.4 mol%
in PE-HEMAL1, it shows a slightly lower OP but a much higher WVP. This
behavior can be explained by looking separately at the solubility and
diffusivity factors that are affected by the increased HEMA content. Both for
oxygen and water vapor barrier, a high HEMA content leads to a more
amorphous material, and as a consequence, a higher diffusivity. In case of

oxygen, a high HEMA content means a lower solubility, which then
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compensate to some extent the increased. However, for water vapor the
opposite effect is present where higher affinity to water of polar HEMA units
increase solubility leading to increased WVP.

Both polymers functionalized with MIP show decreased OP, which is
more significant for PE-HEMA1-MIP containing more MIP (1.2 mol%). It
shows that the MIP mt-mt stacking increases cohesive interactions between the
PE-HEMA chains (decreased diffusivity) improving the oxygen barrier.
Moreover, PE-HEMAI1-MIP shows also decreased WVP because MIP
decreases the polarity of PE-HEMA (decreased solubility). Even though OP
was decreased around 35 % (BIF = 1.66) in case of PE-HEMA1 functionalized
with 1.2 mol% of MIP, results are still far from the performance of the

commercial multilayer.

4.3 Conclusions

PE-HEMA samples were functionalized with UPy or MIP. Oxygen and
water vapor permeability of those materials were measured at different
temperatures and humidity. Both UPy quadruple hydrogen bonding and MIP
n-1t stacking were able to improve oxygen and water vapor barrier.
Functionalization of PE-HEMA1 with 2.2 mol% of UPy decreased OP by
about 30 % at 23 °C and 0 % RH, and about 25 % at 38 °C and 50 % RH while
WVP by about 25 %. When 1.2 mol% of MIP was introduced into PE-HEMALI,
OP was decreased by about 35 % at 23 °C and 0 % RH, and about 30 % at 38 °C
50 % RH while WVP by about 40 %. Despite the achieved improvements the

samples performed worse than commercial multilayer solution. The poor
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performance can be explained by decreased crystallinity when polyethylene
is functionalized. As a consequence, diffusivity through more amorphous
polyethylene is increased compromising both oxygen and water vapor barrier
properties. This effect is only partially compensated by the increase cohesive
interactions between the PE-HEMA chains thanks to the water insensitive

hydrogen bonding of UPy or mt-mt interactions of MIP.

4.4 Experimental section

Materials

Toluene, acetone, dichloromethane (DCM) deuterated
tetrachloroethene (TCE-dz), trimethylamine (99.5 %), triphosgene (98 %),
hexamethylene diisocyanate (HDI, 98 %), dibutyltin dilaurate (DBTDL, 95 %)
and 2-Amino-4-hydroxy-6-methylpyrimidine (methyl isocytosine, 98 %) were
purchased from Sigma-Aldrich. 2-(6-isocyanatohexylaminocarbonylamino)-
6-methyl-4[1H]pyrimidinone (UPy) was synthesized according to the
reported procedure.® 1-methylisocyanatopyrene (MIP) was synthesized
according to the reported procedure.’ Polyethylene-co-2-hydroxyethyl
methacrylate (PE-HEMA) was kindly provided by SABIC. All materials were

used as received unless otherwise stated.

Typical procedure for UPy grafting in solution
PE-HEMA (10.0 g) was dissolved in toluene (500 mL) at 100 °C in a glass
reactor equipped with mechanical stirring (100 RPM) under nitrogen

atmosphere. Subsequently, desired amount of UPy and DBTDL (2 drops)
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were added and the reaction mixture was stirred at 100 °C for 24 h,
maintaining the nitrogen atmosphere. The product was precipitated by
pouring the reaction mixture into acetone, filtered, washed twice with acetone

and dried at 60 °C under vacuum.

Typical procedure for MIP grafting in solution

PE-HEMA (10.0 g) was dissolved in toluene (500 mL) at 100 °C in a
round bottom flask with magnetic stirring (100 RPM) under nitrogen
atmosphere. Subsequently, desired amount of MIP and DBTDL (2 drops)
were added and the reaction mixture was stirred at 100 °C for 24 h,
maintaining the nitrogen atmosphere. The product was precipitated by
pouring the reaction mixture into acetone, filtered, washed twice with acetone

and dried at 60 °C under vacuum (Figure appx 3 and Figure appx 4).

Typical procedure for compression molding

Appropriate molds were filled with the polymer powder and placed
between the plates of the compression molding machine for 5 min at 140 °C.
After that, force of 500 kN was applied for 10 min followed by cooling at
a rate of 15°C /min until a temperature of 40 °C was reached while

maintaining the applied force.

Measurements
Oxygen and water transmissions were measured on at least two
compressed molded films for each sample and the average was calculated.

Oxygen transmission rates were determined at 23 °C, 0 % relative humidity
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(R.H.) and at 38 °C, 50 % R.H. according to ISO 15105-2. Water transmission
rates were determined at 23 °C, 80 % R.H. according to ISO 15106-3 standard.

