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Summary

Conventional thermoplastics such as polyethylene (PE) and polypropylene
(PP) are known for being easily processable, lightweight, robust, and low-
cost materials. Some of their flaws include low wear, chemical, and solvent
resistance. To overcome these flaws, it is common practice to cross-link
these materials by means of irradiation, peroxide, or other chemical methods.
While significantly improving the material properties, this presents the in-
herent downside that these cross-linked thermosets are no longer processable.
To circumvent this issue, dynamic cross-links can be introduced, which either
adapt or dissociate upon applying a stress.

The objective of this thesis was to first evaluate existing tools for the
dynamic cross-linking of polymeric materials and, where possible, improve
or provide new tools suitable to obtain adaptable polyolefin networks. Then,
the implications of these dynamic cross-links for the material properties were
elucidated, analyzing the dynamic mechanical and relaxation behavior, as
well as investigating how these new properties relate to real world applications.
To achieve this, dynamic cross-links based on multiple hydrogen bonding
units, aromatic stacking of cavitands, and a sub class of covalent adaptable
networks (CANs), referred to as vitrimers, have been studied.

To provide additional tools for the dynamic cross-linking of polymers, a
new multiple hydrogen bonding motif capable of reversible association was
developed and described in Chapter 2. This motif, namely 1-(7-oxo-7,8-
dihydro-1,8-naphtiridin-2-yl)urea (ODIN), is readily synthesized in two steps.
X-ray crystallography revealed that its dimer is comprised of two regular and
two bifurcated hydrogen bonds, resulting in a total of six hydrogen bonds. By
alternating the arrangement of donor (D) and acceptor (A) moieties, a motif
with a greater number of hydrogen bonds than the fields most commonly used
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motif ureidopyrimidone (UPy), but with a lower association constant (Ka),
can be obtained. Thereby, ODIN combines the directionality of multiple
hydrogen bonding that provides increased resistance towards water with
a relatively weak Ka of 4·104 M−1 (in CHCl3). The weak Ka presents ad-
vantages when these moieties are embedded into apolar polymers, because
the apolar polymer matrix stabilizes the dimer. For an inherently stronger
motif (higher Ka), this could lead to processing issues. To demonstrate the
potential of reversible cross-linking with this new multiple hydrogen bonding
motif, liquid tri-functional Jeffamine T3000 bearing pendant amines was
reacted with an isocyanate functionalized ODIN derivative, resulting in
the moldable suprapolymer JeffODIN. The specific viscosity (ηsp) of this
suprapolymer dissolved in chloroform increased significantly faster with con-
centration compared to the non-functional oligomeric chains. The reversible
nature of this cross-linking was apparent from variable temperature infrared
spectroscopy (VTIR), based on the reduced intensity and shift of bands
involved in hydrogen bonding.

In Chapter 3 the sextuple hydrogen bonding motif ODIN is used for the
dynamic cross-linking of PE. By reacting ODIN bearing an aliphatic iso-
cyanate with poly (ethylene-co-(2-hydroxethyl methacrylate)) (PE-HEMA),
multiple hydrogen bonding array functionalized PEs with an ODIN content
ranging from 1 to 6 mol% were obtained. Compared to the pristine material,
the obtained PE-HEMA-ODIN had increased tensile strength, stiffness, gas
and water barrier properties, and a remarkably increased melt strength
evident from the observed plateau modulus after melting. The formation
of a network structure was revealed by a significant increase in glass transi-
tion (Tg) and shear and tensile storage moduli. The apolar PE matrix was
found to stabilize the new hydrogen bonding motif, because in contrast to the
supramolecular polymer described in Chapter 2, no substantial dissociation
of hydrogen bonds was observed up to 175 ◦C. The adaptable nature of the
hydrogen bonding system was revealed via stress relaxation measurements
and compression molding of thin films and sample strips. In comparison to
UPy functionalized polymers, the fields most commonly employed multiple
hydrogen bonding motif, differential scanning calorimetry (DSC) cycling and
isothermal dynamic mechanical analysis (DMA) measurements found that

2



the thermal degradation of ODIN polymers occurred at 190 ◦C, which is
about 40 ◦C higher than the degradation temperature determined for UPy
polymers. At these temperatures the degradation mechanism involves a per-
manent cross-linking resulting in an increased storage modulus (tension) (E’)
during the isothermal DMA measurement performed at 190 ◦C. Due to the
improved thermal stability of ODIN the concept could be extended to maleic
anhydride (MA) functional PP, a polymer that usually melts above the
degradation temperature of the UPy motif.

An alternative method to reversibly cross-link PE is investigated in Chap-
ter 4, relying on the solvophobic reversible association of a quinoxaline
cavitand in kite conformation with an Ka of 5 – 8.5·104 M−1 (in CHCl3).
Firstly, the cavitand was functionalized with an isocyanate group at the
lower rim so that functionalization of a hydroxy or amine containing polymer
can be readily achieved. Subsequently, this functional cavitand was reacted
with PE-HEMA, and the resulting polymer was characterized by 1H-NMR,
DSC, and Fourier transformed infrared spectroscopy (FTIR). Films with
varying amounts of cavitand, obtained by solution casting and slow evap-
oration, were tested for their oxygen barrier properties, which were found
lacking due to a severely reduced crystallinity and increased free volume as a
result of introducing the bulky side group. Most significantly, the isocyanate
functional cavitand provides a tool to easily introduce cavitands into
polymers, or to attach further functionality.

Vitrimers are an emerging class of permanently cross-linked materials,
that are dynamic because these cross-links can undergo thermally triggered
exchange reactions. As a consequence, the network density is constant,
but the materials are still malleable when the exchange reactions are fast
enough. In Chapter 5, the introduction of exchangeable cross-links based
on vinylogous urethanes and disulfides in PE is described, both in solution
and in the melt. This is achieved by employing a suitable macromer pre-
cursor with pendant acetylacetonate (ACAC) or MA groups together with
multifunctional amine cross-linkers. The focus was laid on reactive extrusion
to demonstrate an industrially relevant, easy to up-scale pathway to PE
vitrimers. A particular importance was placed on the varying amount
of cross-links per chain (LPC), which could be controlled by varying the
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number average molecular weight (Mn) and mol% of ACAC of the precursor
polymer. Only after a sufficient amount of LPC to form a network structure
were employed (>1.9 LPC), materials became insoluble with a maximum
gel fraction of 65.3±4.4 %, and relaxation was controlled by the exchange
kinetics following an Arrhenian dependence on temperature. Compared to
vinylogous urethane vitrimers based on short chain oligomers, an almost
twice as large activation energy (Ea) of 108±2 kJ·mol−1 was determined
due to the reduced density of reactive groups in the polymer matrix. By
repeated tensile tests and extrusion processing of the material, recyclability
of up to four times could be demonstrated for a network with 2.6 LPC.

In closing, three methods to dynamically cross-link polyolefins were de-
scribed, namely multiple hydrogen bonding, solvophobic interactions, and
dynamic exchange reactions. Using a functional cavitand to obtain these
systems appears to be the least appealing due to the synthetic effort involved
and substantial size of the functional motif. In fact, the synthetic effort
stopped an exhaustive investigation into the mechanical implications of the
functional polymers simply due to the lack of sufficient material. Multiple
hydrogen bonding and exchangeable cross-links were both effective tools to
develop dynamic PE networks. The increased thermal stability and melt
strength of these functional PE is useful for applications where high temper-
atures are used. Also, simply extruding materials with dynamic cross-links
eliminates the need for "after the fact" static cross-linking. Implementing the
vitrimer technology into existing production can be readily done. Firstly,
the precursor co-polymer can be prepared by catalyst free radical polymer-
ization using methods employed for the production of PE. Secondly, the
synthesis of the vitrimer requires only one step that can be carried out
inside the extruder, so that direct injection molding after synthesis is an
option, combining processability of thermoplastics with thermoset resilience.
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Chapter 1

Fundamentals

1.1 Motivation - Adaptable Polyolefins Networks

Thermoplast Adaptable Network Thermoset

Stress Stress Stress

Figure 1.1: Illustration of the typical response to an exterior stress of
thermoplastics, thermosets, and adaptable polymers in the melt.

Polyolefins are typically polymers made up of a carbon backbone chain
with high molecular weight that are entangled or partially crystalline. Being
thermoplastic, their main advantage is that they can be reshaped repeat-
edly by melting or softening at higher temperature, followed by subsequent
hardening upon cooling when the new desired shape is obtained, usually a
process that can take place within seconds.[1] For demanding applications,
cross-linking of these long chain species or use of highly cross-linked polymer
networks like bakelite[2] is common. These materials have greater dimen-
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sional stability, are insoluble, and have increased resistance to abrasion and
wear compared to thermoplastics. Their main disadvantage is that once
cross-links are in place, the morphology is set, requiring that they have to
be cured inside the mold.

For the last decades, there has been a growing research interest in materi-
als that combine the processability of thermoplastic polymers such as PE
and PP with the superior mechanical performance of thermosets by intro-
ducing dynamic cross-links that are frozen at process-, but active at elevated
temperatures (Figure 1.1).[3–6] These materials promise that all thermoset
polymers employed in demanding environments will be recyclable. This
is a much needed change, as also political entities such as the European
Commission are pushing for all plastic packaging to be recyclable by as
early as 2030.[7]

1.2 Supramolecular Chemistry

According to Jean-Marie Lehn, one of the recipients of the Nobel Prize
awarded in the field of supramolecular chemistry in 1987,[8] “Supramolecular
chemistry has been defined as chemistry beyond the molecule, as it
aims at designing and implementing functional chemical systems based on
molecular components held together by noncovalent intermolecular forces”.[9]

Despite the relatively weak nature of these noncovalent interaction (excluding
ionic bonding), they exert a huge influence in nature acting in unison to
self-assemble complex structures.[10,11]

Specifically, ion-dipole and dipole-dipole interactions, hydrogen bonding,
metal coordination, hydrophobic forces, van der Waals forces, π-π interac-
tions, and electrostatic effects are considered as supramolecular interactions.
The arguably most prominent type of supramolecular interaction is a special
type of dipole-dipole interactions, the hydrogen bonds. Their importance is
famously highlighted on the example of deoxyribonucleic acid (DNA), where
complimentary base pairs (purines and pyrimidines) allow for the reversible
assembly of two sugar phosphate strands, a mechanism of utmost importance
for the storage of information in organisms.[11]

The main motivation to pursue supramolecular chemistry stems from the

6
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Table 1.1: Functional groups that can form hydrogen bonds, arranged by
element.

Element Donors Donor str. Acceptors Acceptor str.

fluorine F–H very strong F− very strong
F–H strong

oxygen O–H strong −O–P, −O–S, strong
(in an acid) −O–C strong

oxygen O–H medium O=P, O=S, medium-strong
(in water, or O=C,
alcohols) H2O, H–O–C, medium

C–O–C
nitrogen N+–H strong C=N–C medium
nitrogen N–H medium N(R)3 medium
sulfur S–H weak S=C medium-weak
carbon C–H weak π-electrons weak

desire to explore and understand the self-assembled systems in biology such as
DNA, and to use the thereby acquired knowledge in the synthesis of artificial
complimentary molecules able to assemble in desired structures.[12–15]

1.2.1 Hydrogen Bonding and Multiple Bonding Groups

A hydrogen bond describes the non-covalent interaction between two partially
charged hydrogen bonding donor (D) (partially negative) and acceptor (A)
(partially positive) species, with the name-giving example being between a
proton and oxygen in e.g. water. Some of the typical examples of functional
groups taking part in hydrogen bonding and their relative strength are
summarized in Table 1.1.[16]

Multiple hydrogen bonding occurs in a class of molecules where more than
one hydrogen bond arranged in an array work together to form an assembled
species with either itself (homo-dimerization), or with another complimentary
molecule (hetero-dimerization). The most well-known example of these types
of molecules are found in DNA,[11] where complimentary base pairs mostly
directed by hydrogen bonding assemble to connect the strands of the DNA.
The tendency of these molecules to assemble is captured by the Ka, which is
defined by the rate of association of dimers divided by the rate of dissociation

7
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Figure 1.2: Examples of triple hydrogen bonding pairs, their Ka in CHCl3,[18]
and their arrangement of donor (D) and acceptor (A) groups according to
Jorgensen.[19]

(Eq. 1.1). Consequently, the association is reversible and dissociation can be
triggered by external stimuli such as temperature.[17]

Ka = kAss
kDiss

(1.1)

For the design of these molecules not only the number of hydrogen bonds,
but also the arrangement of D and A moieties is important. This concept
was first captured by Jorgensen et al., who found that for molecules with
the same amount of hydrogen bonding groups, favorable and unfavorable
cross-interactions between D and A moieties not directly opposite to each
other have a big influence on Ka. For example, for complimentary molecules
with an array of three hydrogen bonds, there are three possible arrangements
that result in either none, one, or two beneficial cross-interactions (AAA–
DDD; AAD–DDA; ADA–DAD), each increasing the association tendency
of the respective molecule (see Figure 1.2).

1.2.2 Cavitands

Cavitands are a class of cage molecules that are mainly known for their
excellent complexation capabilities in host-guest chemistry.[20,21] One of
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Figure 1.3: Dimerization of quinoxaline kite cavitand with related crystal
structure.

the most prominent cavitands is the 4-quinoxaline cavitand (structure
in Figure 1.3).[22] Generally, two configurations of this cavitand are dif-
ferentiated, the "vase" form with four quinoxaline flaps in axial position
(aaaa) and the "kite" form with four quinoxaline flaps in equatorial posi-
tion (eeee).[22,23] As a kite, this cavitand can interact with itself in such
a way that it forms dimers, thanks to a combination of van der Waals
and π-π interactions. The Ka of this system was found to be 8.5·104 M−1

in chloroform.[24] The reversible association of these dimers allows for the
assembly of polymeric structures,[25,26] showing potential for the use of kite
cavitands as reversibly chain extending or cross-linking moieties similar to
multiple hydrogen bonding motifs.

1.3 Adaptable Polymer Networks

Polymer networks are per definition a single, highly connected molecule,
obtained by cross-linking of either small multi-functional molecules, or
interconnected functional main chain polymers. Originally, only one type
of polymer networks, thermosetting plastics that after synthesis cannot be
reshaped or remolded, were known. In recent years, a new class of networks
called adaptable polymer networks emerged. These are networks in which
cross-links are adaptable, making reprocessing of the cross-linked polymers
possible.

Adaptable polymer networks can be further divided into two sub-classes,
which are supramolecular networks and CANs. Supramolecular networks

9
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Supramolecular networks

Static 

Covalent adaptable (CAN)

Permanent cross-links Reversible cross-links (dissociative) Dynamic cross-links (associative)

Dynamic

Polymer networks

Loss of network integrity Fixed cross-link density

Figure 1.4: Classes of polymer networks and illustration showcasing the
fundamental difference between permanent, reversible, and dynamic covalent
networks.

make use of non-covalent interactions that provide cross-linking sites, whereas
CANs are made up of reactive covalent bonds. Two types of CANs are
recognized based on their exchange mechanism, dissociative and associative.
Dissociative CANs are fully reversible networks, as cross-links dissociate from
each other which is accompanied by a loss of the network integrity. Typical
examples include Diels-Alder networks. On the other hand, associative
CANs adapt according to an associative mechanismn. Since exchanges of
cross-links only occur after a new cross-link is formed, the network integrity
is kept intact due to a fixed cross-link density. It may be noted here, that
supramolecular networks and dissociative CAN are both a type of reversible
network, and it also makes sense to group polymer networks based on their
network characteristics and not their type of cross-links. An overview of the
types of polymer networks and an illustration of the fundamental difference
between the cross-linking mechanisms is shown in Figure 1.4. Supramolecular
polymer networks and a special type of associative CAN called Vitrimers
will be further discussed due to their relevancy for this thesis.

1.3.1 Supramolecular Polymers and Polymer Networks

Supramolecular polymers are materials in which monomers and macromers
assemble to larger superstructures thanks to highly directive, reversible
interactions between themselves. Per definition, these interaction have to

10
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Figure 1.5: Number of hits on Google Scholar for the search term
“Supramolecular Polymer” since 1980. Survey conducted on 01-07-2018.
Counts for 2018 projected considering the count rate when survey was
conducted.

be strong enough to impart polymeric properties in solution and in bulk.[27]

All of the non-covalent interactions listed in 1.2 are suitable, but they need
to be directed and strong enough so that the assembly is thermodynami-
cally favored. Directionality and increased interaction strength are usually
achieved by combining multiples of the same type of interaction, as is the
case with multiple hydrogen bonding and Cavitands described in section
1.2.1 and 1.2.2, respectively. The most common strategies include the use of
complimentary hetero- or homo multiple hydrogen bonding dimers,[5,28,29]

metal-ligand coordination,[30–33] host-guest interactions,[34–38] or a combina-
tion of multiple types of interactions.[39]

After the first publication of a supramolecular polymer employing multiple
hydrogen bonding in 1990 by Lehn et al.,[40] the interest in the field of
supramolecular polymers has been on a steady increase (see Figure 1.5). One
elegant example showcasing how commodity plastics could be assembled
from short chain macromers was published by Meijer et al., which reacted
oligomers of poly(ethylene/butylene) bearing reactive OH end groups with
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Figure 1.6: Poly(ethylene/butylene) with OH end groups (top left),
poly(ethylene/butylene) functionalized with UPy (top right). The schematic
shows the functionalization of telechelic polymers with UPy. The arrows
indicate which schematic represents the material in the picture. Figure
adapted from literature with permission.[5]

the quadruple hydrogen bonding motif UPy. The UPy motif is able to
homo-dimerize and can therefore be used to connect the macromers with
each other. As illustrated in Figure 1.6, the highly viscous polymer with
OH end groups becomes plasticized after introduction of UPy, a result
of the concatenation of monomers.[5] This represents a substantial change
in material properties at room temperature. Upon heating however, melt
viscosity was found to drop drastically, allowing for easy processing of the
material, which showcases the potential of this strategy.