The thickness of films was around 100 um (Figure appx 1 and Figure appx 2).

4.5 Appendix

Upper Chamber

— e
Oxygen ———» ———» Oxygen

Oxygen Molecules

Test Sample

Nit Oxygen + Nitrogen
(i — p— to sensor

Lower Chamber

Figure appx 1. Schematic representation of oxygen permeability tester.
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X — ]
Wet Nitrogen ——» ——» Wet Nitrogen
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Wet Nitrogen

Dry Nitrogen ——»
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Lower Chamber

Figure appx 2. Schematic representation of water vapor permeability tester.
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Figure appx 3. 'H NMR spectra overlay of PE-HEMA1 and PE-HEMAT1-MIP 1.2 mol%
recorded at 120 °C in deuterated TCE.
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Figure appx 4. 'TH NMR spectra overlay of PE-HEMA3 and PE-HEMA3-MIP 0.6 mol%
recorded at 120 °C in deuterated TCE.
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Chapter 5
Silyl ether polyethylene
vitrimers?

Functionalized ~ polyethylene  bearing
pendant hydroxy groups was dynamically
crosslinked directly via reactive extrusion
using commercially available N,N’-Bis[3-

(trimethoxysilyl)propyl]  ethylenediamine

(TMSPEDA). This fast and efficient process
allowed to produce PE vitrimers without any synthetic effort or use of any solvent
which makes it environmentally friendly and easy to upscale. The dynamic
crosslinking transformed thermoplastic PE into an elastic solid with greatly improved
melt strength as revealed by DMTA and rheology analysis. Mechanical properties
could be tuned by varying the amount of TMSPEDA crosslinker. All prepared
vitrimers were insoluble in xylene and were not affected by moisture, demonstrating
crosslinked character and excellent solvent and hydrolysis resistance which is of great
importance for industrial applications. Despite the crosslink nature of the material,
the dynamic silyl ether exchange enabled processability and recyclability of this
system using industrially relevant techniques like injection and compression
molding.

a The content of this chapter is being prepared to be covered by the patent application: Zych, J. Tellers,
M. Soliman, R. Pinalli, J. Vachon, E. Dalcanale, Silyl ether vitrimers, and to be submitted for publication:

A. Zych, M. Soliman, R. Pinalli, J. Vachon, E. Dalcanale, Reactive extrusion of polyethylene vitrimers based on
silyl ether exchange.
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5.1 Introduction

The world of polymers is generally divided into thermoplastics and
thermosets with each of them having unique properties and applications.
Thermoplastics can be easily processed using industrial processes like
extrusion, injection molding or blow molding. However, their applications
are limited by high creep, poor abrasion and solvent resistance. Those
drawbacks are not present in thermosets but the crosslinking reduces their
ability to flow. Therefore, they cannot be processed like thermoplastics and
have to be polymerized in a mold to give them a desired shape. Moreover,
reprocessing and recycling of those materials are very difficult, if not
impossible.

Vitrimers form a new class of materials that at service temperatures
behave like permanently crosslinked ones but flow at elevated temperatures.
They are crosslinked using exchangeable covalent bonds, which enables them
to change topology, maintaining constant number of chemical bonds and
crosslinks. The exchange reactions speed up with temperature making
processing possible. The shape of the final object is then fixed by freezing the
exchange reaction' 2 through quenching below a glass transition or via
crystallization.>*

When an amorphous polymer is heated, it undergoes the glass
transition (Ts). Above the Tg, the polymer softens and its viscosity decreases
by several orders of magnitude following a non-Arrhenius,
Williams-Landel-Ferry (WLF) law (Figure 1A).>7 Vitrimers additionally

undergo a second transition called topology freezing transition (Tv) coming
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from the network cross-link exchange reactions.> When bond exchange
becomes faster than material deformation, the network can rearrange its
topology, resulting in a flow and the transition from viscoelastic solid to
viscoelastic liquid occurs. If the vitrimer has T lower than Tv (Figure 1B) when
heated from a temperature below T; to a temperature between Ty and Tv,
it will undergo a transition from the glassy to the rubbery state and will
behave like an elastomer, since the exchange reactions are very slow. When
heated above Ty, the exchange reactions become fast enough to transform the
elastomer to a viscoelastic liquid whose flow behavior is controlled by the
cross-link exchange kinetics following Arrhenius law. If a fast exchange
reaction is incorporated into a rigid polymer matrix having a Ty higher than
the expected Tv (Figure 1C), topology freezing transition is only theoretical
since the network is not frozen by the exchange reactions kinetics, but by the
lack of segmental motions associated with the glass transition.* $
At temperatures below Ty no segmental motion is present so no exchange
reactions can occur and the network is fixed. When the material is heated
above the T, segmental motion is slowly initiated while the exchange
reactions are already fast. Network rearrangement is controlled by segmental
motions (diffusion control) that results in a WLF viscosity behavior. Upon
further heating, network rearrangement becomes dominated by the exchange

reactions, which follows the Arrhenius law.
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Figure 1. Representation of the viscoelastic behavior of A: thermoplastic, B: vitrimer
with T lower than Tv, C: vitrimer with Ty higher than the theoretical Tv.*

The first vitrimer based on a transesterification reaction in the epoxy
system catalyzed by zinc acetate was designed by Leibler et al. in 2011
(Figure 2).! The exchange reaction kinetics of those transesterification-based
vitrimers could be simply tuned by changing the amount and nature of the

catalyst.?
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Figure 2. Exchange process via transesterification in hydroxy-ester networks.!

Since the pioneering work of the Liebler’s group, several vitrimers
based on versatile associative exchange chemistries were developed. An
interesting system based on transesterification was published by Zhou et al.?
They prepared a new type of semicrystalline vitrimer by incorporating
glycerol and zinc transesterification catalyst into the amorphous phase of
poly(butylene terephthalate) (PBT) using bulk pre-polymerization followed
by solid-state polymerization (Figure 3). A near quantitative incorporation of
glycerol was achieved while maintaining the crystallization characteristics of
normal PBT. A wide range of thermal, rheological and mechanical properties
were obtained by changing the cross-link density. Those semicrystalline
vitrimers could be recycled multiple times by compression molding without

a substantial loss in dynamic mechanical and thermal properties.’
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PBT vitrimer
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Figure 3. Synthesis of Poly(butylene terephthalate)/Glycerol-based vitrimers by
solid-state polymerization.®

Similar PBT vitrimer system was prepared by Demongeot et al.'’ by
reactive extrusion. The resulting polymers are not soluble in
tetrachloroethane; however, in contrast to the radiation cross-linked PBT, they
were processable and could be reshaped and recycled.

Du Prez etal. explored catalyst-free transamination of vinylogous
urethanes as an exchange reaction for vitrimers.? Poly(vinylogous urethane)
networks with a storage modulus of around 2.4 GPa and a glass transition
temperature above 80°C were prepared by bulk polymerization of
cyclohexane dimethanol bisacetoacetate, m-xylylene diamine, and
tris(2-aminoethyl)amine (Figure 4). The samples were insoluble even at
elevated temperature and a rubbery plateau was observed by DMTA. Stress
relaxation and creep experiments revealed a viscoelastic liquid behavior.
Relaxation times as short as 85 s at 170 °C were achieved without any catalyst.
The networks were recyclable up to four times by consecutive grinding and

compression molding with no significant mechanical or chemical
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degradation.’ The exchange reactions can be either accelerated using Bronsted
or Lewis acid additives or inhibited by adding a base to the polymer matrix.!

Stukenbroeker etal. utilized vinylogous wurethane exchange to
synthesize  elastomeric =~ vitrimers  via  the  crosslinking  of
a polydimethylsiloxane bearing pendant amino groups with a bis-vinylogous
urethane crosslinker.’? The elastic properties of this material can be tuned
across a wide range of moduli by varying the crosslink density. Reshaping
and recycling is possible at 100 °C. Masking the residual free amines with
methyl acetoacetate suppressed the stress relaxation leading to a material
with the properties of a conventional elastomer.!?
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Figure 4. A: Monomers used for vitrimer preparation. A small excess of amines was
used in order to keep residual free amines in the cross-linked material. B: Schematic
representation of transamination in vinylogous urethanes.?

Cromwell etal. created dynamic polycyclooctene network by ring
opening metathesis polymerization (ROMP) of cyclooctane with
dihydroxycyclooctene and subsequent crosslinking using a boronic ester
(Figure 5). The introduction of neighboring amino groups within the
crosslinker led to malleability and self-healing properties, demonstrating a
direct link between diboronic ester exchange kinetics and rate of self-

healing.!?
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Figure 5. A: Tuning neighboring group to control the exchange kinetics of boronic
ester. B: Design of diboronic ester crosslinkers with tunable exchange kinetics.
C: Dynamic exchange of boronic ester cross-linkers affords dynamic materials.’

Boronic ester chemistry for vitrimer synthesis was explored by Rottger et al.
as well."* They discovered that dioxaborolanes undergo a rapid metathesis
reaction at moderate temperatures without the need of a catalyst.
Dioxaborolane metathesis allowed for the synthesis of vitrimers from widely
used polymers. Methyl methacrylate and styrene were copolymerized with
methacrylate functionalized phenylboronic ester while polyethylene was
grafted with maleimide functionalized phenylboronic ester. Subsequent
crosslinking with phenyldiboronic ester led to vitrimers with improved melt
strength, dimensional stability at elevated temperatures, solvent resistance
and environmental stress cracking resistance while being processable and

recyclable just like thermoplastics (Figure 6).14
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Figure 6. A: Synthesis of copolymers containing pendant boronic esters from
functional monomers. B: Grafting of boronic esters onto thermoplastic polymers by
means of reactive processing. C: Cross-linking of functional polymers containing
pendant boronic ester units by means of metathesis with a diboronic ester.