In the above case, using telechelic macromolecules led to formation of
linear polymers through chain extension. However, the same principle can be
employed to obtain cross-linked network structures, requiring more than two
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Figure 1.7: Illustration of the concept to compatibilize immiscible polymers
by using host guest interaction.

connection points. By using either branched monomers,[41,42] or polymers
with functional side chains,[29,36] supramolecular networks with properties
of cross-linked material like e.g. epoxy resins can be obtained, with the
added benefit of reprocessability of the materials.[42] This method is also
suitable to compatibilize polymers, introducing complimentary moieties
on two different, usually immiscible, polymers. For example, side chain
functionalization of polystyrene (PS) with a tetraphosphonate cavitand (host)
and of a methacrylate polymer with methylpyridinium (guest), resulted
in an improved miscibility between the two polymers, evident from the
improved morphology observed via atomic force microscopy (AFM).[36]

A similar feat was achieved by using complimentary multiple hydrogen
bonding heterodimers UG and DAN. These dimers hardly self-dimerize, but
have a high affinity towards each other. By functionalizing two polymers,
miscibility was achieved largely avoiding phase separation.[29,43] The concept
is illustrated in Figure 1.7, exemplified for the host guest approach.

1.3.2 Vitrimers

Vitrimers are a type of associative CAN, in which thermally triggered
exchange reactions of cross-links facilitate network rearrangement, making
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Figure 1.8: Transesterification reaction reshuffling cross-link in a polyester
epoxy resins. Reproduced with permission from literature.[46]

macroscopic reshaping possible.[44–51] Pioneered by Leibler et al., the earli-
est examples of vitrimers were exclusively based on the transesterification
chemistry.[44–46,49,52–55] Leibler found, that with residual amounts of Zn(II)
catalyst present inside the polyester matrix, the thermoset proved to be
malleable at elevated temperatures.[44–46] Malleability is provided by trans-
esterification reactions occurring in the network, where free hydroxy groups
perform a nucleophilic attack on the ester groups, resulting in reshuffling of
the bonds that make up the cross-links (see Figure 1.8).

If a stress is applied to the system, cross-links will rearrange until the stress
relaxes and a new shape is obtained. The relaxation process is therefore
controlled by the reaction kinetics and consequently the viscosity in the
melt decreases following the Arrhenius law. This is a distinct difference
compared to conventional polymers such as PS, where the viscosity drops
abruptly after reaching the Tg (see Figure 1.9).[46,56] This property is similar
to that of vitreous silica, hence the origin of the name vitrimers. Because
new cross-links are only formed after association of another functional
group with the existing cross-link, vitrimers keep a constant cross-link
density and the network integrity stays intact.[47] Both of the aforementioned
points distinguish vitrimers from supramolecular polymers described in
1.3.1, which lose their connectivity at elevated temperatures leading to
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Figure 1.9: Angell fragility plot, showing the viscosity as a function of
the inverse temperature, scaled with Tg (or Tv for vitrimers when Tv
> Tg). Thermoplastics such as PS[57] are characterized with a narrow Tg,
and thus a very fast decrease in viscosity near Tg. In contrast, vitrimers
(epoxy-anhydride based, epoxy-acid based[46] and vinylogous urethanes[48])
show an Arrhenius like dependence of the viscosity, which results in a
gradual viscosity decrease similar to vitreous silica.[58] - Published by The
Royal Society of Chemistry.[47]

de-polymerization and different relaxation properties in the melt.
Two temperatures characterize the major transitions occurring inside a

vitrimer network. One is the well-known Tg, associated with the onset
of large chain movement of the polymer backbone. Below Tg, the material
behaves like a hard glassy solid, whereas above, the material is soft and
rubber like. The other temperature is related to the exchange reactions of
the vitrimer network. Until exchange reactions become fast enough, the
network is set, and the topology cannot change. This temperature is denoted
as topology freezing temperature (Tv), and the established convention is to
place Tv at the solid to liquid transition point where a viscosity of 1012 Pa·s
is reached.[46,59]
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Figure 1.10: Representation of the viscoelastic behavior of vitrimers with
A: A Tg lower than Tv. Upon heating, the vitrimer evolves from a glassy
solid (T < Tg) to an elastomer (Tg < T < Tv) to a viscoelastic liquid
(T > Tv) that follows the Arrhenius law. B: A hypothetical Tv is situated
well below Tg. Upon heating, the vitrimer evolves from a glassy solid to a
viscoelastic liquid with a viscosity that is first controlled through diffusion
(WLF law) and then by the exchange kinetics (Arrhenius) - Reproduced
from a publication by The Royal Society of Chemistry.[47]

The relative position of these two temperatures has implications for the
viscosity profile of vitrimers, and can be illustrated neatly with the scheme
presented in Figure 1.10.[47] In the first case, seen in Figure 1.10 A, the
Tg is situated below Tv, and the vitrimer will first behave like a glassy
solid below Tg, then like an elastomer above Tg, and finally, when Tv is
reached, the viscosity will decline following the Arrhenius law because
viscosity is predominantly controlled by the exchange reactions. In the
second case, illustrated in Figure 1.10 B, the Tv has a relative placement
below Tg, representing fast exchange reactions in a rigid matrix. This will
cause the material to essentially behave like a thermoset, because even
if Tv is reached, exchange reactions will not take place because of the
limited movement below Tg. After passing the Tg, exchange reactions are
already fast, and the viscosity will first decrease sharply due to motion of
the polymer chains following the Williams–Landel–Ferry (WLF) law
(diffusion controlled).[60] After raising the temperature further, the viscosity
will again be dominated by the exchange reactions, showing the typical
Arrhenian decline. This latter case was recently observed for the first time
by Guan et al, who studied the exchange reactions of silyl ether embedded
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inside a PS matrix.[61] In case of semi-crystalline polymers, also the melting
temperature (Tm) has to be considered. For sufficiently crystalline polymers,
Tm will have a similar influence as Tg, below which the topology is frozen due
to the physical connections provided by the crystals inhibiting the exchange
reactions.

Following the initial exploration of transesterification chemistry, a multi-
tude of different exchange chemistries have been explored for the preparation
of vitrimers and vitrimer-like materials, such as disulfide metathesis,[50,62]

transcarbonation,[51] imine amine exchange,[63] silyl ether exchange,[61] viny-
logous transamination,[48,64–67] olefin metathesis,[68,69] transalkylation of
triazolium[70] and trialkylsulfonium salts,[71] and boronic ester transesterifi-
cation and metathesis,[72,73] some of which have been discussed in a recent
review.[47] Only few of these chemistries have been used to functionalize
commercial plastics. The viscostiy and melt strength of poly(butylene tereph-
thalate) and high density polyethylene ((HD)PE) were tuned making use of
the transesterification and boronic ester chemistry,[49,74] which also reduced
creep and improved the dimensional stability of the latter.[72] Silyl ether
chemistry was used to design a PS vitrimer.[61]

An overview of potential applications for vitrimers is given by Xis et
al..[75] Vitrimers promise to affect the landscape of thermosets significantly,
potentially leading into a future in which all polymers are recyclable and
land-filling/incineration will be significantly reduced.[6,76,77]

1.4 Dynamic Mechanical Thermal Analysis

In this section, the major informations that can be obtained from dynamic
mechanical thermal analysis (DMTA) of polymers will be briefly mentioned.
DMTA is a technique most useful for the polymer chemist to detect mo-
tions and transitions occurring inside the polymer matrix. In DMTA, the
response of a polymer subjected to a small oscillatory (sinusoidal) strain (ε)
is monitored (see Figure 1.11). The ε has to be small enough so that the
displacement is fully reversible, which is referred to as the linear viscoelastic
regime of the polymer. A related familiar experiment that probes the me-
chanical response is the measurement of stress-strain curves. The slope of

17



FUNDAMENTALS

90 180 270 360

-1.0

-0.5

0.0

0.5

1.0
 Force
 Displacement

Phase
lag

Motor generated 
sine wave

Detected 
sine wave

Figure 1.11: The DMA supplies an oscillatory force, causing a sinusoidal
stress to be applied to the sample, which generates a sinusoidal strain. By
measuring both the amplitude of the deformation at the peak of the sine
wave and the lag between the stress and strain sine waves, quantities like
the modulus, the viscosity, and the damping can be calculated.

the initial part of the stress-strain curve is the Young’s modulus, which is
essentially the ratio between the applied ε and the resulting stress (σ).

In DMTA, the observed modulus is referred to as complex modulus
(tension) (E*). The Young’s modulus and E* are not exactly the same,
and there is usually a phase lag between the applied σ and the observed ε
(see Figure 1.11). For an ideal solid the ε curve would be exactly in phase
with the σ curve, whereas for a purely viscous liquid a phase lag of 90◦

would be observed. The E* can be separated into an in phase (elastic)
and out of phase (viscous) response (equation 1.2). The real part referred
to as the storage modulus (tension) (E’) represents the elastic response of
the material and is described by equation 1.3. The imaginary part called
loss modulus (tension) (E”) represents the viscous response of the material
and is described by equation 1.4. The ratio of E” and E’ is the tangent of
delta (Tan δ) (equation 1.5), and is often referred to as damping, or the
ability of the material to lose energy as heat.[78]
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E* = E’ + iE” (1.2)

E’ = σ0
ε0
· cos δ (1.3)

E” = σ0
ε0
· sin δ (1.4)

Tan δ = E”
E’ (1.5)

In contrast to conventional stress-strain tests, DMTA allows to easily
test multiple frequencies and temperatures. For example, applying a sine
wave every second, ergo a frequency of 1 Hz, allows to obtain a data point
every second. For reasonably slow temperature changes (conventionally
3 K·min−1), a detailed modulus vs temperature curve can be obtained. An
idealized DMTA scan of the E’ as a function of temperature is illustrated in
Figure 1.12, showcasing the influence of different polymer motions on the
observed E’.[78]

Relaxations are conventionally numbered in Greek letters starting from
high temperatures. Therefore, in semi-crystalline polymers, Tα corresponds
to the melting temperature. Thermosets, thermoplastics, rubbers, and
adaptable networks all show very different and characteristic temperature
responses, and DMTA provides and excellent tool to distinguish between
them. The monitoring of transitions is also important to assess whether the
material in question can be used within a certain temperature operating
range without major changes in properties.[78] Most critically, the operating
range of most polymeric sample is defined at either below or above Tg,
where large scale chain motions drastically change the polymer properties.
It should be noted that DMTA is generally quoted as the most sensitive
method for the determination of the Tg, showcasing its importance for the
material scientist.[78,79]
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Chapter 2

ODIN, a Novel Sextuple
Hydrogen Bonding Motif

Abstract: Multiple hydrogen bonding motifs are promising tools for poly-
mer functionalization with the goal to obtain adaptable networks. Here, a
new type of multiple hydrogen bonding motif was envisioned and synthe-
sized. This motif (ODIN), is comprised of two regular and two bifurcated
hydrogen bonds, elucidated via x-ray crystallography. A Ka of 4·104 M−1

(in CHCl3) was estimated from fluorescence measurements. To demonstrate
the concept, ODIN was used for the formation of a supramolecular polymer
by cross-linking the liquid tri-functional Jeffamine T3000 bearing pendant
amines with an isocyanate bearing ODIN derivative, resulting in a moldable
suprapolymer. The reversible nature of this cross-linking was elucidated
via VTIR measurements. The TOC-graphic depicts the structure of the
sextuple hydrogen bonding motif ODIN and the arrangements of D and A
moieties.
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ODIN, A NOVEL SEXTUPLE HYDROGEN BONDING MOTIF

Recently, arrays of multiply hydrogen bonds have been explored to im-
prove polymer properties. These are molecules inspired by DNA base pairs
with a favorable arrangement of hydrogen bonding D and A groups, allow-
ing for organized self-assembly.[1] Following this concept, molecules with a
plethora of different structures were developed with the ability to homo-,
or heterodimerize.[1–3] by employing these multiple hydrogen bonding moi-
eties, properties such as controlled degradation,[4] optical responsiveness,[5]

high strength and stiffness,[6] increased peel strength,,[7] reversible chain
extension[8,9] miscibility between immiscible polymers,[10] and self-healing[11]

can be introduced into polymers. The increased strength of these hydrogen
bonding arrays can lead to their assembly even in water,[12,13] thus making
them an excellent tool for the preparation of humidity and moisture resistant
materials.

Among the different types of multiple hydrogen bonding array molecules,
the most prominent is the ureidopyrimidone (UPy) motif,[8] a self-dimerizing
quadruple hydrogen bonding motif known for its high association con-
stant (Ka),[14] its ease of synthesis,[15] and its readily available derivatives
for functionalization of polymers.[16] To date, UPy has been the most im-
portant studied synthetic multiple hydrogen bonding motif.[17] Research on
polymers functionalized with UPy has largely been focused on telomers at
lab scale, while functionalization of long chain polyolefins remains largely
unexplored. Coates et al. polymerized 1-hexene with alkene functionalized
UPy, obtaining a completely amorphous, wax like polyolefin with improved
tensile properties over non functionalized homopolymer.[18] Nojiri et al.
reported a UPy functionalized PP,[19] where melt viscosity was increased
after functionalization with UPy units. The reported dissociation temper-
ature of UPy moieties is at 190 ◦C, which is about 40 ◦C higher than its
degradation temperature reported by other sources in the literature.[16,20]

Additionally, they described the compatibilization of isotactic polypropylene
functionalized with UPy and ethylene-co-propylene functionalized with a
naphthyridine (Napy) motif, using the ability of these moieties to form
heterodimers.[21] Here, melt mixing of polymers was performed at 170 ◦C
and 210 ◦C, exceeding the reported temperature of degradation of UPy in
polymers by 20 ◦C and 60 ◦C, respectively. Together, this raises concerns
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about the chemical integrity of the analyzed polymer samples.
Since typical polymer processing occurs at relatively high temperature,

the development of a more temperature stable hydrogen bonding motifs
is desirable. In the following Sections we consider the design for a novel
self-dimerizing multiple hydrogen bonding array and report its synthesis,
characterization, and use for the preparation of a supramolecular polymer.
The main objective is to improve upon thermal stability compared to UPy,
targeting the preparation of functional PE.

2.1 A New Hydrogen Bonding Motif

2.1.1 Design Considerations

As the most ubiquitous self-dimerizing multiple hydrogen bonding motif
to date, we first considered the quadruple hydrogen bonding motif UPy[22]

(Figure 2.1A) for the preparation of functional polyolefins. However, because
of concerns about thermal stability due to the UPy urea bond being cleaved at
elevated temperatures,[25,26] and a degradation temperature of UPy moieties
in polymers given at ≈150 ◦C,[16] we desired an alternative.

This alternative needs to be more temperature stable, but retain the
advantages of UPy such as ease of synthesis, self-dimerization, easy graft-
ability, and high directionality of the motif provided by multiple hydrogen
bonds. In addition, it should be slightly weaker than UPy because already
1 – 2 mol% of weakly hydrogen bonded dimers are sufficient to affect the
mechanical behavior in thermoplastics substantially,[27,28] a feature that
should allow to ease processing of thermoplastics cross-linked with multiple
hydrogen bonding.

Thus, we first need to consider the causes for the thermal decomposition
of UPy. Some of the UPy degradation compounds have been identified as
isocyanate species,[25,29] that form as a result of the thermoreversible nature
of the urea moiety.[30] It has been shown, that urea thermal stability and
extend of electron delocalization in aryl substituted urea can be correlated.[31]

Thereby, extending the conjugation of the aryl substituent (in case of UPy the
substituent can be viewed as isocytosine) should result in a more temperature
stable urea.
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A

B

C

Figure 2.1: Structures of A: Ureidopyrimidinone (UPy) motif,[22] B: 7-
acylamino-[1H]-2-oxo-1,8-naphthyridine[23] and C: The naphtyridine based
motif ODIN. On the right, the respective arrangement of donor (D) and
acceptor (A) moieties, as well as attractive (green dotted) and repulsive (red
dotted) secondary electrostatic interactions (according to Jorgensen[24]),
are illustrated.
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One way to extend the conjugated system is by employing fused aromatic
species.[32] Naphthyridines, a class of heterocycles made up of two fused
aromatic rings,[33] could provide a suitable alternative to UPy with increased
thermal stability. Additionally, the arrangement of D and A in Naphtyridines
can be varied, which can be used to obtain a motif with the same or more
hydrogen bonds than UPy, but an overall weaker association. This is possible
by making use of the cross-interactions between D and A moieties not directly
opposite from each other, arranging them in such a way that they weaken
the dimer interaction (see Section 1.2.1).

So, for the DDAA arrangement of UPy there are two favorable interaction
present highlighted by the green lines in Figure 2.1 A, and one unfavorable
indicated by the red lines. In keeping with the design philosophy, the amount
of hydrogen bonds should be retained or increased, but D and A arranged
in such a way that no favorable cross-interaction takes place.

2.1.2 From Conceptualization to Reality - Synthesis of the
New Hydrogen Bonding Motif ODIN

A known quadruple hydrogen bonding motif can be obtained by acylation
of naphthyridine 1 (Figure 2.2).[23,34] This molecule self assembles driven
by an alternating DADA arrangement of D and A moieties with an Ka of
≈750 – 1900 M−1 (in CHCl3), dependent on the side chain.[34] In order to
facilitate the introduction of these hydrogen bonding arrays into functional
polymers with little synthetic effort, an excess of di-isocyanate was employed
to react with the free amino group of naphtyridine 1, forming 4 with an
urea link and free aliphatic isocyanate available for functionalization. The
introduction of the urea group provides an additional hydrogen bonding
donor that can interact with one of the oxygen lone pairs of the lactam,
resulting in a self-assembly mode involving six hydrogen bonds (1-(7-oxo-
7,8-dihydro-1,8-naphtiridin-2-yl)urea (ODIN), Figure 2.1 C).

The assembly mode of ODIN was elucidated by synthesizing derivative 3
with an increased solubility in organic solvents, which allowed the growth
of single crystals. Compound 3 maintains the same DDADA arrangement
of D and A groups as 4, specifically an urea group with two N-H as D, an
aromatic N as A and a lactam N-H D, C=O A moiety. The crystal structure
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Figure 2.2: Overview of employed naphthyridine derivatives.

of 3 reveals the formation of dimers that stack head to tail driven by the self-
complementary DDADA arrangement (Figure 2.3 A). As consequence the
molecules are coplanar, and their mutual disposition allows for the formation
of two bifurcated hydrogen bonds between both urea N-H donor moieties
and the oxygen of the lactam, while the aromatic nitrogens are involved with
the aromatic N-H groups of the respective molecular counterparts of the
dimer. The only heteroatoms not involved in the intra dimer interactions
are the oxygen atoms of the urea group, which accept weak hydrogen bonds
from the aliphatic C-H groups belonging to adjacent dimers (Figure 2.3 B).

The most common way to estimate the hydrogen bonding strength is to
determine the Ka in solution via nuclear magnetic resonance (NMR). This
proved unsuccessful because the low concentration of the samples hampered
acquisition of NMR spectra well defined enough to obtain Ka. For strongly
bonding dimers, fluorescence spectroscopy is the more sensitive method. So-
lutions of 3 in CHCl3 with concentrations ranging from 5.33·10−7 mol·L−1 to
4·10−3 mol·L−1 were prepared and their fluorescence emission measured, ex-
citing at 325 nm. The absorbance and selected emission spectra are shown in
Figure 2.4 A. At higher concentrations, the fluorescence emission undergoes
a bathochromic shift, and a second peak appears. Based on previous obser-
vations that derivatives of 1,8-naphthyridines can form excimers,[35,36] the
band dominating at lower concentrations with a peak maximum at around
375 nm was assigned to the monomer, and the band at higher concentrations
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A

B

Figure 2.3: Dimeric structure of 3 (A) and its interactions with adjacent
dimers (B), as observed in the crystalline phase. The intra-dimer and inter-
dimer hydrogen bonds are highlighted in light green and orange respectively.

with a maximum at 395 nm to a naphytirdine excimer, which we propose
forms due to the association of dimers facilitated by the complimentary
hydrogen bonding. Increasing the concentration further causes quenching
of the fluorescence intensity due to collisional self-quenching between the
fluorophore itself,[37] which makes the estimation of the Ka by following
the excimer emission difficult. Therefore, the intensity of the disappearing
monomer band was followed. To avoid integrating the dimer band, inte-
gration was performed between 350 nm and 375 nm and divided by the
concentration of ODIN, assuming that the intensity is linearly dependent on
ODIN concentration at high dilutions. The resulting normalized intensity
was plotted against the respective concentration. To determine the Ka, the
intercept of zero and the linearly decreasing intensity was taken as estimate
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Figure 2.4: A: Absorbance, and fluorescence emission spectra of 3 at selected
concentrations. For fluorescence measurements an excitation wavelength of
325 nm was chosen. B: Normalized intensity (integration performed between
350 nm and 375 nm) plotted versus respective concentration. The left red
line was fitted using the areas obtained for concentrations 2.5·10−2 mol·L−1

or lower, the right one is aligned with zero.

for Ka (Figure 2.4 B). Thereby, a Ka of 4·104 M−1 was determined, placing
its strength between UPy and the DADA Naphtyridine (Figure 2.1 B).

The strength of the hydrogen bonding motif can also be determined from
calculating the intermolecular interaction energy of the dimer in the solid
state. Such calculations were carried out for the dimer of 3 using the program
Crystal Explorer.[38] According to the adopted methods (see Appendix A.1),
the total energy of the dimeric unit amounts to 166.8 kJ·mol−1. Analogue
calculations were carried out considering the two different dimeric forms A
and B in Figure 2.1 discussed previously, showing 116.3 kJ·mol−1 for the
DADA, and 203.5 kJ·mol−1 for the DDAA type. As a matter of fact, the
most stabilizing interaction can only be achieved avoiding alternation of D
and A groups. Indeed, although for the dimer of 3 the greater number of
interactions could potentially lead to a better stabilization, both studies
in the solid state and in solution reveal that the DDADA sequence results
into a less effective association than the DDAA. This aspect has already
been addressed by Jorgensen et al. on the basis of ab initio computational
studies,[24] experimentally confirmed by Zimmerman et al.,[39] and the
present evidence further confirms the applicability of this rule to the cited
systems.
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2.2 Supramolecular Polymer Network Using Sex-
tuple Hydrogen Bonding

One of the most promising features of hydrogen bonding arrays is their
potential use for the formation of supramolecular polymers, using the re-
versible interaction to bridge oligomeric species together to form an easy to
process polymer, the concept of which is described in more detail in Section
1.3.1. To showcase whether the ODIN-dimer can be used for the preparation
of a supramolecular polymer, oligomeric Jeffamines T3000 with pendant
amines were reacted with ODIN derivative 4, bearing a reactive isocyanate
moiety that reacts easily with the amines (reaction scheme in Section 2.4).
The oligomeric Jeffamine with an Mn of approximately 3000 g·mol−1 is
a highly viscous liquid, but was plasticized after cross-linking with ODIN,
forming a supramolecular polymer (Tg = -58 ◦C), hitherto referred to as
JeffODIN (see Figure A.1). It was possible to produce either solution
cast or compression molded films, demonstrating the concept. However,
mechanical properties of the films were poor and breaking occurred easily.
This is likely a result of the weaker Ka of ODIN compared to UPy, since
for efficient assembly of supramolecular polymers with high virtual weight
average molecular weight (Mw), dimers with an Ka greater than 105 M−1

are recommended.[40] This is slightly above the estimated Ka of ODIN of
4·104 M−1 (see Section 2.1.2).

To study the enhanced association of ODIN functional Jeffamine oligomers,
viscosity measurements of the JeffODIN suprapolymer dissolved in CHCl3
were performed at different concentrations and then compared to the vis-
cosity of solutions of the non-cross linked oligomers. The ηsp was given
in reference to the viscosity of CHCl3, and the data is plotted in Figure
2.5. The effect of the reversible cross-linking is evident as the ηsp of the
suprapolymer is growing significantly faster with increasing concentration
than that of the Jeffamine solutions, indicating the assembly of larger
polymeric structures in solution.[41]

Characteristic for these dimers is their temperature triggered reversibility,
making it possible to depolymerize the suprapolymer assembly at elevated
temperatures. This can be studied using variable temperature infrared
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Figure 2.5: Plot of the ηsp as function of concentration for solutions of
Jeffamine T3000 and suprapolymer JeffODIN in CHCl3.

spectroscopy (VTIR), by investigating a small film of the suprapolymer
(spectra in Figure 2.6). During the measurement, the bands of amino and
carbonyl groups involved in hydrogen bonding are monitored, which are
known to shift as they dissociate.[16,42–44] When looking at the temperature
influence on the absorption peaks of JeffODIN, clear shifts are apparent
in the C=O stretching and N-H bending region. Specifically, with increasing
temperature the band at 1610 cm−1 loses intensity and the absorption
band observed at 1570 cm−1 shifts significantly towards lower wavenumbers.
Together, these shifts indicate the progressive dissociation of hydrogen bonds
at elevated temperatures.[44] This is in line with visual observations, where
viscous flow can be observed for JeffODIN starting at around 140 ◦C.
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Figure 2.6: VTIR spectra of trifunctional supramolecular polymer Jef-
fODIN. Samples were heated step-wise starting from 25 ◦C up to 150 ◦C.
The shifting absorption bands are indicated with arrows. Spectra are nor-
malized for the C-H stretch region around 2830 cm−1.

2.3 Conclusions

The main objective of this part of the work was to obtain an easy to synthesize
hydrogen bonding array, which is more temperature stable and has a lower
Ka than the established UPy motif. By alternating the arrangement of D
and A moieties a motif (ODIN) with a greater number of hydrogen bonds
than UPy, but lower Ka, was obtained. The extended electron delocalization
should increase the stability of the connecting urea. The structure of the new
motif ODIN was elucidated via single crystal X-ray diffraction (SCXRD),
revealing the formation of dimers in the solid state involving two regular and
two bifurcated hydrogen bonds, resulting in a total of six hydrogen bonds.

The reversible interaction of ODIN can be used to form a supramolecular
polymer by connecting oligomeric Jeffamines end-capped with ODIN motifs.
Even if, due to the weak Ka of ODIN (4·104 M−1), the resulting suprapolymer
was brittle and broke easily, the motif can be useful in applications where a
high number of hydrogen bonds are required for directionality, but a low Ka

is necessary for ease of processing. One such example would be the extension
or cross-linking of strongly apolar oligomers/polymers, which are known to
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strengthen the Ka of such multiple hydrogen bonding motifs.[9,17] While the
temperature stability of ODIN was not analyzed here, it will be tackled in
Section 3.1.2, after incorporation into main chain polymers.

2.4 Experimental Section

2.4.1 Methods

Nuclear magnetic resonance (NMR). NMR-spectra were recorded on a
Bruker Avance 400 (400 MHz) spectrometer and a Bruker Avance
300 (300 MHz) at room temperature. Chemical shifts are reported in parts
per million (ppm). 1H NMR chemical shifts are given in reference to the
residual solvent peak at 7.26 ppm in CDCl3 and at 2.50 ppm in dimethyl
sulfoxide-d6 (DMSO-d6).

Infrared spectroscopy (IR). IR-spectra were recorded on a Perkin Elmer
Spectrum One equipped with a Golden Gate accessory (diamond ATR).
VTIR spectra were recorded on a Bruker Vertex 70 spectrometer which
is equipped with a heatable diamond ATR accessory (GladiATR 300 by
PIKE Technologies). First, spectra were recorded of the empty crystal
at all employed temperatures. These spectra were subsequently used as
background spectra for the actual measurements to compensate for the
change in transmission of diamond at elevated temperatures.

Single crystal X-ray diffraction (SCXRD). SCXRD analysis was perfomed
at the Elettra Synchrotron facility (XRD1 beamline).[45] Diffraction data
were collected using a monochromatic 0.7 Å wavelength at 100 K, using
an Oxford Cryostream 700[46] cooling device. Diffraction datasets were
processed using CrysAlisPro software ver. 1.171.38.43.[47] Structure solution
and refinement were conducted using Olex2 software ver. 1.2.9.[48] CCDC
1825490 contains crystallographic data relative to the described phases. This
data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via https://www.ccdc.cam.ac.uk/structures.

Viscosimetry. Viscosimetry was performed on a Ubbelohde OC (K =
0.003180) at 25 ◦C. Polymer solutions with varying concentrations in dry
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CHCl3 were obtained by diluting a stock solution to the appropriate amounts.
The specific viscosity (ηsp) of the polymer solutions was given in reference
to CHCl3. The Hagenbach correction was used to calculate the viscosity.

Fluorescence measurements. Samples for fluorescence characterization were
prepared by diluting a stock solution to get the desired sample concentrations.
Spectra were recorded on a PerkinElmer LS 55 Fluorescence spectrometer
using FL WinLab.[49]

2.4.2 Synthesis

Unless otherwise specified, chemicals and solvents were purchased from
Sigma-Aldrich and used as received. Jeffamine T3000 was procured
from Huntsman and used as received. All solvents employed were laboratory
grade and used as received.

7-Amino-1,8-naphthyridin-2(1H)-one (1).

N
H

NO NH2NH2N NH2

HO

O
OH

O

OH

H2SO4, 2.5 h, 120 °C
+

Naphthyridine 1 was synthesized according to literature.[50] Ground di-
aminopyridine (109.13 g, 0.98 mol, 1 eq) and malic acid (145 g, 1.08 mol,
1.1 eq) were placed in a 3-neck flask and cooled in an ice bath. Sulfuric
acid (500 mL) was slowly added while maintaining an internal temperature
below 45 ◦C. The obtained mixture was slowly heated to 110 ◦C and reacted
for 2.5 h. Subsequently after cooling down the temperature, the lukewarm
solution was poured over ice and concentrated ammonia (≈1.5 L) was slowly
added while stirring until a pH of ≈7 – 8 was reached. The precipitate was
filtered and first washed with ≈9 L of water, then with a mixture of H2O and
MeOH (9 : 1) until the wash was colorless. The solid residue was dried in
vacuum at 100 ◦C to obtain the product as deep brown solid (133.2 g, 84 %
yield). The characterization gave values consistent with the literature.[50]
1H NMR (300 MHz, DMSO-d6) δ: 11.85 (s, 1H), 7.65 (d, J = 9.3 Hz, 2H),
7.64 (d, J = 8.6 Hz, 1H), 6.34 (d, J = 8.5 Hz, 1H), 6.11 (d, J = 9.2 Hz, 1H).

7-Amino-4-butyl-1,8-naphthyridin-2(1H)-one (2).
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N
H

NO NH2
NH2N NH2 O

O
H2SO4, 1.5 h, 120 °C

+

O

The synthesis for 2 was adapted from literature.[51] A three neck flask
equipped with thermometer, mechanical stirrer, and dropping funnel was
charged with diamino-pyridine (12.67 g, 1 eq), methyl 3-oxoheptanoate
(20.20 g, 1.1 eq) and stirred for 1 h. The mixture was then cooled to 0 ◦C
and sulfuric acid (65 mL) was slowly added while maintaining a temperature
below 45 ◦C. After full addition the dropping funnel was replaced with a reflux
condenser and the mixture was heated for 1.5 h at 120 ◦C. The solution was
then cooled to room temperature, poured over 100 g ice and brought to pH
≈7 – 8 by slow addition of a 30 % ammonia solution (≈125 mL). The formed
precipitate was filtered, washed with water, then triturated with a 1 : 9
methanol/water mixture, filtered again, and washed with methanol/acetone
until the wash was colorless. The product was dried at high vacuum and
obtained as yellow solid (10 g, 40 % yield), which was used immediately
without further purification. MS (ESI) m/z: [M + H]+ calcd for C12H15N3O,
218.13; found, 218.09.

1-(5-butyl-7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl)-3-(4-ethylphenyl)urea (3).

N
H

NO NH2

16 h, 110 °C+

OCN N
H

NO N
H

O

N
H

Compound 2 (0.1 g, 0.46 mmol, 1 eq) and 4-ethylphenylisocyanate (0.3 mL,
2.1 mmol, 4.6 eq) were combined in a 10 mL vial and stirred overnight
at 110 ◦C. A 1 : 1 hexane/acetone mixture (5 mL) was added and the
precipitate filtered off and washed with acetone until the wash was colorless.
The compound was dried at high vacuum and obtained as a tan colored
powder. (0.106 g, 63 % yield). Crystals shaped like needles suitable for x-ray
crystallography were obtained from 3 dissolved in chloroform and layered
with acetone. 1H NMR (300 MHz, DMSO-d6) δ: 12.26 (s, 1H), 10.56 (s,
1H), 9.87 (s, 1H), 8.11 (d, J = 8.7 Hz, 1H), 7.62 (d, J = 8.5 Hz, 2H), 7.16 (d,
J = 8.4 Hz, 2H), 7.07 (d, J = 8.7 Hz, 1H), 6.24 (s, 1H), 2.74 (t, J = 7.6 Hz,
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2H), 2.58 (q, J = 7.6 Hz, 2H), 1.64 – 1.51 (m, 2H), 1.38 (m, 2H), 1.18 (t, J
= 7.6 Hz, 3H), 0.92 (t, J = 7.3 Hz, 3H). MS (ESI) m/z: [M + H]+ calcd for
C21H24N4O2, 365.20; found, 365.23.

1-(6-isocyanatohexyl)-3-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl)urea (4).

N
H

NO NH2

15 h, 118 °C+

N
H

NO N
H

OCN
NCO

3
N
H

O
NCO

3

Compound 1 (50 g, 0.31 mol, 1 eq) and hexamethylene diisocyanate (HDI)
(500 ml, 3.1 mol, 10 eq) were combined and stirred. The resulting slurry was
heated for 15 h at a temperature of 118 ◦C (temperature of oil bath). After
cooling to room temperature, the solid was filtered over a Buchner funnel
and washed with hexane and acetone until the wash was colorless. The solid
residue was dried under vacuum at 60 ◦C, yielding the product as a tan
powder with minor impurities (72.7 g, 71 % yield). 1H NMR (400 MHz,
DMSO-d6) δ: 12.18 (s, 1H, Ar-NH ), 9.65 (s, 1H, Ar-NH -CO-NH), 8.99 (s,
1H, NH -CO-NH-Ar), 7.91 (d, J = 8.4 Hz, 1H), 7.78 (d, J = 9.4 Hz, 1H), 6.84
(d, J = 8.5 Hz, 1H), 6.34 (d, J = 9.4, 1.8 Hz, 1H), 3.39 – 3.31 (m, 2H), 3.20
(dd, J = 6.7 Hz, 2H), 1.62 – 1.48 (m, 4H), 1.43 – 1.19 (m, 4H). MS (ESI)
m/z: [M + H]+ calcd for C17H23N5O4 (methanol adduct), 362.18; found,
362.26.

Supramolecular Jeffamine T3000

O
O

O

HN

H
N

H
N

x z

y

HN

O

N
H

NO N
H

O

O
O

O

NH2

H2N

NH2

x z

y

+
Pyridine

80 °C, 24 h

N
H

NCO
3

NH

HN

O

N N
H

O

3

O
H
N

N
H 3

O

NH

N
H

O

N
H

NN
H

O

O

NH

N

NH

O3

Jeffamine T3000 (100 g, 33.33 mmol, 1 eq) was added to a dry three
neck flask equipped with mechanical stirrer. Pyridine (300 mL) was added
followed by ground 4 (39.5 g, 120 mmol, 3.6 eq). The mixture was then
heated to 80 ◦C and stirred for 24 h. After bringing the mixture to room
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temperature, CHCl3 (300 mL) and MeOH (50 mL) are added and the solution
filtered through a pad of celite. The solution was evaporated, dissolved in
a mixture of MeOH and CHCl3 (1 : 1, 300 mL), and precipitated into a
hexane/acetone mixture (1 : 1, 600 mL). The material was filtered off and
dried. The product was obtained as yellow polymeric chunks (61.2 g, 46 %
yield). 1H NMR (300 MHz, DMSO-d6) δ: 11.99 (s, 1H), 9.66 (s, 1H), 9.00
(s, 1H), 7.91 (d, J = 8.5 Hz, 1H), 7.78 (d, J = 9.4 Hz, 1H), 6.87 (d, J =
8.5 Hz, 1H), 6.34 (d, J = 9.4 Hz, 1H), 5.80 (s, 1H), 5.56 (d, J = 7.9 Hz, 1H),
3.71 – 3.14 (m, backbone), 3.03 – 2.88 (m, 2H), 1.59 – 1.15 (m, Jeffamine
methylene), 1.04 (d, J = 5.7 Hz, Jeffamine methyl group).
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Appendix A

A.1 Calculations of total Energy of Dimers

Energy calculations for the considered dimers were carried out by adopting
the B3LYP functional and 6-31G(d,p) basis set. For the three systems the
outcome of the simulations is reported below. The names are given according
to Figure 2.1, the values are in kJ·mol−1.