Nishimura etal. introduced silyl ethers as a dynamic covalent
crosslinker into polystyrene matrix (Figure 7). The silyl ether exchange rate
was accelerated by almost three orders of magnitude using a neighboring
amino moiety within the crosslinker itself. This work provided the first
experimental observation of viscosity temperature dependence transition
from WLF behavior to Arrhenius behavior since a special case of
Tv (47 °C) K Tg (125 °C) was created, which supports the vitrimers theory of

topology freezing through molecular kinetic arrest.®
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Figure 7. Preparation of silyl ether vitrimers.?

Other literature reports on vitrimers include olefin metathesis!> 1
siloxane-silanol exchange,'” ® hydroxy mediated transcarbamoylation,-*!
transalkylation of triazolium?* and sulfonium salts,?® and thiol-disulfide
exchange or disulfide metathesis.?** However, most of those vitrimers have
major drawbacks like complicated and costly synthetic procedures and
reduced thermal or hydrolytic stability limiting their applications. Having
hydroxy functionalized PE in hand, we demonstrate here the dynamic
crosslinking of PE directly via reactive extrusion using commercially available
TMSPEDA silyl ether.® Synthesis and characterization of this new,

semicrystalline PE vitrimers are presented in this chapter.
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5.2 Results and discussion

5.2.1 Crosslinking of PE-HEMA with TMSPEDA dynamic

crosslinker via reactive extrusion.

TMSPEDA was selected as a dynamic crosslinker to connect the
PE-HEMA pendant hydroxy groups (Scheme 1). Following this approach,
PE-based vitrimers were directly produced via reactive extrusion using
PE-HEMA and the desired amount of TMSPEDA crosslinker. Extrusion was
performed in a 15 mL twin screw micro compounder at 120 °C for 5 min and
at 180 °C till the constant torque was reached (Figure appx 1). The process
allowed to produce 10 g of PE vitrimer in around 10-15 min which is a great
improvement in comparison to previously reported lengthy solution process.®
In addition, the use of costly or toxic solvents is avoided by performing the
crosslinking directly in the melt, which makes the process environmentally
friendly and easy to upscale. Theoretical crosslink density was varied from
3 to 9 crosslinks per chain (X/C) assuming that all 6 methoxy groups of
TMSPEDA can undergo the reaction. Table 1 lists the amount of the
crosslinker, the number of crosslinks per chain (X/C), melting (Tm) and beta
transition (Tp) temperatures as well as degree of crystallinity (Xc). Thermal
properties did not change significantly after the crosslinking which suggests
that TMSPEDA is excluded from the PE crystalline phase (Figure appx 4).3!
Functional group content, melting (Tm) and beta transition (7g) temperatures,
degree of crystallinity (Xc) as well as molecular weight and the molecular

weight distribution (Pwm) of PE-HEMA are listed in Table appx 1.
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Scheme 1. Preparation of PE silyl ether vitrimers (PE-TMSPEDA) via reactive
extrusion.
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Table 1. TMSPEDA crosslinker content, melting temperatures (Tm), (3 transition
temperatures (Tg) and degrees of crystallinity (Xe) of PE vitrimers.

Maximal reacted

PE-HEMA TMSPEDA Tme Tpd Xar®
Vitrimer X/Ca -OH P
[g] [g] [°Cl [°C] [%]
[%]

1 10 0.66 3 34.7 72.4 4,9 1.8

2 10 0.88 4 46.3 72.1 44 2.0

3 8 1.06 6 69.5 71.0 4.0 2.0

4 7 1.39 9 104.2 69.7 1.9 2.2

aTheoretical number of crosslinks per chain (X/C) was calculated based on Mn of PE-HEMA and the amount
of TMSPEDA used, assuming that all 6 methoxy groups of TMSPEDA can undergo the reaction with
PE-HEMA hydroxy groups. ®Maximal % of reacted hydroxy groups was calculated from the mol ratio of
HEMA and TMSPEDA assuming that all 6 methoxy groups of TMSPEDA can undergo the reaction with
PE-HEMA hydroxy groups. <Melting temperatures (Tm) were determined by DSC from the second heating
scan. 43 transition temperatures (Tp) were determined by DMTA from the maximum of tan 8. f Degrees of
crystallinity (Xo) were calculated dividing the melting enthalpy of 100 % crystalline PE (286.2 ]J/g)** by
melting enthalpy of a vitrimer determined by DSC from the second heating scan.