Compound A: E(electrostatic): -235.4; E(polarisation): -73.3; E(dispersion):
-36.5; E(repulsion): 212.8; E(total): -203.5

Compound B: E(electrostatic): -143.0; E(polarisation): -35.2; E(dispersion):
-45.0; E(repulsion): 162.1; E(total): -116.3

Compound C: E(electrostatic): -223.1; E(polarisation): -53.8; E(dispersion):
-43.3; E(repulsion): 237.5; E(total): -166.8

47



ODIN, A NOVEL SEXTUPLE HYDROGEN BONDING MOTIF

A.2 Supramolecular polymer JeffODIN

Cross - Linking

Figure A.1: Pictures of Jeffamine T3000 solution before cross-linking (left
side) and of a film of supramolecular polymer JeffODIN (right side) formed
after reaction with a reactive ODIN motif (4).

A.3 NMR-spectra

Figure A.2: 1H NMR spectra of compound 1 in DMSO-d6.
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Figure A.3: 1H NMR spectra of compound 3 in DMSO-d6.

Figure A.4: 1H NMR spectra of compound 4 in DMSO-d6.
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Dynamic Cross-Linking of
Polyolefins via Hydrogen
Bonding

Abstract: Multiple hydrogen bonding motifs are promising tools to obtain
adaptable networks combining advantages of permanently cross-linked sys-
tems with processability of thermoplastics. Here we describe the use of a new
multiple hydrogen bonding motif (ODIN) to create adaptable polyolefins
networks with increased tensile strength, stiffness, barrier properties, and a
plateau modulus after melting. The cross-linked nature of these polymers
was elucidated by thermal and mechanical analysis. The apolar polymer
matrix was found to stabilize the new hydrogen bonding motif at elevated
temperatures. The resulting polymer showed thermal resistance superior to
UPy motif functionalized materials, the most commonly employed synthetic
multiple hydrogen bonding motif to date. TOC-graphic: Cross-linking of
polyolefins with mutliple hydrogen-bonding and resulting enhanced shape
stability above Tm.
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The contents of this chapter were partially adapted from: J. Tellers, S. Canossa, R.
Pinalli, M. Soliman, J. Vachon, E. Dalcanale Macromolecules 2018, 51, 7680–7691, DOI
10.1021/acs.macromol.8b01715 and from PCT/EP2018/072316.
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3.1 Dynamic Cross-Linking of Polyethylene via Sex-
tuple Hydrogen Bonding Array

The most widely employed polymer in the world is polyethylene (PE),[1,2]

owing to its low cost and excellent properties such as chemical resistance,
processability, moisture resistance and low conductivity.[3] However, there
is an ongoing interest to overcome the flaws of PE such as wear,[4,5] poor
oxygen barrier properties,[6,7] low strength[8,9] and creep,[8,10] relying mostly
on fillers as property enhancing tool.

The introduction of hydrogen bonding in polymers can lead to extraordi-
nary properties. For example Nylon, possibly described as a PE backbone
chain with equally spaced di-functional hydrogen bonding moieties (amides),
has superior tensile, barrier, fatigue and heat resistance properties.[11–13]

The same is true for ethylene vinyl alcohol (EVOH), which shows superior
barrier properties ascribed to a high crystallinity resulting from the con-
siderable cohesive energy between chains provided by the large amount of
hydrogen bonds present.[14] Other notable examples of polymers that own
some of their remarkable properties to hydrogen bonding are polyurea and
polyurethanes.[15] The properties of these polymers are however profoundly
dependent on moisture, as it can interfere with the hydrogen bonds.[16–19]

More recently, arrays of multiply hydrogen bonds have been explored to
improve polymer properties. These are molecules inspired by DNA base
pairs with a favorable arrangement of hydrogen bonding donor (D) and
acceptor (A) groups, allowing for organized self-assembly.[19] Following this
concept, molecules with a plethora of different structures were developed
with the ability to homo-, or heterodimerize.[19–21] Using multiple hydrogen
bonding moieties, polymers can be augmented with properties such as con-
trolled degradation,[22] optical responsiveness,[23] high strength and increased
stiffness,[24] improved peel strength,[25] self-healing,[26] miscibility between
immiscible polymers,[27] and reversible chain extension.[28,29] The increased
strength of these hydrogen bonding arrays can lead to their assembly even
in water,[30,31] thus making them an excellent tool for the preparation of
humidity and moisture resistant materials.

As was previously discussed in Chapter 2, the most studied multiple

52



Chapter 3

hydrogen bonding motif is the ureidopyrimidone (UPy) motif.[31,32] Due
to the established concerns about temperature stability a new motif, the
1-(7-oxo-7,8-dihydro-1,8-naphtiridin-2-yl)urea (ODIN) motif, was developed.
Introduction of ODIN into a functional PE is expected to give rise to
improved mechanical and barrier properties, an increased melt strength, and
should show improved thermal stability compared to UPy functionalized
polymers, all of which will be demonstrated in the following sections.

3.1.1 Dynamic Cross-Linking of Polyethylene via Sextuple
Hydrogen Bonding Array: Synthesis

A suitable Polymeric Precursor for Grafting: PE-HEMA

For the preparation of multiple hydrogen bonding cross-linked polyolefins,
polymers bearing moieties suitable for grafting of the hydrogen bonding
motifs are required. Since ODIN motif 4 bears an aliphatic isocyanate
(see Chapter 2), polymers with pendant hydroxy or amino groups were
considered. A suitable polymer, namely poly (ethylene-co-(2-hydroxethyl
methacrylate)) (PE-HEMA), a co-polymer of ethylene and 2-hydroxyethyl
methacrylate (HEMA), was selected and is available within SABIC with
HEMA contents ranging from 1.6 mol% to 12.4 mol% (Table 3.1).

The pendant hydroxy groups of HEMA allow for easy grafting of the
isocyanate bearing ODIN motif 4.[33–35] A homo-polymeric PE sample,
prepared employing the same reaction conditions that were employed to
synthesize PE-HEMA, was used as a reference material. The provided
co-polymers used in this study, their HEMA content in mol% determined
via high temperature nuclear magnetic resonance (HTNMR), their Mw

determined by gel permeation chromatography (GPC) (traces in Figure
B.1, Appendix B), Tm determined via DSC (graphs in Figure B.2), and Tβ
obtained from DMTA are reported in Table 3.1. In addition to the molecular
weight, GPC was used to investigate the short chain branching (SCB) of the
PE-HEMA polymers and their homogeneity. An indication for homogeneous
incorporation of branches is that all molecular weight fractions of polymers
should have the same amount of SCB. In Figure B.1, the distribution of
SCB as a function of the molecular weight is plotted, which is found to
be near linear for all polymers but PE-HEMA 4. This shows that the
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Table 3.1: HEMA content, GPC data and thermal data for
PE-HEMA co-polymers.

Entry HEMAa

(mol%)
Mw

b,c

(Kg·mol−1)
Ðb Tm

d

(◦C)
Xc

d,e

(◦C)
Tβ f
(◦C)

(LD)PE 0 200 7.7 119.5 29.2 n.d.
PE-HEMA 1 1.6 270 9.2 108.3 25.6 10.0
PE-HEMA 2 5.15 85 6.3 97.9 14.8 -0.3
PE-HEMA 3 6.8 37 3.8 91.5 7.9 -3.5
PE-HEMA 4 12.4 35 3.6 80.5 5.0 -10.8

a det. via NMR; b det. via GPC; c decreasing molecular weight
due to HEMA acting as a chain transfer agent;[36] d det. via DSC;
eXc calc. with heat of fusion of PE = 286.2 J·g−1;[37]
f det. via DMTA.

introduction of HEMA is reasonably homogeneous and blocks of HEMA are
unlikely. Unsurprisingly, with higher HEMA content the amount of SCB
increases, as the number of SCB is obtained from the methyl signal of the
acrylate.

In PE and related co-polymers such as PE-HEMA, usually three main
relaxations α, β, and γ are observed during DMTA measurements. Specifi-
cally, α, the melting temperature, β close to room temperature and γ below
100 ◦C, respectively.[38,39] The obtained DMTA data for all PE-HEMA poly-
mers is shown in Figure 3.1. The γ relaxation was not observed within
the available measurement regime between 100 ◦C and 200 ◦C. A non-PE
related relaxation is observed for at -70 ◦C, which increases in intensity with
increasing HEMA content. We thus supposed that this relaxation is the
result of motion induced by breaking and reforming hydrogen-bonds of the
HEMA side chain.[40]

Associated with main chain movements in the amorphous region,[41] recent
evidence denotes the β relaxation as the Tg of PE and its copolymers.[42]

This relaxation has been found to change in intensity and location with the
degree of crystallinity because of hindered amorphous chain segments as a
result of the physical cross-links provided by the polymer crystallites.[43,44]

The Tβ is found to decrease with HEMA content, even though the hydrogen
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Figure 3.1: DMTA data of PE-HEMA polymers 1 – 4. E’ is represented by
closed, Tan δ by open symbols.

bonding provided by HEMA has the possibility to increase Tβ. A better
correlation of Tβ and polymer properties is found by the reduction of degree
of crystallinity (Xc). Figure 3.2 shows the content of HEMA and Xc as
a function of the obtained Tβ for PE-HEMA polymers 1 – 4. A clear
correlation between the reduction of Xc and decrease of Tβ is found, and the
reduction of Xc is a result of the increasing HEMA content which cannot
co-crystallize.

Synthesis of Multiple Hydrogen-Bonding Functionalized PE Poly-
mers.

The synthesis pathway for the formation of multiple hydrogen-bonded semi-
crystalline low density polyethylene ((LD)PE) is depicted in Figure 3.3.
The reaction was carried out for 4 h at 100 ◦C in toluene with dibutyltin
dilaurate (DBTDL) acting as a catalyst. An overview of the prepared
functional polymers P1 – P4, the content of introduced ODIN determined
via either NMR or elemental analysis (EA) and some characteristic thermal
data are given in Table 3.2.
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Figure 3.2: Relationship of Tβ observed in PE-HEMA co-polymers with
their crystallinity and HEMA content.

The Mw was not determined after functionalization due to solubility
issues in o-dichlorobenzene. Because of the nature of cross-linking via mul-
tiple hydrogen bonding moieties, the virtual Mw should increase, reflected
by the decreased solubility.[45] 1H NMR of P1 – P4 in tetrachloroethane-
d2 (TCE-d2) at 120 ◦C revealed the characteristic, strongly downfield shifted
signals corresponding to amine protons participating in multiple hydrogen
bonding (Figure 3.4 A).[46] The degree of functionalization could be inves-
tigated via 1H NMR by following the intensity of the HEMA methylene
signals (δ = 3.85 ppm and 4.25 ppm).

A selected portion of the 1H NMR spectrum for P1, detailing the hy-
droxyethylene methylene signals, is shown in Figure 3.4 B. The two distinct
methylene signals of non-functional HEMA combine to a single peak after
formation of the carbamate (δ = 4.3 ppm). From the ratio of these two
signals (non-functionalized and ODIN functionalized HEMA) the degree of
functionalization can be determined. About 40 – 60 % of hydroxy groups
were grafted with the ODIN motif, with increasing reaction time having no
considerable effect on grafting percentage.
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Figure 3.3: Synthesis of hydrogen bonding functionalized PE-HEMA; Car-
toon depicts semi-crystalline nature of resulting polymer cross-linked via
multiple hydrogen bonding moieties.

Table 3.2: HEMA content, GPC data and thermal data for
PE-HEMA co-polymers.

Entry Parent-
Polymer

ODINa

(mol%)
ODINb

(mol%)
Tm

d

(◦C)
Xc

d,e

(%)
Tβ f
(◦C)

P1 PE-HEMA 1 0.96 0.98 107.3 25.0 17.2
P2 PE-HEMA 2 2.16 2.25 95.5 8.2 20.0
P3 PE-HEMA 3 3.06c 3.45 86.5 3.1 33.0
P4 PE-HEMA 4 2.98c 6.05 79.4 1.3 48.2

a det. via NMR; b det. via EA; c barely dissolved (TCE-d2,
120 ◦C); d det. via DSC; eXc calc. with heat of fusion of
PE = 286.2 J·g−1;[37] f det. via DMTA.
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Figure 3.4: A: Selected portion of P1 1H NMR (120 ◦C, in TCE-d2) high-
lighting the hydrogen bonding region; signal of CH2-NH is superimposed
by the residual solvent TCE signal. B: Selected portion of P1 1H NMR
(120 ◦C, TCE-d2), highlighting the HEMA hydroxyethyl signal region; the
methylene groups of functionalized HEMA give rise to only a single signal.
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However, for functional polymers P3 and P4, 1H NMR was not successful
in determining the ODIN content, due to only partial solubility in TCE-d2

at 120 ◦C. Therefore, elemental analysis (EA) was performed to determine
the amount of incorporated ODIN. Empiric calculations were performed
in order to match the observed hydrogen, carbon, and nitrogen content
with the theoretical amount of ODIN that would have to be present in the
polymer to match these values. The EA determined ODIN content was in
good agreement with the 1H NMR determined content for soluble polymers
P1 and P2. For P3 and P4, a higher amount of grafting percentage was
determiend by EA. Due to the low solubility, the NMR determined content
underestimated the actual one, and the EA determined content will be used
for subsequent comparison of these materials. Thereby, polymers with ODIN
content ranging from 1 mol% – 6 mol% could be obtained (Table 3.2). If
we assume that the number of repeating units per chain does not change
with functionalization, the average number of hydrogen bonding motifs per
chains nHB can be calculated according to equation 3.1:[47]

nHB = Mn · xHB
MHEMA · xHEMA +MEt · (1− xHEMA) (3.1)

with Mn as the number average molecular weight of parent PE-HEMA, xHB
and xHEMA as the molar fraction of ODIN (HB) and HEMA and MHEMA,
and MEt as the molecular weight of HEMA and ethylene. According to
eq 3.1, nHB was determined to be 9.9, 9.5, 9.5, and 14.3 for polymers P1,
P2, P3, and P4, respectively. Given that there are many more than two
moieties per chain, a supramolecular network should be formed as long as
the association of dimers is thermodynamically favored.

3.1.2 Dynamic Cross-Linking of Polyethylene via Sextuple
Hydrogen Bonding Array: Material Properties

Hydrogen Bonding in ODIN-PE-HEMA Polymers

The influence of the introduction of the multiple hydrogen bonding moieties
was investigated via DSC measurements on functional polymers (graphs in
Figure B.3). Compared to the pristine polymers, Tm andXc of functionalized
materials decreases. The bulky motif grafted onto the polymer backbone
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hinders crystallization of the polymer main chain, reducing crystallinity and
Tm.[48–51]

To showcase the adaptable nature of the hydrogen bonding functionalized
system, stress relaxation was performed on P2 at 140 ◦C in tensile mode.
A strain of 0.5 % was applied to P2 and the resulting stress, normalized
for the initial stress, was monitored over time (see Figure B.4). A slow
decline of the normalized stress to 20 % of the initial value is observed within
1,000 s, with full relaxation expected to be reached within 10,000 s. Even
though relaxation is slow, stress of the physically cross-linked material can
relax over time. In addition, it was possible to prepare defect free samples
suitable for mechanical analysis via compression molding at 150 ◦C (see
Figure B.5), revealing indeed adaptability of our hydrogen bonding network.
Compression molded samples of functionalized polymers and their respective
PE-HEMA counterparts were analyzed via DMTA. The data, obtained for
P2 and corresponding PE-HEMA 2, is presented in Figure 3.5 A (DMTA
Graphs for P1, P3, and P4 in Figure B.6). Because not all HEMA groups
of the pristine polymers were functionalized, the relaxation related to the
motion induced by breaking and reforming hydrogen-bonds of the HEMA
side chain[40] is still observable in the polymers P2 – P4.

The β relaxation is related to any type of branching and cross links inside
the polymer,[44] and any type of additional branching points or cross-links
should raise Tβ . Indeed, Tβ is found to shift to higher temperatures for all
functionalized polymers. This is a result of the multiple hydrogen bonding
facilitated formation of physical cross-links between chains. A similar influ-
ence for the Tg of multiple hydrogen bonding functionalized polymers was
previously observed, attributed to a restricted chain movement.[47,52,53] Since
the β relaxation has been denoted as Tg of PE and its copolymers,[42] we
anticipated the same effect for our functional materials. In fact, despite large
molecular weight differences between pristine PE-HEMA polymers, DMTA
determined ∆Tg increases linearly with ODIN content between pristine and
functional polymers (Figure B.7). This reflects a behavior previously ob-
served for UPy functionalized methacrylate, where the Tg increased linearly
with UPy content for polymers of equal molecular weight.[47,54] The same
relationship was not apparent for DSC determined Tg, which we attribute
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Figure 3.5: A: DMTA sweep of P2 (black) and PE-HEMA 2 (red); E’
is represented by closed, Tan δ by open symbols; The light red square
highlights the temperature range above melting of the crystalline region;
Inset shows DMTA strips after measurements: P2 top, PE-HEMA 2 bottom.
B: Rheology frequency sweep from 0.01 rad·s−1 to 100 rad·s−1 of P2 (black)
and PE-HEMA 2 (red) at 150 ◦C. G’ is represented by closed, G” by half,
and phase angle by open symbols.
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to the low signals to noise ratio, making exact determination of Tg difficult.

The cross-links were still in effect within the region between Tβ and Tα
(T > 50 ◦C), where a greater E’ was measured for P2 and P3, with a less
pronounced difference observed for P1.[55] The α transition, usually related
to main chain movements that become possible at the onset of melting of
the crystalline phase,[38,44,56] is observed as a rapid increase of the Tan δ for
all of the pristine polymers until melting of the sample specimen leads to
measurement stop. For functionalized samples, a more gradual increase of
Tan δ is observed leading into a peak for P2, P3, and P4 with Tan δ of P1
forming a shoulder around the melting temperature.

Remarkably, heating above Tm did not lead to measurement stop for func-
tionalized samples and the elastic character was retained, revealing a rubbery
plateau after melting, which is characteristic for cross-linked polymers.[57–59]

We attribute the formation of this plateau modulus to the cross-linking via
multiple hydrogen bonding arrays, that is still effective above Tm. This
was unexpected, because these arrays of hydrogen bonds are expected to
progressively dissociate at elevated temperatures,[29,60] and adaptability of
our network was apparent from stress relaxation measurements and from
the possibility to obtain defect free samples via compression molding. In
contrast to cross-linked rubber, where E’ usually remains constant above
Tg,[61–63] E’ decreases gradually after Tm up until 190 ◦C for the functional
polymers. At 190 ◦C, the polymer structure changes involving the formation
of permanent cross-links causing an increase in E’, which will be discussed
at a later stage. Because the hydrogen bonding moieties are in equilibrium
between dissociated and associated states, we conclude that the increas-
ing temperature causes a shift from the dimeric to monomeric state, thus
decreasing the cross-link density.[53,54,64] The conformational stability of
functional samples at elevated temperatures is easily visualized by looking
at the DMTA sample strips after measurement displayed in the inset picture
of Figure 3.5 A. Melting compromised the shape of pristine- (bottom), but
not of functional sample (top).

To investigate the properties of ODIN functional polymers in the melt
state, P2 was subjected to a frequency sweep at 150 ◦C using parallel plate
rheology, which is the temperature of compression molding, and compared
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to the pristine PE-HEMA 2. The data for both polymers are shown in
Figure 3.5 B. At 150 ◦C, the pristine sample (red line) was completely
molten and displayed typical behavior of entangled polymer melts.[65] The
loss modulus (shear) (G”) is above the storage modulus (shear) (G’) over the
entire frequency range, typical for non-cross-linked thermoplastics in the melt.
No crossover point is observed for the pristine polymer within the measured
frequency range, likely because it would occur outside of the measurement
range. Both, G” and G’ are strongly dependent on the observed time scale,
displaying Newtonian like flow behavior at long timescales (low frequencies)
and more elastic behavior at short timescales (higher frequencies). However,
the frequency sweep of the functional polymer reveals a completely different
behavior. G’ is above G” over the entire frequency range, displaying solid,
not melt like behavior. Additionally, the moduli are largely unaffected by
frequency. Both are characteristic properties of cross-linked polymer systems,
revealing the effective cross linking via multiple hydrogen bonding in the
melt.[65]

To confirm our theory that the multiple hydrogen bonding motifs are
largely associated at elevated temperatures, VTIR was performed on P3
and compared to the VTIR data of the supramolecular polymer JeffODIN
described in Section 2.2. For JeffODIN (Spectra in Figure 2.6) clear shifts
were observed in the C=O stretching and N-H bending region, which indicate
the dissociation of hydrogen bonds.[66] On the contrary, for the spectra of
P3 depicted in Figure 3.6, only one peak can be observed to clearly change
around 720 cm−1, corresponding to the melting of PE crystallites.[67] No
clear influence of temperature on peaks involved in hydrogen bonding is
apparent for ODIN functionalized polymers. This can be attributed either
to the influence of the apolar polymer matrix known to increase the strength
of hydrogen bonds,[29,32] or by the cooperative associative effect due to the
increased amount of moieties per chain. This effect was previously elucidated
by Long et al., showing that more thermal energy was required to disrupt
association of species with increasing numbers of UPy moieties.[68] Based on
these results, multiple hydrogen bonding is clearly still in effect for ODIN
functional polyolefins after melting of the crystalline regions and responsible
for the observed plateau moduli after melting.
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Figure 3.6: VTIR spectra of ODIN functional polymer P3. Samples were
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Thermal Stability of ODIN-PE-HEMA Polymers

One of the main motivations for developing the ODIN motif was the desired
improved thermal stability over UPy functionalized polymers. To investi-
gate the temperature of degradation, heat cycling DSC measurements were
performed, repeatedly heating in steps of 10 ◦C/cycle from 160 ◦C to 250 ◦C
using a heating rate of 10 K·min−1 (Figure B.8). The evolution of Tm was
followed, and its shift interpreted as degradation of the polymer structure.
Indeed, for ODIN functionalized PE-HEMA, a Tm shift occurs at about
190 ◦C, placing the degradation temperature around 40 ◦C higher than
the degradation temperature of UPy.[69,70] For some UPy functionalized
polymer systems, thermal stability above 200 ◦C is claimed in literature,
based on thermogravimetric analysis (TGA) results alone.[71,72] Given the
contradicting nature of these claims with other reported thermal stabilities
of UPy functionalized polymers,[69] we suspected that TGA would give a
false sense about the thermal stability of ODIN functional polymers, as it
relates to the formation of volatiles.

To investigate whether TGA would report thermal stability higher than
190 ◦C for ODIN functionalized polymers, polymers P3 and corresponding
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PE-HEMA 3 were subjected to TGA and TGA-DSC measurements. Two
major weight loss steps were observed for the functionalized polymer at
300 ◦C and 440 ◦C (Figure B.9). During the first step, a mass loss of
24.76 % was observed, in line with the theoretical weight loss of 24.58 %
for full abstraction of ODIN-motif in P3, cleaved at the carbamate linkage.
Consequently, we surmise that during the first weight loss step ODIN and
the linker chain degrade into volatiles, whereas the second weight loss step
is caused by the polymer main chain degradation. This is coherent with the
measurement of parent PE-HEMA 3, where only one weight loss step, in
line with the second weight loss step of the functional polymer, was observed
(Figure B.10). No weight loss or peak in DSC-TGA was observed at 190 ◦C,
the temperature of degradation determined via DSC.

As previously mentioned, the urea group in UPy is thermoreversible, and
raising the temperature to a certain point break the urea bond and initiates
the formation of amine and isocyanate species. Likewise, we assumed that
the urea moiety of ODIN motif is thermoreversible. Therefore, thermal
treatment of functional polymer species between 190 ◦C and 300 ◦C would
not lead to degradation as such, but to formation of permanent cross-links
facilitated by isocyanate-amine reactions according to the concept illustrated
in Figure 3.7. To investigate this theory, DMA was performed on P4 at
190 ◦C, the degradation temperature determined via DSC, while monitoring
the E’, the E”, and the Tan δ as a function of time. P4 was chosen because
it has the highest amount of ODIN and changes should be seen easily. The
obtained data are shown in Figure 3.8. After 2 min at 190 ◦C, an increase
in E’ accompanied by a decrease of Tan δ is observed. It is known that the
formation of permanent cross-links can be result in an increase of the E’.[73,74]

The propose, that permanent cross-linking takes place in the polymer sample
and theorize, that this is the result of reformation of isocyanates and amines
followed by immediate cross-linking of these species. Based on these results,
together with the results obtained from DSC and TGA, we believe that TGA
alone cannot be the sole technique on which to claim thermal stability and
structural integrity on for these aryl urea type multiple hydrogen bonding
species attached to polymers.
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Then, permanent cross-links are introduced when amine and isocyanate
chains attached to the polymer backbone react with each other, forming a
more stable urea.

Tensile Properties of Functionalized Polymers

To assess the influence of cross-linking with ODIN on tensile properties,
functionalized polymers P1 – P4 were subjected to tensile tests and com-
pared to their respective pristine counterparts, as well as the reference PE
sample. The tensile strength and Young’s modulus data for the measured
polymers are given in Figure 3.9. Not shown are the data for strain at break,
which generally decreases for functionalized polymers due to the formed
cross-links.[75,76] The tensile strength of our reference (LD)PE material was
within commonly obtained values.[77]

For P1, no improved strength or increased stiffness was observed after
functionalization, likely because of the reduced crystallinity of functionalized
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sample without yet forming a strong enough multiple hydrogen bonding
network. For PE-HEMA 2, 3, and 4 however, the functionalization with
ODIN tends to increase tensile strength and significantly increases stiffness
of the soft polymers. The tensile strength of PE-HEMA 4 was improved
threefold, displaying the potential of the ODIN motif to improve mechanical
properties of polymeric species.[78] Interestingly, no improvement of tensile
strength and only slightly increased stiffness was observed between P3 and
P4, despite the latter being functionalized with almost twice the amount of
ODIN, revealing diminishing returns of extensive ODIN functionalization.
Compared to the PE reference, tensile properties seem to be on par or
slightly increased. This is due to the significantly reduced crystallinity of
functionalized samples compared to the semi-crystalline PE reference.[79]

Multiple Hydrogen Bonding Cross-Linked Polyethylene as Oxy-
gen Barrier Material

To reduce gas permeability through semi crystalline polymers, the free volume
available for permeation may be reduced.[80] Reduction of the polymer free
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volume can be achieved by affecting either size or shape of polymer crystals, or
by reducing the chain mobility in the amorphous regions.[14] By introducing
cross-links in the amorphous phase, the cohesive energy density between
chains can be increased, which in turn reduces the oxygen permeability.[81]

The formation of an efficient hydrogen bonding network should provide such
cross-links resulting in increased barrier properties.

To investigate the effect of HEMA content and ODIN functionalization
on the water and oxygen barrier properties, standard measurements[82] were
performed to determine oxygen transmission rates (OTRs) and water vapor
transmission rates (WVTRs) of selected polymers. The thickness corrected
values for OTR obtained at 38 ◦C, 50 % r.h. and WVTR measured at
23 ◦C, 85 % r.h., are illustrated in Figure 3.10 (tabulated data and graph
for OTR measured at 23 ◦C, 0 % r.h. are reported in Table B.1 and
Figure B.11, respectively). For PE-HEMA copolymers, a HEMA content
dependent increase in both WVTR and OTR is observed during the 50 %
r.h. measurement. This is due to the water penetrating the polymer matrix,
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revoking the interchain hydrogen bonds, therefore progressively affecting
polymers with greater HEMA content.[14] By contrast, the measurements
at near zero humidity reveal an almost constant OTR between different
PE-HEMA polymers, because the hydrogen bonding remains intact (Figure
B.11). The increased HEMA content should decrease the OTR due to
network formation, but the advantageous effects are likely off set by the
loss in crystallinity caused by the introduction of HEMA (see Figure B.2
and Figure 3.2). Upon functionalization of PE-HEMA polymers with ODIN,
a gradual decrease in OTR is observed between pristine and functional
polymers measured at 38 ◦C, 50 % r.h.. Also, with increasing ODIN content
a lower OTR rate is observed, not being adversely affected by humidity in
the same manner as pristine polymers with higher HEMA content were. In
addition, an almost equal WVTR can be observed for all functional samples,
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showcasing the increased stability of these hydrogen bonding arrays towards
humidity compared to single hydroxy hydrogen bonds. Regardless, in order
to match the performance of current multilayer solutions employing layers
of EVOH and polyolefins a 10- or 100 fold decrease of the OTR would be
required, revealing the current limit of the presented solution.

3.2 Dynamic Cross-Linking of Polypropylene via
Sextuple Hydrogen Bonding Array

The increased thermal stability of ODIN described in Section 3.1.2 allows
its use in polymers with higher melting points. Thus, the functionalization
of PP was targeted, a polymer with a melting point usually found above
160 ◦C,[83] which is above the degradation temperature of UPy. The initial
challenge here is to design or find a PP with suitable functionalities for the
incorporation of ODIN.

3.2.1 Synthesis of ODIN Functional Polypropylene

One of the most common and thus easily accessible grades of functional
PP is polypropylene-graft-(maleic anhydride) (PP-MA). PP-MA is usually
obtained by in reactor grafting of MA onto grades of PP using small amounts
of peroxides as initiator, an easy to upscale process.[84,85] We decided to
use a commercially available PP-MA grade from EXXELOR, PO 1020.
This grade is listed with a MA content of 0.64 wt% to 0.8 wt% by the
manufacturer. The MA content can be determined using 1H NMR,[84] and
we found a MA content of 0.77 wt% (0.325 mol%) (see Figure B.12). The
MA moiety can readily react with nucleophiles such as amines to form an
imide,[86] making it possible to introduce further functionality. Therefore,
in order to introduce ODIN in an easy manner, either an ODIN derivative
with amine functionality is required, or a PP-MA with a hydroxy or amine
moiety suitable to react with the isocyanate of 4.

We decided to use 4 and employ an established method to introduce free
hydroxy groups to PP-MA, which is readily achieved by reacting the MA
moiety with a slight excess of aminoalcohols.[48,86] The thereby obtained
free hydroxy groups can then react with the isocyanate of 4, forming a
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multiple hydrogen bonding cross-linked PP. The general strategy is illus-
trated in Figure 3.11. To ensure full functionalization with aminoethanol, a
twofold excess was used for the functionalization of PP-MA. The successful
reaction was confirmed by FTIR and NMR. Specifically, the symmetric
and asymmetric C=O stretching band of the anhydride at 1790 cm−1 and
1840 cm−1 (see Figure 3.12 A)[84] are found to disappear after reaction with
aminoethanol. No clear new band appears, but from the overlay of the
PP-MA and PP-MA-AE spectra the band located at 1714 cm−1, correspond-
ing to the open diacid form of the MA moiety,[85] shifts to 1705 cm−1 after
formation of the maleimide. This absorption is caused by the C=O groups
of the closed imide ring, confirming the successful reaction.[48]

The NMR signals of the MA and aminoethanol moieties are not well
resolved due to the relatively low amount of functional group content and
the complex correlation times associated with proton NMR of polymers,[87]

but the disappearance of the MA peaks at 2.86 ppm and 2.91 ppm, and
appearance of the aminoethanol peaks in the range of 3.2 ppm – 4.0 ppm in
combination with the shifted MA signals is associated with the success of
the reaction in literature (NMR in Figure 3.12 B).[48]

The grafting of the ODIN motif onto PP-MA-AE was done in xylenes,
using a small excess of ODIN and DBTDL as a catalyst to ensure full
grafting. The overlay of the FTIR spectra of PP-MA-AE and PP-MA-
AE-ODIN seen in Figure 3.12 A reveals the appearance of multiple new
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Figure 3.12: Analysis of functional PP-MA. A: FTIR-spectra from 600 cm−1

to 2000 cm−1 of PP-MA, PP-MA-AE, and PP-MA-AE-ODIN. The dashed
red colored triangle highlights the C=O absorption region. B: Part of the
1H NMR spectrum (in TCE-d2, at 120 ◦C) of PP-MA, PP-MA-AE, and
PP-MA-AE-ODIN, focusing on the signals in the vicinity of the MA moieties.

absorption bands in the carbonyl absorption region in the range between
1500 cm−1 and 1750 cm−1, which correspond to the C=O stretching bands of
the naphthyridine C=O, urea C=O, as well as the newly formed carbamate
linkage. The cutout of the 1H NMR spectrum of PP-MA-AE-ODIN in
Figure 3.12 B reveals the appearance of multiple new signals. The signals
at 3.2 ppm and 3.4 ppm belong to the methylene protons directly adjacent
to the urea and carbamate group of the HDI linker chain, revealing the
successful attachment of the ODIN motif. The aminoethanol methylene
groups form two broad peaks at 3.8 ppm and 4.3 ppm. The MA signals
of the ring are superimposed by the methylene signals of the linker chain
and aminoethanol. An overview of the two synthesized and the commercial
polymer with functional group content and thermal data are given in Table
3.3.

3.2.2 Hydrogen Bonding in Polypropylene

The Tg determined by DSC increases for the ODIN functional sample,
which is in line with the observations made for the supramolecular PE
described in 3.1.2, a result from the cross-linking with ODIN motif.[47,52,53]
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For PP-MA and PP-MA-AE the Xc is close enough to be considered within
the experimental error (Table 3.3. The bulky ODIN motif decreases Xc, but
Tm is not affected, indicating that only the degree of crystallinity, not the
lamellar thickness were affected.[89]

As the main point of interest, the dynamic properties of hydrogen bonding
cross-linked PP were analyzed to see if similar observations can be made as
for the supramolecular PE. Therefore, suitable samples, that were obtained
by compression molding of the polymer powder obtained after synthesis, were
analyzed using DMTA and parallel plate rheology. The obtained DMTA
data for PP-MA-AE and PP-MA-AE-ODIN is depicted in Figure 3.13 A.
With dynamic measurements such as DMTA, the Tg of PP can be found
around 0 ◦C.[90] For PP-MA-AE, a Tg at 9 ◦C is observed. Unsurprisingly,
the hydrogen bonding cross-linked PP-MA-AE-ODIN displays a slightly
increased Tg at 15 ◦C due to the introduced cross-links that hamper chain
movement.[47,54] Apart from the slight shift in Tg, the DMTA data of both
polymers is near identical and upon melting of sample strips the measurement
stopped, which stays in contrast to the functionalized PE samples described
above. Most likely, the significantly lower amount of the ODIN motif does
not give enough strength to the polymer after melting, and a higher melt
strength could be achieved by using a PP with a higher MA content, allowing
for the grafting of additional motif.

A more substantial difference can be observed from the frequency sweeps.
These were performed at 180 ◦C, in order to be above the Tm of the used
materials, but below the degradation temperature of ODIN at 190 ◦C. The

Table 3.3: Overview of prepared functional PP-MA polymers
starting from PP-MA and their characteristic thermal data.