All prepared vitrimers are not completely soluble in xylene at 100 °C for
24 h, demonstrating improved solvent resistance in comparison to PE-HEMA
which dissolved completely under the same conditions (Table appx 2).
Dynamic silyl ether exchange enabled processability and recyclability of this
system using industrially relevant techniques like injection and compression
molding (Figure appx 2 and Figure appx 3). Even after reprocessing for 4
times, no decrease in the mechanical performance was observed (Figure 8),

showcasing robustness of TMSPEDA crosslinks.
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Figure 8. Representative tensile curves and ultimate strength (inset) of vitrimer 2
tested as synthesized and after up to 4 reprocessing cycle.

Since silyl ethers are prone to hydrolysis,® 3 hydrolytic stability of
PE-TMSPEDA was assessed by exposing specimens to water for 24 h at room
temperature and subsequently measuring water uptake, gel fraction and
tensile properties. All vitrimers showed minimal water uptake (less than 1 %,
Table appx 3). Gel fraction (Table appx 4) and tensile properties
(Figure appx 6) were not significantly affected by exposure to water.
In general, hydrophobic nature of the polymer backbone limits swelling and
water uptake into the cross-linked network, protecting silyl ethers from
hydrolysis which is of great importance for industrial applications like water

pipes and electrical cables isolation.!3
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5.2.2 Rheological characterization.

Rheology measurements were performed to investigate properties of PE
vitrimers in the melt (Figure 9). Results indicated that PE-HEMA displays
a typical behavior of a low molecular weight polymer melt® with a strong
frequency dependence. No crossover point between storage (G') and loss (G")
modulus was observed and the polymer was more viscous (G" higher than
G') than elastic (G' higher than G") within the whole studied frequency range.
Moreover, PE-HEMA was flowing out from between the plates of the
rheometer at lower frequencies demonstrating a very low viscosity. After
dynamic crosslinking with TMSPEDA, vitrimers behaved like an elastic solid
with frequency independent G' and much lower G", which is characteristic of
crosslinked materials.? % Since relaxation times of those dynamic networks
are relatively long (Figure appx 11) compared to the probed time scales,
within the tested frequency range, no crossover was observed.’ Stress
relaxation times of the similar system incorporated into polystyrene are
roughly two orders of magnitude shorter which can be caused by the different
polymer matrix and amount of crosslinks.? Plateau modulus (Go) taken at the
minimum of G” increased in a linear fashion with increasing crosslink density
(Figure appx 7) and ranged from around 2.8-10% (vitrimer 1) to around 1.2:10°
MPa (vitrimer 4). While PE-HEMA reached the zero-shear viscosity at around
10 Pas, vitrimers 1-4 had viscosities of a few orders of magnitude higher
before they even reached their zero shear viscosities (Figure appx 8).3* 3 This
result indicates highly improved melt strength which is extremely important

for processes like film blowing, blow molding, thermoforming and foaming.%
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Figure 9. Rheology frequency sweep curves at 180 °C of PE-HEMA and vitrimers 1-4,
storage modulus (G') - closed circles, loss modulus (G") - open circles.

5.2.3 Mechanical properties.

Upon heating, semicrystalline PE usually undergoes three characteristic
temperature transitions.?> 41 y transition is observed at around -130 °C,
involving rotation of CHz groups in the amorphous and crystalline phases,
and it is independent of the branching content as well as the degree of
crystallinity. {3 transition, occurring at higher temperatures, can be related to
movements involving longer parts of the polymer chains and branch points
(Tp). Finally, a transition is associated with a large movement of molecules
that arise as the crystalline phase undergoes melting. In the case of PE-HEMA
copolymers, an additional transition around -60 °C was observed which most
likely results from hydrogen bonds breaking and reforming between hydroxy
groups present in the HEMA units.*2 No influence of dynamic crosslinking on

Y transition was observed since this transition is independent of the branching
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content. DMTA revealed a linear dependence of crosslink density on
f transition (Figure appx 10) since crosslinking creates branched points
restricting movement of chains, which increases the temperature of
p transitions.* 4! Upon further heating, PE-HEMA and vitrimers 1-4 undergo
a transition corresponding to melting of the crystalline phase. While
PE-HEMA flows after the melting transition, vitrimers 1-4 display rubbery
plateaus with low moduli characteristic of crosslinked materials, which gives
also another indication about improved melt strength of those materials.
A plateau modulus of vitrimer 4 of around 0.1 MPa was recorded by DMTA
however, for softer vitrimers 1-3 with lower crosslink densities, the plateau
modulus had to be adapted from rheology temperature sweeps