Entry MA contenta
(mol%)

Tm
b

(◦C)
Xc

b

(%)
Tg

c

(◦C)

PP-MA 0.325 158.94 31.8 -2.50
PP-MA-AE - 156.02 32.6 -2.09
PP-MA-AE-ODIN - 159.05 26.8 3.44

a det. via NMR; bXc calc. with heat of fusion of
PP = 238.5 J·g−1;[88] c det. via DSC .
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obtained data for PP-MA-AE and PP-MA-AE-ODIN is shown in Figure 3.13
B. Over the entire frequency range, PP-MA-AE without ODIN functionali-
ties behaves like an non-entangled polymer melt with G” staying above G’,
and no crossover frequency was observed.[65] The ODIN functionalized mate-
rial displays significantly higher moduli and the rheology behavior changed
to the point that a crossover frequency occurs at about 10 Hz. This also
explains why no plateau modulus was found during DMTA, since the sample
was stressed at a frequency of 1 Hz.

Evidently, using the ODIN motif presents a viable option to change the
flow properties of PP and is superior to UPy due to the increased thermal
stability needed for polymers with a Tm point such as PP.

3.3 Conclusions

Using the UPy motif, a plethora of multiple hydrogen bonding functionalized
materials have been developed in the past twenty years. However, func-
tionalization of polyolefins has been largely unexplored, with few examples
including a fully amorphous (LD)PE material[78] and functionalized PP
tested way above the degradation temperature of the UPy motif.[48,69] To
overcome the thermal stability issues, the novel self-complementary multiple
hydrogen bonding motif ODIN was developed. By reacting ODIN bear-
ing pendant aliphatic isocyanate functionality with PE-HEMA, multiple
hydrogen bonding array functionalized polyolefins with an ODIN content
ranging from 1 mol% to 6 mol% were obtained. The adaptable nature of the
hydrogen bonding system was revealed via stress relaxation measurements
and compression molding of thin films and sample strips. The formation of
a cross-linked network was apparent from (i) the increased Tg determined
via DMTA, (ii) the increased storage modulus of functionalized polymers
above Tg and (iii) the near frequency independent loss and storage moduli
determined by parallel plate rheology. Remarkably, cross-linking via multiple
hydrogen bonding was still relevant after melting of the crystalline lattice,
as revealed by parallel plate rheology and DMTA, where a rubbery plateau
modulus was observed after melting. The apparent increased strength of
hydrogen bonds is attributed to the apolar polymer matrix, elucidated by
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VTIR measurements. In comparison to UPy functionalized polymers, degra-
dation involving permanent cross-linking of ODIN functional polyolefins
occurs about 40 ◦C later. Moreover, compared to single hydrogen bonds, an
increased resilience of the sextuple hydrogen bonding motif towards humidity
was revealed during measurements of the OTRs and the WVTRs. The
concept of changing the flow properties of polymers could be extended to
MA functionalized PP, a polymer that usually melts above the degradation
temperature of the UPy motif. For subsequent research, the influence of
the polymer matrix must be considered in the design of multiple hydrogen
bonding functionalized polymers. An appropriate polymer matrix could be
used to tune the strength of hydrogen bonding moieties, making dimers
with weaker association constants attractive choices. The increased ther-
mal stability of ODIN should provide a useful tool for functionalization of
polyolefins, but a key aspect will be to introduce moieties without adversely
affecting the crystallinity of these polymers.

3.4 Experimental Section

3.4.1 Methods

High temperature nuclear magnetic resonance (HTNMR). HTNMR spectra
were recorded on a Bruker AVANCE III (500 MHz) equipped with a
cryogenically cooled probe head at 120 ◦C in TCE-d2. 1H NMR chemical
shifts are reported in ppm and given in reference to the residual solvent peak
of TCE-d2 at 6.00 ppm.

Fourier transformed infrared spectroscopy (FTIR). FTIR-spectra were
recorded on a Perkin Elmer Spectrum One equipped with a Golden
Gate accessory (diamond ATR). the VTIR spectra were recorded on a
Bruker Vertex 70 spectrometer equipped with a temperature controlled
diamond ATR accessory (GladiATR 300 by PIKE Technologies). First,
spectra were recorded of the empty crystal at all employed temperatures.
These spectra were subsequently used as background spectra for the actual
measurements to compensate for the change in transmission of diamond at
elevated temperatures.
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Elemental analysis (EA). A small amount of sample is burned in the
presence of oxygen. The nitrogen content was determined by means of
thermal conductivity (TC) and volumetric. The hydrogen and carbon
content were determined by near FTIR.

Gel permeation chromatography (GPC). The GPC measurements were
performed on a Polymer Char GPC-IR system using a Polymer Char
IR 5 infrared detector and a Wyatt MALLS detector Helios II. As
column set of two Polymer laboratories 20 µm m PLgel MIXED ALS
(300 x 7.5 mm) were used. Samples were dissolved in o-dichlorobenzene and
the runs were performed at 160 ◦C.

Differential scanning calorimetry (DSC). The DSC measurements were
performed on a TA Instruments Q20 equipped with a RCS 90 cooling
system. About 3 – 5 mg of polymeric sample was weighed inside an aluminum
pan and subjected to DSC measurements under nitrogen atmosphere. Unless
otherwise noted, polymers were screened twice from -90 ◦C to 200 ◦C at a
constant heating/cooling rate of 10 K·min−1. The Tm, Tg, and the Xc were
determined from the second heating, crystallization temperature (Tc) from
the second cooling cycle. For calculation of Xc a heat of fusion of 286.2 J·g−1

for PE and of 238.5 J·g−1 for PP was taken from literature.[37,88]

Tensile tests. Tensile tests were performed on a Zwick type Z100 tensile
tester equipped with a 100 N load cell. Specimens were obtained by cutting
strips of 8 cm length and 1 cm width from square films (10 x 10 cm) with
an average thickness of 150 µm. Sample strips were clamped and a pre-load
of 0.3 MPa was applied, before stretching at a speed of 200 mm·min−1 until
sample failure occurred.

Compression molding. Polymer films and samples for DMTA and rheology
were obtained by following the following protocol: Appropriate molds were
filled with the polymer powder, followed by treating the material in a pre-
heating step for 5 min at 150 ◦C, then for 10 min at 150 ◦C with an applied
force of 50 kN and finally cooling at a rate of 15 K·min−1 until a temperature
of 40 ◦C was reached while maintaining the applied force.

Dynamic mechanical analysis (DMTA). Rectangular samples suitable for
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DMTA were cut to dimension of 3 x 5 x 0.5 mm (length x width x thickness).
Samples were measured on a TA Instruments Q800 in tensile mode. The
E’ and E” were monitored while screening the samples during a temperature
sweep from 100 ◦C to 200 ◦C at 3 K·min−1. An oscillation frequency of 1 Hz
with an oscillation amplitude of 10 µm were applied.

Rheology. Samples for rheology were prepared via compression molding to
obtain disk shaped specimens (diameter 25 mm, thickness 1 mm). Samples
were measured using a TA Instruments DHR 2, equipped with a parallel
plate geometry. Samples were measured with a frequency sweep from
100 rad·s−1 – 0.01 rad·s−1 using a strain amplitude of 0.4 % at a temperature
of 150 ◦C.

Oxygen and water vapor transmission rates. At least two films were
measured for each polymer sample and obtained transmissions are reported
as the average of both measurements. The OTRs were determined according
to ISO 15105 2 at 23 ◦C, 0 % relative humidity (r.h.) and at 38 ◦C, 50 %
r.h.. The WVTRs were determined at 23 ◦C, 85 % r.h. adhering to the
ISO 15106-3 standard. The thickness of films, ranging from 100 µm to
160 µm was measured at varying locations and the average was used to
report thickness corrected OTRs.

3.4.2 Synthesis

Unless otherwise specified, chemicals and solvents were purchased from
Sigma-Aldrich and used as received. The poly (ethylene-co-(2-hydroxethyl
methacrylate)) co-polymers were provided by Sabic.

1-(6-isocyanatohexyl)-3-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl)urea (4).
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Synthesis described in 4.4.2 (72.7 g, 71 % yield).

Synthesis of ODIN-PE-HEMA polymers (P1 – P4).
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The PE-HEMA co-polymers were functionalized according the following
general procedure: PE-HEMA (4 g) was dissolved under nitrogen atmosphere
in toluene (200 mL) at 80 ◦C for 1 h inside a custom-made glass reactor
equipped with mechanical stirring, cooling and gas inlet. The apparatus was
flushed with nitrogen and 4 (1.3 eq with respect to hydroxy groups) was
added as a solid, followed by addition of four drops of DBTDL as catalyst.
The temperature of the mixture was raised to 100 ◦C and stirred for 4 h.
The hot suspension was filtered through a pre-heated (140 ◦C) Buchner
funnel to filter off residual unreacted 4 and immediately precipitated into
isopropanol. The precipitate was dried under vacuum to obtain polymers
P1 – P4 as off white to yellow solids.
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Synthesis described in 4.4.2 (61.2 g, 46 % yield).

Synthesis of PP-MA-AE polymer.
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First, 50 g of the PP-MA polymer (Exxelor PO1020 ) with a MA content
of 0.8 wt% were dissolved in xylenes (1 L) at 150 ◦C inside a 2 L round
bottom flask equipped with mechanical stirrer and reflux condenser. Then,
ethanolamine (0.5 mL, 2 eq with respect to MA units) was added via syringe
and the mixture stirred for 4 h. The polymer was precipitated from the
hot solution into acetone (3 L), filtered off, and dried under high vacuum
overnight. 48.3 g of the polymer were recovered.

Synthesis of PP-MA-AE-ODIN polymer.

Xylenes, DBTDL

110 °C, 2 h
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*mn
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3
Compound 4

Reaction was performed under nitrogen atmosphere. First, PP-MA-AE
(30 g) was dissolved in xylenes (200 mL) at 110 ◦C inside a custom-made
glass reactor equipped with mechanical stirring, cooling and gas inlet. The
apparatus was flushed with nitrogen and 4 (1.5 eq with respect to hydroxy
groups) was added as a solid, followed by addition of four drops of DBTDL
as catalyst. The mixture was stirred for 2 h and subsequently precipitated
into acetone. The precipitate was filtered, washed with isopropanol and
dried under vacuum to obtain PP-MA-AE-ODIN as light-yellow solids.
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Appendix B
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Figure B.1: Overlay of the chemical composition as function of the molar
mass of (LD)PE and PE-HEMA Polymers 1 – 4. Continues line represents
the intensity data, dashed lines the amount of SCB.
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Figure B.2: DSC data for (LD)PE and PE-HEMA Polymers 1 – 4. The
annotation (black box) gives the onset of melting and melting enthalpy of
the respective polymer. Exotherm down.
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Figure B.3: DSC data for ODIN-PE-HEMA Polymers P1 – P4. The
annotation (black box) gives the onset of melting and melting enthalpy of
the respective polymer. Exotherm down.
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Figure B.4: Stress relaxation measurement following the development of the
normalized stress (strain = 0.5 %, T = 140 ◦C) of P2 as function of time.

Figure B.5: Compression molded thin film prepared of Polymer P3.
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Figure B.6: DMTA data of polymers P1 – P4 and their pristine counterparts.
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and sextuple hydrogen-bonding motif functionalized samples as a function
of ODIN content. The fit reveals the linear relationship between ∆Tβ and
ODIN content.
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Figure B.8: Thermal stability of ODIN-PE-HEMA Polymers: A polymeric
ODIN-PE-HEMA sample was monitored during DSC while heating in steps
of 10 ◦C from 160 ◦C to 250 ◦C at a heating rate of 10 K/min for each
step. The red line is meant to guide the eye to highlight the shift of melting
temperature associated with the degradation of the sample. The onset of
melting point change is observed at 190 ◦C.
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Figure B.9: DSC-TGA of ODIN-PE-HEMA P3 with calculated weight loss.
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Figure B.10: TGA data for PE-HEMA 3 and ODIN-PE-HEMA P3.
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Figure B.11: OTR and WVTR of pristine and ODIN functional polymers.
OTR was measured at 23 ◦C, 0 % r.h. and WVTR at 23 ◦C, 85 % r.h..
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Table B.1: Thickness corrected OTR and WVTR data for pristine and ODIN
functional polymers.

Entry HEMA
(mol%)

ODIN
(mol%)

WVTR
(cc·mm/

m2·day·bar)

OTR
(cc·mm/

m2·day·bar)

OTR
(cc·mm/

m2·day·bar)
(23 ◦C,

85 % r.h.)
(23 ◦C,
0 % r.h.)

(38 ◦C,
50 % r.h.)

PE-
HEMA 2 6.8 0 1.98 126 353

P2 6.8 2.25 0.9 70 184

PE-
HEMA 3 7.5 0 1.9 116 344

P3 7.5 3.45 1 66 172

PE-
HEMA 4 12.4 0 3.6 121 382

P4 12.4 6.05 1.2 46 129
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Figure B.12: NMR spectra of EXXELOR PO 1020 MA functionalized
polypropylene. Assignment of MA groups done according to literature.[84]
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Cavitand Functionalized
Polyethylene

Abstract: A quinoxaline cavitand in kite conformation was functionalized
with an isocyanate group at the lower rim so that functionalization of a
hydroxy or amine containing polymer can be readily achieved. This was
achieved by reacting this cavitand with PE-HEMA, a polymer with free
hydroxy groups. The obtained polymer was characterized by NMR, DSC,
and FTIR. Films with varying amounts of cavitand, obtained by solution
casting and slow evaporation, were tested for their oxygen barrier, which
was found to be negatively affected due to a severely reduced crystallinity.
TOC-graphic: Introduction of velcrands into PE-HEMA.
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CAVITAND FUNCTIONALIZED POLYETHYLENE

The 4Qxkite cavitand is capable of independent self-assembling interac-
tions, forming a dimer named velcraplex. The driving forces for dimeriza-
tion are dipole–dipole, van der Waals, and solvophobic interactions.[1] The
major motivation in exploring these cavitand functionalized polymers is to
study whether the reversible interaction can be used to cross-link the polymer
matrix. A first step is to affirm that assembly of the cavitand will occur
when embedded inside a polymer matrix. In addition, we foresaw potential
benefits regarding the oxygen barrier properties of functionalized films. The
idea was twofold. A major contribution to the oxygen barrier properties of
polymers is the tortuous pathway that oxygen will have to travel inside the
polymer matrix. Here, the considerably large cavitand molecules could
provide an obstacle for the oxygen traveling inside the matrix, effectively
increasing the barrier.[2] Furthermore, the expected increased inter-facial
cohesion between chains in the amorphous phase, which is associated with
increased barrier properties, should be enhanced due to the cross-linking
with the cavitand.[3] The latter idea requires compared to the first one,
that the moieties are attached to the polymer backbone. An advantage of
Cavitands is that their association is not based on polar interactions such
as hydrogen bonding, which makes them not susceptible to humidity.

4.1 Design and Synthesis of a Suitable Cavitand

In order to avoid the requirement of additional species for the association be-
tween cavitands such as suitable guests or coordinating metals, we decided
to employ the self-dimerizing 4Qx (short for four quinoxaline) cavitand
with a relatively large Ka of 5 – 8.5·104 M−1 in chloroform at room temper-
ature (structure in Figure 4.1).[1,4] To avoid implicating the assembly of the
dimer, the upper rim with the quinoxaline moieties should not be altered.
Therefore, a synthesis pathway with a single functionality at the lower rim
of the 4QxCav was selected, which is illustrated in Figure 4.2.

Firstly, a resorcinarene functionalized at the lower rim with a hydroxyl
group was prepared by combining 4 eq of 2-methylbenzene-1,3-diol with
1 eq of 2,3-dihydrofuran and 3 eq of butyraldehyde in methanol and con-
centrated hydrochloric acid. This procedure leads to a mixture with zero
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M-1  (in CHCl3)
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4QxKite Cavitand

Figure 4.1: General structure of a 4QxKite cavitand with alkyl chains at
the lower rim. The Ka is related to the dimer formation.

to two hydroxy groups at the lower rim. It was more convenient to use the
crude resorcinarene without purification for the next step, eliminating an
additional purification step. Therefore, the crude was directly reacted with a
slight excess of dichloroquinoxaline in dimethylformamide (DMF) overnight
at 80 ◦C in the presence of potassium carbonate needed to deprotonate the
eight OH groups at the upper rim and to scavenge the HCl. The cavitand
with a single hydroxy group on the lower rim, hitherto referred to as 4Qx-
CavOH, was isolated via column chromatography. To obtain isocyanate
functional cavitand for introduction into polymers, 4QxCavOH was reacted
with an excess of HDI in the presence of DBTDL acting as a catalyst. The
isocyanate functionalized cavitand, namely 4QxCavNCO, could be isolated
by precipitation in hexane with a yield of 69 %.

4.2 Synthesis and Properties of Cavitand Func-
tional Polymer Networks

The general strategy for the synthesis of cavitand functionalized polymers
follows the approach for multiple hydrogen bonding functionalized PE pre-
sented in Chapter 3, that is using a polymer with free hydroxy group and
reacting it with the isocyanate functional cavitand. A suitable polymer with
around 0.91 mol% hydroxy groups, PE-HEMA, was selected. The polymers
were obtained by reacting PE-HEMA with isocyanate functional cavitand
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Figure 4.2: Scheme for the synthesis of mono-isocyanate functionalized
4QxKite cavitand.

according to the following procedure. First, PE-HEMA was dissolved in
toluene at 80 ◦C for 1 h, then varying amounts of 4QxCavNCO in wt%
were added, followed by the addition of a few drops of DBTDL as catalyst.
The resulting solution was stirred for 4 h and subsequently precipitated
into hexane, obtaining the polymer as white powder. An overview of the
obtained polymers, the introduced amount of cavitand in wt%, and DSC
data are given in Table 4.1.

The maximum amount of introduced cavitand equals the amount ob-
tained for full functionalization of all the available PE-HEMA hydroxy
groups (0.91 mol%) and amounts to 30.6 wt%. The successful synthesis
was confirmed via FTIR and HTNMR. In Figure 4.3 the FTIR spectra of
4QxCavNCO, pristine, and functional PE-HEMA are shown. After synthesis,
the disappearance of the characteristic NCO stretching band at 2269 cm−1[5]

of the cavitand was observed, indicating that all NCO groups reacted. In
addition, new peaks between 1000 cm−1 and 1400 cm−1 appeared inside
the spectrum of the functional polymer 4QxCav30.6, which correspond to
various vibrations of the introduced cavitand. No clear new C=O band
resulting from the carbamate linkage was observed, most likely because it
is overlapping with the preexisting carbonyl C=O band of the ester of the
pristine polymer.
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Figure 4.3: FTIR spectra of pristine PE-HEMA (4QxCav0), 4QxCav30.6,
and 4QxCavNCO.

A clearer confirmation for the attachment of the cavitand to the polymer
backbone can be found using HTNMR. The 1H-NMR of pristine (blue line),
4QxCav30.6 (red line), and 4QxCavNCO (green line) are reported in Figure
4.4. After functionalization, the peaks of pristine PE-HEMA, highlighted by
black and grey dots (blue spectra), combined to a single peak, marked by a
dark grey circle (red spectra). The signal of methylene close to isocyanate
marked by a red dot (green spectra) disappears after functionalization,
indicating full functionalization. Due to overlapping of cavitand and pristine
PE-HEMA signals, determination of degree of functionalization was difficult.
The 1H NMR spectra of 4QxCav30.6 reveals that the dimer exists in the kite
form inside the polymer matrix as the characteristic split of the arylmethyl
signals is observed (orange dots in the green colored spectrum).[1]

Introduction of the cavitand proved to be detrimental to the thermal
properties of the polymer. The bulky motif reduced the Tm and Xc of the
pristine polymers significantly. This observation was not unsuspected, as the
bulky cavitand side chains cannot be part of the PE crystal lattice and will
keep large part of the chain unavailable for crystallization. Small amounts
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Table 4.1: Overview of the prepared cavitand functionalized polymers,
theoretical amount of cavitand introduced in wt%, and thermal data.

Entry HEMAa

(mol%)
4QxCavNCO

(wt%)
OH-group Func.

(mol%)
Tmb

(◦C)
Xc

d

(%)

4QxCav0 0.91 - - 112 30.0
4QxCav1 0.91 1 3 112 29.4
4QxCav5 0.91 5 16 110 25.5
4QxCav30.6 0.91 30.6c 100 101 11.2

a det. via NMR; b det. via DSC; cCalc. for full functionalization;
dXc calc. with heat of fusion of PE = 286.2 J·g−1;[6]

of cavitand do affect the cristallinity to a lesser extent, as is apparent from
sample 4QxCav1.

Films were obtained by solution casting, which was achieved by first dissolv-
ing the polymer in tetrachloroethane (TCE) at 100 ◦C, then transferring the
solutions into a custom made mold (drilled hole inside a polytetrafluoroethylene
(PTFE) cylinder) and slowly evaporating the solvent inside a custom made
oven at 120 ◦C (pictures of setup in Figure C.1, Appendix C). Thereby,
thin transparent films with a thickness of around 100 µm could be obtained,
which were used to determine the oxygen barrier properties of pristine and
cavitand functionalized films.

The oxygen transmission rate for pristine and cavitand functionalized
PE-HEMA as a function of cavitand content in wt% is given in Figure
4.5 A. Clearly, the introduction of cavitand into the polymers leads to
a significant increase in oxygen transmission rate, therefore decreasing its
barrier property towards oxygen. This is most likely caused by the decreased
crystallinity of functionalized samples (see Table 4.1).
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Figure 4.4: 1H-NMR spectra of pristine PE-HEMA (blue line), 4QxCav30.6 (red line), and 4QxCavNCO (green line).
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Figure 4.5: A: Oxygen transmission rates of pristine and cavitand func-
tionalized PE-HEMA as a function of cavitand content in wt% (0, 1, 5,
and 30.6 wt%). B: Influence of humidity on oxygen transmission of pristine
and functional PE-HEMA.

Despite the small decrease in Xc for materials with 1 wt% and 5 wt%
of cavitand, a significant decrease in barrier property was observed. This
can likely be explained by the increase in free volume caused by the bulky
cavitand, which also adversely affects the oxygen barrier properties of
polymers.[3] Sample 4QxCav1 presents an outlier with a far greater increased
transmission than the sample with higher cavitand content, and additional
defects in the sample are likely responsible. However, due to the lackluster
performance of all samples, further investigation was not conducted to
explain the behavior of this outlier or to really investigate the effects of the
cavitand introduction on the free volume.

Additionally, the effect of humidity on oxygen transmission was investi-
gated, measuring oxygen transmission at 0 %, 50 %, and 100 % relative
humidity. The result of these measurements for pristine polymer (4Qx-
Cav0) and 4QxCav30.6 are given in Figure 4.5 B. No influence of humidity
was apparent for either pristine or functionalized materials, showing the
resilience of these materials towards water. This was unexpected in the
case of PE-HEMA, were hydrogen bonds of HEMA should be disturbed by
increased humidity. Most likely, the apolar nature of PE backbone chains
shields the hydrogen bonds of HEMA from influences of increased humidity
for this polymer with low HEMA content.
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4.3 Conclusions

A self-dimerizing quinoxaline cavitand in kite conformation suitable for
the introduction into polymers was obtained. This cavitand, namely
4QxCavNCO, could be grafted onto PE-HEMA, a polymer with free hy-
droxy groups. The successful synthesis of these materials was confirmed
via FTIR and 1H-NMR spectroscopy. Films of functional polymers were
obtained by solution casting from TCE and slow evaporation of the solvent.
Thereby obtained films were tested for their oxygen transmission, which
was found to sequentially increase with increasing cavitand concentration.
This unwanted property can be a result of the severely reduced degree of
crystallinity (Xc) and increased free volume due to the introduction of the
bulky cavitand. Most significantly, 4QxCavNCO cavitand provides a tool
to easily introduce cavitands into polymers, or attach further functionality
due to the isocyanate moiety.

4.4 Experimental

4.4.1 Methods

Nuclear magnetic resonance (NMR). NMR-spectra were recorded on a
Bruker Avance 400 (400 MHz) spectrometer and a Bruker Avance
300 (300 MHz) at room temperature. Chemical shifts are reported in ppm.
1H-NMR chemical shifts are given in reference to the residual solvent peak
at 7.26 ppm in CDCl3 and at 2.50 ppm in DMSO-d6. High temperature
nuclear magnetic resonance (HTNMR) spectra were recorded on a Bruker
AVANCE III (500 MHz) equipped with a cryogenically cooled probe head
at 100 ◦C and 120 ◦C in TCE-d2. 1H-NMR chemical shifts are reported
in ppm and given in reference to the residual solvent peak of TCE-d2 at
6.00 ppm.

Fourier transformed infrared spectroscopy (FTIR). FTIR-spectra were
recorded on a Perkin Elmer Spectrum One equipped with a Golden Gate
accessory (diamond ATR).

Differential scanning calorimetry (DSC). The DSC measurements were
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performed on a TA Instruments Q20 equipped with a RCS 90 cooling
system. About 3 – 5 mg of polymeric sample was weighed inside an aluminum
pan and subjected to DSC measurements under nitrogen atmosphere. Unless
otherwise noted, polymers were screened twice from -40 ◦C to 200 ◦C at a
constant heating/cooling rate of 10 K·min−1. The Tm, Tg, and the melting
enthalpy (Hm) were determined from the second heating, crystallization
temperature from the second cooling cycle.

Oxygen and water transmission. Oxygen transmission rates were deter-
mined according to ISO 15105 2 at 23 ◦C, and at 0 % r.h., 50 % r.h., and at
100 % r.h.. The thickness of films, which was around 100 µm, was measured
at varying locations and the average was used to report thickness corrected
oxygen transmission rates.

4.4.2 Synthesis

Unless otherwise specified, chemicals and solvents were purchased from
Sigma-Aldrich and used as received. DMF was dried over molecular sieves
prior to use. DCM was distilled and stored over molecular sieves. All other
employed solvents were laboratory grade and used as received.

Mono-hydroxy methyl resorcinarene (IUPAC name in illustration).

OH

OH

HO

HO

HO OH

OHHO

HO

O

O

HO OH

3 eq1 eq

HCl 36%, MeOH

50°C 7 D

4 eq

+ +

(2s,4R,6r,8S)-2-(3-hydroxypropyl)-15,35,55,75-
tetramethyl-4,6,8-tripropyl-1,3,5,7(1,3)-

tetrabenzenacyclooctaphan-
14,16,34,36,54,56,74,76-octaol

The synthesis was adapted from literature.[7] First, 2-methylresorcinol (15 g,
120.8 mmol, 1 eq) was dissolved in methanol (90 mL) and cooled to 0 ◦C.
Then, a solution of 2,3-dihydrofuran (2.42 mL, 30.2 mmol, 0.25 eq) and
butyraldehyde (7.97 mL, 90.6 mmol, 0.75 eq) in methanol (20 mL) was
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added dropwise under stirring. Subsequently, maintaining the temperature
at 0 ◦C, hydrochloric acid (27 mL, 36 %) was added dropwise. Then, the
temperature of the oil bath was increased to 50 ◦C and the mixture was
stirred for 6 days, during which an orange precipitate was formed. The
mixture was allowed to reach room temperature and poured into a beaker
with water (500 mL). The precipitate was filtered using a Buchner funnel,
washed with water, and dried at high vacuum yielding the crude product as
an orange powder with 0 – 2 hydroxy groups at the lower rim. (19 g crude)
A small analytic sample was obtained by column chromatography (SiO2,
CH2Cl2/acetone 80:20 → 60:40). 1H-NMR (300 MHz, DMSO-d6) δ: 8.66 (s,
8H), 7.30 (s, 4H), 4.35 (t, J = 5 Hz, 1H), 4.23 (m, 4H), 4.44 (m, 1H) 2.23
(m, 8H), 1.94 (s, 12H) 1.24 (m, 8H) 0.92 (m, 9H).
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Synthesis of 4QxCavOH.

DMF, K2CO3, 80 °C
overnight

OH

OH

HO

HO

HO OH

OHHO

HO

+

N

N

Cl

Cl

OO OO OOO O
NN

HO

N

N
NNN N

The synthesis was adapted from literature.[8] Reaction performed under
dry condition. The crude mixture of hydroxy methyl resorcinarene (1.5 g,
1.93 mmol, 1 eq) was first dissolved in DMF (40 mL). Then, potassium
carbonate (2.13 g, 16 mmol, 8.3 eq) and 2,3-dichloroquinoxaline (1.63 g,
9.3 mmol, 4.8 eq) are added, and the mixture is kept overnight at 55 ◦C. The
mixture is allowed to reach room temperature, then slowly precipitated into
a HCl solution (120 mL, 2 wt%). The precipitate was filtered off and dried
at high vacuum. The crude was purified via column chromatography (SiO2,
CH2Cl2/EtOH 90:10 → 80:20) to give the quinoxaline bridged cavitand
as a white powder (1.46 g). 1H-NMR (300 MHz, DMSO-d6) δ: 7.74 – 7.69
(m, 4H), 7.63 – 7.61 (m, 4H), 7.53 – 7.48 (m, 4H), 7.08 – 7.06 (m, 4H), 6.99
(s, 2H), 6.53 (s, 2H), 4.21 (t, J = 4.8 Hz, 1H), 3.46 – 3.36 (m, 4H), 3.19 –
3.11 (m, 4H) 1.92 – 1.58 (m, 4H), 1.29 – 0.81 (m, 8H) 0.65 (t, J = 7.3 Hz,
9H). MS (MALDI) m/z: [M + H]+ calcd for C76H65N8O9, 1233.49; found,
1233.37.

Synthesis of 4QxCavNCO.

HDI, DCM, DBTDL
RT, overnight

OO OO OOOO
NN

HO

N
N

NN NN
OO OO OOOO

NN

O

N
N

NN NN

NH
O

OCN
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Reaction performed under dry condition. First, HDI (0.5 mL, 3.11 mmol,
8 eq) is added to the flask, degassed, followed by addition of dichloromethane
(DCM) (25 mL) and the mixture cooled to 0 ◦C. Then, 4QxCavOH (0.5 g,
0.41 mmol, 1 eq), dissolved in DCM (50 mL), is added via syringe. Lastly,
a drop of DBTDL is added and the reaction is stirred overnight at room
temperature. The solute is precipitated in Et2O kept at 0 ◦C, dried, redis-
solved in DCM and then precipitated into pentane. The precipitate is dried,
and the product obtained as a white powder (0.39 g, 69 % yield). 1H-NMR
(300 MHz, CD2Cl2) δ: 7.78 – 7.71 (m, 4H), 7.70 – 7.63 (m, 4H), 7.52 – 7.44
(m, 4H), 7.15 (s, 4H), 6.90 (s, 2H), 6.19 (s, 2H), 4.86 (s, 1H), 4.1 – 3.74 (m,
2H), 3.71 – 3.5 (m, 4H), 3.25 (s, 2H), 3.07 (s, 6H), 3.02 – 2.84 (m, 2H), 2.20
(s, 6), 2.09 – 1.68 (m, 8H) 1.66 – 0.97 (m, 16H), 0.73 (t, J = 7.2 Hz, 9H). MS
(MALDI) m/z: [M + H]+ calcd for C84H77N10O11, 1401.58; found, 1401.41.

Synthesis of cavitand functionalized polyethylene.

Toluene, DBTDL
80 °C, 4 h

*

O

OH

*

4QxCavNCO

+

mn

OO OO OOO O
NN

O

N

N
NNN N

NH
O

N
H

O

O

O

*
*

n m

Polymer functionalization with cavitand was carried out according to the
following general procedure, exemplified for 4QxCav30.4: The reaction was
performed under dry conditions. First, PE-HEMA (0.5 g) with around 0.9 %
of HEMA groups, was dissolved in toluene (50 mL) at 80 ◦C. Then, the
4QxCavNCO (0.28 g, 1 eq with respect to OH groups) was added as a solid.
After dissolution of the cavitand, two drops of DBTDL were added to
function as a catalyst. The mixture was stirred at 80 ◦C for 4 h. The hot
mixture was precipitated into acetone, resulting in precipitation of a white
powder. Filtration and drying of the precipitate gave the product as a white
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powder.
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Appendix C

Figure C.1: Picture of the self-made oven, an embodiment of the principles
of jugaad, used for the slow evaporation of TCE. The circular PTFE mold
is shown inside the oven with the open lid (left picture).
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Mono-hydroxy methyl resorcinarene, DMSO_ 6, RT, 300 MHz

Figure C.2: 1H-NMR spectrum of Mono-hydroxy methyl resorcinarene in DMSO-d6.
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4QxCavOH, DMSO_𝑑6, RT, 300 MHz

Figure C.3: 1H-NMR spectrum of 4QxCavOH in DMSO-d6.
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4QxCavNCO, CD2Cl2, RT, 300 MHz, 1H-NMR

Figure C.4: 1H-NMR spectrum of 4QxCavNCO in DMSO-d6. The protons near the carbamate (blue dot) give two
signals because in fact the dimer of the cavitand is observed and the two pairs of methylene signals have different shifts.
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4QxCavNCO, CD2Cl2, RT, 400 MHz, COSY

Amide

Figure C.5: COSY spectrum of 4QxCavNCO.
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Polyethylene Vitrimers

Abstract: Vitrimers are an emerging class of permanently cross-linked
materials, where exchange reactions of cross-links provide malleability. The
most promising application of these materials is to impart recyclability
on thermoset materials such as cross-linked PE. Here, a facile and easy
to up-scale method for the preparation of PE Vitrimers is presented by
combining reactive extrusion and injection molding using exchange reactions
of vinylogous urethanes and disulfide metathesis. It was found that for main
chain polymers the amount of cross-links per chains is a critical parameter.
Recyclability of the vinylogous urethane PE Vitrimer was demonstrated
revealing minor degradation of the material. TOC-graphic: Recyclability of
the vinylogous urethane PE Vitrimer.

Use
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Recycle

HN
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ONH2

NH O
O
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The contents of this chapter were partially adapted from: J. Tellers, M. Soliman, J. Vachon,
R. Pinalli, and E. Dalcanale In Preparation.



POLYETHYLENE VITRIMERS

As commented on in Section 3.1 PE, as the most widely employed syn-
thetic polymer in the world,[1,2] is subject to widespread research interest to
overcome some of its inherent flaws such as wear,[3,4] poor oxygen barrier
properties,[5,6] low strength,[7–9] heat resistance,[9,10] and creep.[7,11] It is
common practice to cross-link PE for demanding applications such as high
voltage insulation and medical applications.[9,10,12,13] Cross-linking of PE
results in material with superior mechanical performance and increased
chemical-, thermal-, and creep resistance,[3,10,14–16] but at the cost of los-
ing process- and recyclability.[10,17] An ideal material would retain these,
combining properties offered by thermoplastic PE[18] with the properties of
thermosets.[19] Here, an emerging sub-class of polymers called Vitrimers
for their glass like viscosity behavior presents great promise.[20,21]

Vitrimers are a type of covalent adaptable network (CAN) (see Section
1.3.2), and altering the structure of PE so that it becomes vitrimer-like
will allow for macroscopic reshaping of a cross-linked PE. Few functionali-
ties/types of reactions suitable for the preparation of vitrimers have been
employed to functionalize commercial plastics,[22–24] and there is an ongoing
need to advance the vitrimer chemistry beyond the academic niche towards
consumer ready materials.[25]

For flexible, low Tg polymers such as PE, exchange reactions with a high
Ea are required to effectively freeze the network topology at room tempera-
ture, while being fast enough at elevated temperatures so that thermoplastic
processing methods can be employed.[26] After evaluating some of the known
types of exchange reactions, the vinylogous urethane chemistry was chosen
because exchanges function without catalyst, are tunable, fast, and have
a high Ea of 60 kJ·mol−1, as Du Prez et al. recently demonstrated.[19,27]

Vinylogous urethanes are formed by reacting acetylacetonate (ACAC) moi-
eties with primary amines, and an excess of amino groups is required to
facilitate the exchange reactions.