(Figure appx 9) according to Hooke’s law E'=3G' (Figure 10, indicated with

arrows).*
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Figure 10. DMTA curves of PE-HEMA and vitrimers 1-4, storage modulus (E') - solid
line, tangent delta (tan 0) - dot line.
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PE-HEMA exhibits tensile properties characteristic of a semicrystalline
thermoplastic, displaying an initial elastic deformation before the neck is
formed followed by cold drawing and fracture (Figure 11).# Since PE-HEMA
has low molecular weight and low crystallinity (Table appx 1), low ultimate
strength (2.1 MPa) and Young’s modulus (7.4 MPa) were observed. By adding
a specific amount of TMSPEDA crosslinker, it was possible to tune tensile
properties of PE-HEMA making use of the dynamic crosslinking.
As expected, increasing amount of TMSPEDA gradually improved ultimate
strength (up to 134 %) and Young’s modulus (up to 148 %). On the other hand,

vitrimers became more brittle in comparison to PE-HEMA.
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5.3 Conclusions

PE-based vitrimers were successfully obtained via reactive extrusion
using commercially available TMSPEDA dynamic crosslinker. This process
allowed to produce the vitrimers in a fast and efficient way without using
expensive or toxic solvent which makes our process more environmentally
friendly and easy to upscale. We demonstrated that thermoplastic PE-HEMA
could be transformed into an elastic solid with greatly improved melt strength
through the use of dynamic crosslinking. This enhanced property is crucial
for processes like film blowing, blow molding, thermoforming and foaming,
where permanent covalent crosslinking is often used to achieve the same
performance. Additionally, mechanical properties could be tuned by varying
the amount of TMSPEDA crosslinker. A gradual improvement of ultimate
strength (up to 134 %) and Young’'s modulus (up to 148 %) was obtained by
increasing crosslink density. All prepared vitrimers were insoluble in xylene
and were not affected by moisture demonstrating excellent solvent and
hydrolysis resistance. Dynamic silyl ether exchange enabled processability
and recyclability of this system using industrially relevant techniques like
injection and compression molding. Our PE based vitrimer system has a great

potential to facilitate the use of vitrimers for commercial applications.

125



Silyl ether polyethylene vitrimers

5.4 Experimental section

Materials

Xylene, 1,2-dichlorobenzene (0DCB), deuterated chloroform (CDCls),
deuterated tetrachloroethene (TCE-d2) and Irganox 1010 (98 %) were
purchased from  Sigma-Aldrich.  N,N'-Bis[3-(trimethoxysilyl)propyl]
ethylenediamine (TMSPEDA, 95 %,) was purchased from BOC Sciences.
PE-HEMA copolymer was kindly provided by SABIC. All materials were

used as received unless otherwise stated.

Typical procedure for reactive extrusion of PE-HEMA with
TMSPEDA dynamic crosslinker.

PE-HEMA, TMSPEDA and Irganox 1010 (1000 ppm) were mixed in
a metal cup and subsequently fed into a 15 mL corotating twin-crew micro
extruder. The reaction mixture was processed at 120 °C for 5 min and at
180 °C until the constant viscosity was reached (5-10 min) with a screw speed
of 100 RPM after which the discharge valve was opened. The amount of
TMSPEDA was determined from the weight ratio of the PE-HEMA and
TMSPEDA fed into the extruder.

Measurements
The molecular weight and dispersity were studied by size exclusion

chromatography (SEC) measurements performed at 150 °C on a Polymer

Char GPC-IR® built around an Agilent GC oven model 7890, equipped with

126



Chapter 5

an autosampler and the Integrated Detector IR4. 0DCB was used as an eluent
at a flow rate of 1 mL/min. The SEC data were processed using Calculations
Software GPC One®. The molecular weights were calculated with respect to
polyethylene standards.

Melting temperatures (Tm) and enthalpies of the transition (AHm) were
measured by differential scanning calorimetry (DSC) using a DSC Q100 from
TA Instruments. The measurements were carried out at a heating and cooling
rate of 10 °C/min from -20 °C to 150 °C. The transitions were deduced from
the second heating.

Tensile tests were performed with a Zwick Z100 tensile tester equipped
with a 100 N load cell. The tests were performed on compression molded
tensile bars. The samples were pre-stressed to 0.3 MPa, then loaded with
a constant cross-head speed of 50 mm/min

Rheology was measured using TA Instruments DHR-2 equipped with
parallel plate geometry. Compression molded discs with diameter of 25 mm
and thickness of 1 mm were injection molded at 180 °C. Frequency sweeps
were measured from 100 to 0.01rad/s (strain amplitude of 0.4 %) at
a temperature of 180 °C. Stress relaxation measurements were performed at
170 °C, 190 °C and 210 °C, applying a step strain of 1 %, then monitoring the
stress for 20 000 s.

Dynamical mechanical thermal analysis (DMTA) was measured using
TA Instruments Q800 in tensile mode. The specimens were compressed
molded at 180 °C. Samples were measured from -140 to 200 °C with a heating

speed of 3 °C/min and a fixed oscillation (amplitude 10 pm, frequency 1 Hz).
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5.5 Appendix

Table appx 1. Functional group content, melting temperature, degree of crystallinity
as well as molecular weight and the molecular weight distribution (Dm) of PE-HEMA.

HEMA content Tmb Tge Xerd Mhre
Polymer Dme
[mol %]a [°C] [°C] [%] [g/mol]
PE-HEMA 12.0 73.9 -6,5 1.7 2900 2.2

aFunctional group content was calculated from the 'TH NMR (120 °C, TCE-dz). ® Melting temperature (Tm)
was determined by DSC from the second heating scan. <3 transition temperatures (Tp) were determined by
DMTA from the maximum of tan §. 4 Degrees of crystallinity (X«) were calculated dividing the melting
enthalpy of 100 % crystalline PE (286.2 J/g)** by melting enthalpy of a vitrimer determined by DSC from
the second heating scan. e Molecular weight and dispersity were determined by SEC in oDCB at 150 °C with
respect to polyethylene standards.
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Figure appx 1. Representative melt viscosity changes recorded during the reactive
extrusion of vitrimer 2.
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Figure appx 2. Injection molded dog bones of vitrimer 1 and 2, melt temperature
180 °C, mold temperature 80 °C, pressure 10 bar, injection time 10 s.

Figure appx 3. Compression molded films and discs for rheology measurement of
PE-HEMA and vitrimer 4.
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Figure appx 4. DSC second heating curves of PE-HEMA and vitrimers 1-4.

Determination of gel fraction

A small piece (~200 mg) of cross-linked polymers was weighed and
placed in a vial to which around 200 mL of xylene was added. The vial was
closed and heated at 100 °C for 24 h. After that, the xylene was removed and
the remaining undissolved polymer was washed with acetone, dried under
vacuum at 80 °C for 24 h and weighed again. Gel fraction was calculated from

the mass ratio of the polymer after and before heating in xylene.

Figure appx 5. Sample of vitrimer 1 after heating in xylene at 100 °C for 24 h before
(left) and just after (right) the xylene was removed from the vial.
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Table appx 2. Gel fraction of PE-HEMA and vitrimers 1-4.

Before After Gel fraction
Polymer X/Ca

[g] [g] [%]
PE-HEMA 0 0.224 0 0
vitrimer 1 3 0.208 0.039 19
vitrimer 2 4 0.242 0.061 25
vitrimer 3 6 0.242 0.068 28
vitrimer 4 9 0.248 0.1 40

aTheoretical number of crosslinks per chain (X/C) was calculated using Mnr of PE-HEMA and the amount
of TMSPEDA used assuming that all 6 methoxy groups of TMSPEDA can undergo the reaction with
PE HEMA hydroxy groups.

Reprocessability

After the initial tensile test, the tensile bars of vitrimer 2 were cut into
pieces and compress molded again 4 times. After each reprocessing step
tensile test was repeated to evaluate mechanical properties deterioration.
Tensile curves of all the samples look very similar and ultimate tensile

strength was maintained even after 4" reprocessing cycle.

Resistance to moisture

To investigate the water uptake of PE-HEMA-TMSPEDA vitrimers,
samples of around 200 mg were weighed and submerge in deionized water
for 24 h. Subsequently, the samples were dried with a paper towel and
weighed again. Water uptake was calculated by dividing the initial mass by

the mass of absorbed water which was minimal (below 1 %)
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Table appx 3. Water uptake of PE-HEMA and vitrimers 1-4.

Before After Water uptake
Polymer X/Cca

[g] [gl] [%]
PE-HEMA 0 0.262 0.263 0.38
vitrimer 1 3 0.226 0.228 0.88
vitrimer 2 4 0.24 0.242 0.83
vitrimer 3 6 0.41 0.243 0.83
vitrimer 4 9 0.253 0.255 0.79

aTheoretical number of crosslinks per chain (X/C) was calculated using Mn of PE-HEMA and the amount
of TMSPEDA used assuming that all 6 methoxy groups of TMSPEDA can undergo the reaction with
PE-HEMA hydroxy groups.

Resistance to hydrolysis was evaluated by measuring gel fraction of
samples previously used for water uptake experiment. Gel fraction was not
affected by exposure to water.

Table appx 4. Gel fraction of PE-HEMA and vitrimers 1-4 after exposure to water for
24 h at room temperature.

Gel fraction

Before After Gel fraction
Polymer X/Cca as synthesized
[g] [g] [%]

[%]
PE-HEMA 0 0.262 0 0 0
vitrimer 1 3 0.226 0.043 19 19
vitrimer 2 4 0.24 0.061 25 25
vitrimer 3 6 0.241 0.07 29 28
vitrimer 4 9 0.253 0.104 41 40

aTheoretical number of crosslinks per chain (X/C) was calculated using Mnr of PE-HEMA and the amount
of TMSPEDA used assuming that all 6 methoxy groups of TMSPEDA can undergo the reaction with
PE-HEMA hydroxy groups.
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Additionally, tensile bars of PE-HEMA and vitrimers1-4 were
submerged in deionized water for 24h at room temperature and
subsequently, tensile test of the sample was performed. Mechanical
properties remained almost unaltered after submerging samples in water
demonstrating excellent moisture resistance. In general, hydrophobic nature
of the polymer backbone prohibits swelling and water uptake into the

cross-linked network, protecting silyl ethers from hydrolysis.
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Figure appx 6. Representative tensile curves and ultimate strength (inset) of

PE-HEMA and vitrimers 1-4 before and after submerging in water for 24 h at room
temperature.
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Figure appx 7. Linear relationship between plateau modulus and crosslink density
determined by rheology frequency sweep.
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Figure appx 11. Stress relaxation curves of vitrimer 2.
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Chapter 6
Conclusions and outlook

The objective of this thesis was to explore properties and potential
applications of PE crosslinked using reversible supramolecular or dynamic
adaptable covalent crosslinkers.

As an example of supramolecular crosslinker, ureidopyrimidinone
quadruple hydrogen bonding was incorporated into various PEs bearing
hydroxy groups. Reactive extrusion process was developed allowing to
significantly shorten the reaction time, eliminate the use of solvents and
catalysts and make upscaling and commercial production feasible.
Incorporation of UPy physical crosslinks into PE matrix changed the rheology
of a typical entangled thermoplastic melt to that of an elastic crosslinked
system. Significantly increased melt strength was observed, which is
extremely important for processes like film blowing, blow molding,
thermoforming and foaming. Moreover, greatly improved toughness and
ultimate tensile strength were achieved without sacrificing elongation at
break or Young’s modulus. Identified thermal stability limit of those materials
allowed for a safe processing, using techniques like compression molding and
extrusion. To the best of our knowledge this is the first example of improving
mechanical properties of polyethylene utilizing supramolecular interactions
and it has a great potential for expanding applications of this commodity

thermoplastic even further.
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Pyrene m-mt stacking was introduced into high density and very low
density polyethylene-graft-maleic anhydride in an efficient and practical way
by means of reactive extrusion Both polymers functionalized with pyrene
showed pronounced fluorescence changes under stress which could be
correlated to their different tensile properties. For high density polyethylene
containing pyrene, around 50 % drop of the excimer content (Ie/Im) was
observed when the elongation exceeded 50 % which could be related to a neck
formation. In contrast, very low density polyethylene containing pyrene
showed no necking and a linear decrease of the excimer content (Ie/Im) with
elongation up to 1100 %. Moreover, the resulting strain-reporting PE retains
similar mechanical, thermal and rheological properties to that of the starting
PE-MAH materials. The results demonstrate a significant potential for the
development of a strain-reporting PE directly via reactive extrusion which can
allow for detection of microcracks and fatigue possible making PE more
reliable.

Oxygen and water vapor permeability of PE samples functionalized
with UPy and pyrene were analyzed. Both UPy quadruple hydrogen bonding
and MIP nt-mt stacking were able to improve oxygen and water vapor barrier
up to 40 %. Despite the achieved improvements, the samples performed
worse than commercial multilayer solution. The poor performance can be
explained by decreased crystallinity when polyethylene is functionalized.
As a consequence, diffusivity through more amorphous polyethylene is
increased compromising both oxygen and water vapor barrier properties.
This effect is only partially compensated by the increase cohesive interactions

between the PE chains thanks to the hydrogen bonding of UPy or m-m
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interactions of MIP. Nevertheless, achieved improvements give hope that it is
indeed possible to develop a single layer packaging material with high
oxygen barrier properties that is not sensitive to humidity. It is of great
importance from the environmental point of view to enable recycling of
packaging materials and extend shelf life of food which prevents wastage.

PE vitrimers were successfully obtained via reactive extrusion using
commercially available TMSPEDA dynamic crosslinker. This process allowed
to produce PE vitrimers in a fast and efficient way without the need to use
expensive or toxic solvents, which makes it environmentally friendly and easy
to upscale. Dynamic crosslinking transformed thermoplastic PE into an elastic
solid with greatly improved melt strength which is extremely important for
processes like film blowing, blow molding, thermoforming and foaming.
Mechanical properties could be tuned by varying the amount of TMSPEDA
crosslinker. Increasing crosslink density gradually improved ultimate
strength and Young’s modulus however, the materials became more brittle.
All prepared vitrimers were not completely soluble in xylene and were not
affected by moisture, demonstrating crosslinked character and improved
solvent and hydrolysis resistance which is of great important for industrial
applications like water pipes and electrical cables insulation. Despite the
crosslink nature, dynamic silyl ether exchange enabled processability and
recyclability of this system using industrially relevant techniques like
injection and compression molding. This process is applicable not only for PE
but also for any thermoplastic bearing hydroxy functional groups.

In general, crosslinking both via supramolecular and dynamic covalent

interactions gives PE unique properties not available otherwise for this
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commodity thermoplastic. All aforementioned solutions have a great
potential to find commercially relevant applications and expand the PE

market.
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