In addition, another type of exchange chemistry, the disulfide metathe-
sis, was explored mainly because of the commercially available cross-linker
4,4’-dithiodianiline (DTA). Aside from the disulfide group, this cross-linker
bears two amino groups that can react with commercially available MA func-
tionalized polymers such as polyethylene-graft-(maleic anhydride) (PE-MA)
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and PP-MA. This allows for potentially easy access to large quantities of
vitrimeric materials. The main disadvantages of this exchange chemistry
are the strong yellow color of the disulfide group, and concerns about the
long-term stability due to the radical intermediates occurring during the
metathesis reaction.[28] Considering these drawbacks and given the abun-
dance of commercial diamines, we focused our attention on PE with pendant
ACAC groups.

In the subsequent Sections, the synthesis of suitable polymers with pendant
ACAC groups obtained by post-functionalization of PE-HEMA and by direct
copolymerization is presented. Then, a practical one step synthesis for PE
vitrimers is demonstrated via reactive extrusion, by reacting terpolymer
poly(ethylene-co-2-[methacryloyloxy]ethyl acetoacetate-co-2-hydroxyethyl
methacrylate) (PACHE) (abbreviation originating from abbreviation of the
individual comonomers PE-ACAC-HEMA, structure in Figure 5.1 A) with a
slight excess of m-xylylenediamine (XYDIA) in the melt to obtain vinylogous
urethane cross-links. In addition, a new route for vitrimeric PE by post-
functionalization of PE-MA with the 4,4’-dithiodianiline (DTA) cross-linker
is explored.

5.1 Functional Polyethylene for Vitrimer Synthe-
sis

Several strategies are envisioned for the preparation of functional PE suit-
able to obtain vitrimers. As discussed earlier, PE with pending ACAC
groups are required to make use of the vinylogous urethane chemistry,
achieved by cross-linking of these groups with multifunctional amines. A
functional PE was obtained by either transesterification of PE-HEMA with
an acetoacetic ester, or by direct co-polymerization of ethylene with 2-
(methacryloyloxy)ethyl acetoacetate. The polymers obtained from the latter
route were prepared by SABIC. Even though no HEMA was employed
during the co-polymerization, partial cleavage of ACAC unit resulted in
a terpolymer referred to as PACHE (structure depicted in Figure 5.1 A).
Despite that, the amount of ACAC can be controlled due to the linear
relationship between the amount of incorporated ACAC and the ACAC feed
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Figure 5.1: A: Portion of the 1H NMR spectrum of solution prepared
PACHE (120 ◦C, in TCE-d2, excluding the PE backbone signals at low
ppm). B: FTIR spectrum of PE-HEMA (red line) and of PACHE (black
line). The light blue squares highlight the major changes before and after
transesterification.

used in mol% and employing the PACHE terpolymer proved suitable to
obtain PE vitrimers (vide infra).

The transesterification of PE-HEMA was carried out in solution, by first
dissolving PE-HEMA polymers with varying amounts of HEMA in toluene,
then adding methyl acetoacetate and 4-(dimethylamino)pyridine (DMAP),
which was used as a transesterification catalyst. The reaction was carried
out under atmospheric pressure to ensure that the developing methanol
could evaporate. The polymers could be easily recovered via precipitation in
isopropanol. By using PE-HEMA polymers with different amounts of HEMA,
PACHE polymers with varying amounts of ACAC were be obtained. Three
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Table 5.1: Overview of PACHE polymers obtained by transesterifi-
cation of PE-HEMA polymers, their functional group content, and
degree of functionalization.

Entry Functional group contenta
(mol%)

Tm
b

(◦C)
Xc

b,c

(%)
Tg

b

(◦C)
ACAC HEMA Et

PACHEtr11 0.11 0.23 99.66 112.01 40.6 -16.24
PACHEtr96 0.96 0.69 98.35 107.41 35.0 -8.49
PACHEtr405 4.05 3.45 97.56 87.14 15.0 -17.09

aDetermined via NMR, Et. short for ethylene; b det. via DSC;
cXc calc. with heat of fusion of PE = 286.2 J·g−1.[29]

grades of PE-HEMA were used, obtaining a maximum degree of substitution
of 58 % (determined via NMR). Table 5.1 contains an overview of the
PACHE polymers obtained by transesterification. The conversion reached
a maximum after ≈4 h, with further reaction time having no influence on
the amount of substituted HEMA (see Figure D.1). The HTNMR of the
ACAC functional polymers reveals that the methylene signals of the HEMA
co-monomer shift after formation of the new ester (Figure 5.1 A), as well
as showing new peaks belonging to the ACAC moiety. Additional proof
for the success of the reaction is found in the FTIR spectra (Figure 5.1 B).
After the transesterification, a new C=O band appears in the spectrum
of the PACHE polymers at 1647 cm−1, corresponding to the incorporated
ACAC moiety. Furthermore, the broad OH band of the pristine PE-HEMA
at 3444 cm−1 loses intensity, proving the successful reaction. Subsequently,
PACHE polymers obtained via transesterification were explored for the
preparation of vitrimers in solution.

5.2 Vinylogous Urethane PE Vitrimers

5.2.1 Solution synthesis of vinylogous urethane PE networks

In order to explore the concept, the preparation of vinylogous urethane PE
vitrimers was first carried out in solution, following the scheme presented in
Figure 5.2. Each of the PACHE polymers listed in Table 5.1 were dissolved
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Figure 5.2: Reaction scheme for solution preparation of vinylogous urethane
PE networks.

in dry toluene under inert conditions. Then, a multifunctional amine, either
XYDIA or tris(2-aminoethyl)amine (TAEA), was added to cross-link the
polymer. The amount of amino groups added was varied between 1.0 and
1.4 eq (accounting for di- and tri-functionality) to investigate the effect
of varying amounts of free amino groups in the polymer matrix, which
are required for the reshuffling reaction of vinylogous urethanes. During
the reaction, solids precipitated from the solution when PACHEtr96 and
PACHEtr405 were employed, which is a result of the cross-linking and a
first indication for the successful network formation. The formation of the
vinylogous urethane results in clear changes in the FTIR absorption spectrum
of the material (Figure D.2). A new peak at 1599 cm−1 corresponds to
the vibrations of the newly formed vinyl urethane group, and vibrations
of the secondary amine appear in the fingerprint region at 781 cm−1 and
at around 3276 cm−1 and 3369 cm−1. Additionally, the shape of the C=O
vibration peak found at 1655 cm−1 in the pristine polymer becomes more
pronounced after the reaction. This change confirms the formation of the
vinylogous urethanes. An overview of the performed reactions, starting
polymers, equivalent of amino groups, and type of cross-linker used are given
in Table 5.2. Three parameters were changed, specifically (i) the type of
cross-linker, (ii) eq of amino groups added, and (iii) the amount of cross-links
related to the varying ACAC content of the pristine PACHE polymers.
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Table 5.2: Overview of vitrimers prepared in solution and the cross-linker and eq of amino groups used.

Entry ACAC contenta
(mol%)

Cross-Linker eq. amino
groupsb

Tm
c

(◦C)
Xc

c,d

(%)
Tg

c

(◦C)
Prist Vit Prist Vit Prist Vit

VitX11-1.2 0.11 XYDIA 1.2 112.01 112.42 40.6 40.4 -16.24 -14.80
VitX96-1.2 0.96 XYDIA 1.2 107.41 103.96 35.0 33.3 -14.58 -11.15
VitX405-1.2 4.05 XYDIA 1.2 87.14 76.18 15.0 10.0 -17.09 -11.73

VitT11-1.2 0.11 TAEA 1.2 112.01 112.35 40.6 40.4 -16.24 -16.20

VitT96-1.0 0.96 TAEA 1.0 107.41 104.47 35.0 33.4 -14.58 -7.60
VitT96-1.2 0.96 TAEA 1.2 107.41 104.92 35.0 30.1 -14.58 -11.94
VitT96-1.4 0.96 TAEA 1.4 107.41 103.45 35.0 33.3 -14.58 -4.22

VitT405-1.0 4.05 TAEA 1.0 87.14 76.76 15.0 12.1 -17.09 9.28
VitT405-1.2 4.05 TAEA 1.2 87.14 80.19 15.0 11.7 -17.09 8.43
VitT405-1.4 4.05 TAEA 1.4 87.14 71.73 15.0 8.4 -17.09 9.25

aDetermined via NMR; bWith respect to ACAC groups; cDetermined via DSC;
dXc calc. with heat of fusion of PE = 286.2 J·g−1.[29]
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For polymers with 1 eq of amino groups added we expected that com-
pression molding will be unsuccessful due to the absence of free amino
groups, and indeed the molding of sample VitT405-1.0 proved unsuccess-
ful. Surprisingly, VitT96-1.0 could be compression molded into rectangular
bars, albeit multiple cycles were required. Free amino groups are required
for the reshuffling reaction of the vinylogous urethanes, and most likely
small errors in the weighing process allow for some amino groups to be free
in VitT96-1.0. Compression molded bars of VitT96-1.0, VitT96-1.2, and
VitT96-1.4 were subjected to DMTA measurement to explore the influence
of the different ratios of amino groups added. The plotted data is shown
in Figure D.3. All samples appear to be cross-linked, showing a plateau
modulus at high temperatures. With higher amount of amino groups added,
the theoretical amount of cross-links between chains should be reduced, but
the obtained data is inconclusive with only minuscule differences and no clear
trend between samples. The main explanation is likely the harsh treatment
during compression molding, partially degrading the sample. Similarly, the
type of cross-linker used does significantly change the dynamic mechanical
behavior. Polymer networks prepared from the same pristine polymer, but
with different cross-linker, show no trend for tri- vs di-functional amine with
respect to the relative occurrence of Tg or height of moduli (see Figure D.4).

Lastly, polymers with varying network density were compared, by starting
with PACHE polymers with varying amounts of ACAC groups, the data of
which are displayed in Figure 5.3. Naturally, there are large differences for the
E’ and the relative position of the α and β transition of the polymer networks
due to the reduced degree of crystallinity (Xc) of the pristine polymers with
higher ACAC content (see DSC data in Table 5.2). The most obvious
influence of the cross-linking is evident after Tm, with the relative height
of the plateau modulus increasing with increasing ACAC content in the
pristine polymer. The plateau modulus of cross-linked materials corresponds
directly to the cross-link density,[30] which is greater for polymers with a
higher ACAC content, mirrored in the higher rubber modulus.

A feature of vitrimers is that a stress applied to the polymer can
be relaxed at elevated temperatures due to exchange reaction adjusting
the network topology. Stress relaxation measurements were performed
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Figure 5.3: DMTA data of polymer networks grouped by the type of cross-
linker used. A: XYDIA cross-linked, B: TAEA cross-linked. Purple arrows
indicate the trend resulting from the increasing amount of ACAC in the
respective pristine polymers and its influence on the plateau modulus.

for networks VitT96-1.2, VitX96-1.2, as well as VitX11-1.2 at elevated
temperatures, monitoring an applied stress as a function of time. Networks
with > 1 mol% of ACAC did not relax their stress. Only sample VitX11-1.2
with low ACAC content relaxed its stress at higher temperatures. However,
the relaxation profile and obtained Ea reveals that relaxation is diffusion, not
reaction-controlled, which is typical for a polymer melt (see Figure D.5).[31]

At this stage it was clear that vinylogous urethane PE networks can be
obtained by reaction PACHE with multifunctional amines in solution. To
move further, we wanted to move to an industrially applicable way to obtain

125



POLYETHYLENE VITRIMERS

vitrimers and focus on networks with a lower cross-link density that can
fully relax an applied stress. To prove that preparation of vitrimers on
an industrial scale is feasible, techniques used in the processing of thermo-
plastic materials such as reactive extrusion and injection molding should
be employed. By performing the reaction in the melt, the use of costly or
harmful solvents is avoided and reactions should proceed faster without the
need for long post curing steps which were previously employed.[19,32,33]

5.2.2 Solid-state synthesis of vinylogous urethane PE vit-
rimers

An industrial feasible method to prepare vitrimers would be to prepare
them from suitable precursors using melt mixing or reactive extrusion.
Such a precursor, the polymeric (LD)PE macromer PACHE with pendant
ACAC groups, was provided by SABIC. This polymer was obtained by high
pressure co-polymerization, where the amount of incorporated ACAC can be
controlled by using its linear dependence on comonomer feed for sufficiently
high feeds greater than 0.05 mmol (Figure D.6). For the preparation of
vitrimers, PACHE polymers were first molten inside a twin-screw extruder
at 150 ◦C, then reacted with 0.55 eq of diamine XYDIA (with respect
to ACAC moieties) for ≈10 – 15 min, resulting in a cross-linked polymer
network (Figure 5.4 A). We focused on XYDIA instead of TAEA because
of the lower toxicity and less severe discoloration.

The slight excess of amino groups (0.05 eq) was employed to facilitate the
exchange reactions, needed for the reshuffling of cross-links. The formation
of vinylogous urethanes was confirmed by FTIR, revealing the characteristic
bands of the vinyl urethane and ester groups at 1607 cm−1 and 1659 cm−1,
respectively (FTIR in Figure 5.4 B).[19,34] The reaction could be followed
by monitoring the torque exerted on the screws (Figure D.7), which upon
addition of cross-linker first spikes due to an initially unfavorable cross-
linking. Then, facilitated by exchange reactions of vinylogous urethanes
that promote network topology rearrangement (Figure 5.4 C), the torque
decreases until a minimum equilibrium torque is reached, exceeding that of
the molten pristine terpolymer.
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Table 5.3: Overview of prepared polymers, their functional group content and molecular weight of the pristine
polymers, thermal data of pristine and cross-linked polymers, and the average amount of cross-links per
chain (LPC).

Entry Functional group contenta
(mol%)

Mn
b

(Kg·mol−1)
Ðb Tm

c

(◦C)
Tc

c

(◦C)
Xc

c,d

(%)
LPCe

ACAC HEMA Et Prist Prist Prist Vit Prist Vit Prist Vit

VitX0.5 0.12 0.53 99.35 12.9 5.8 110.2 111.0 97.1 99.7 40.8 40.3 0.5
VitX1.1 0.34 0.93 98.73 10.7 5.8 107.7 107.3 94.5 95.6 39.9 32.4 1.1
VitX1.9 0.66 1.34 98.00 9.7 4.06 105.7 105.5 89.6 89.2 33.9 30.1 1.9
VitX2.6 0.94 1.5 97.56 9.5 5.4 102.9 96.9 85.8 82.8 33.2 26.2 2.6

a Functional group content of pristine polymers before cross-linking, determined via NMR, Et. short for ethylene;
b det. via GPC; cDetermined via DSC, value for pristine (prist) left, for vitrimeric material (vit) right;
dXc calc. with heat of fusion of PE = 286.2 J·g−1.[29] e LPC are calculated considering ACAC content, eq of
cross-linker added, and Mn of pristine polymers.
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Dog bones, DMTA bars and rheology disks were either directly obtained
via injection molding by filling suitable molds with the hot polymers kept
at >150 ◦C with a pressure of 5 – 10 bar, or cut from films obtained
by compression molding of the pristine polymer powder or from vitrimer
pellets (pictures of transparent films and vitrimer pellets in Figure D.8). An
overview of the prepared polymers, functional group content, and molecular
weight of the pristine polymers, thermal data of pristine and cross-linked
polymers, and the theoretical average amount of cross-links per chain (LPC)
(calculated for full functionalization with 0.55 eq of cross-linker), are given
in Table 5.3.

5.2.3 Properties of vinylogous urethane PE vitrimers

Harsh conditions were employed trying to dissolve the vitrimers, keeping
samples for 24 h at 100 ◦C in xylene. VitX0.5 dissolved within a couple of
hours due to insufficient cross-linking, but already VitX1.1 stayed partially
insoluble, leaving gel like residues that were sucked up by the needle during
solvent removal step. VitX1.9 and VitX2.6 are insoluble in xylene at 100 ◦C,
and gel fractions of 43.1±1.2 % (n = 8) and 65.3±4.4 % (n = 6) were
determined respectively, showcasing the effect of the greater number of
LPC. This presents a significant improvement over the recently reported
(HD)PE vitrimers with an average gel fraction of ≈37 %.[24] The DSC and
X-ray data (the wide-angle X-ray scattering (WAXD) spectra showing the
characteristic PE diffraction maxima[35] are given in Figure D.9) reveal that
the semi-crystalline nature of all materials was retained after cross-linking.
The Xc was only slighly affected with almost no decrease for VitX0.5 and
a ≈10 – 20 % decrease for VitX1.1, VitX1.9, and VitX2.6. The ACAC
moiety needed for cross-linking is not part of the PE crystalline lattice and
thus cross-linking only has a slight effect on crystallinity, an advantage over
post-functionalization of a homo-polymer. All pristine polymers and VitX0.5
retained no rubbery plateau during DMTA measurements and melting of the
crystalline lattice lead to measurement stop (see Figures D.10, D.11, D.12,
and D.13), with VitX0.5 not having sufficient LPC to form a cross-linked or
highly entangled network. However, cross-link density dependent plateau
moduli of ≈0.1±0.03 MPa for VitX1.1, ≈0.4±0.1 MPa for VitX1.9, and
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≈1.9±0.1 MPa for the denser VitX2.6 were observed (Figure 5.5 A).[30]

A similar dependency on LPC is uncovered from frequency sweeps of
VitX0.5, VitX1.1, VitX1.9, and VitX2.6 performed at 160 ◦C (Figure 5.5 B).
Whereas pristine polymers displayed the typical behavior of a low density
polymer melt (G” > G’ for all measured frequencies ω),[36] cross-linking
resulted in a shift of the cross-over frequency of VitX0.5 to around 30 Hz
due to chain extension.[37] This also reveals the reason for the failure during
DMTA, where an oscillation frequency of 1 Hz was used, below the crossover
point of VitX0.5. The higher cross-link density of VitX1.1 resulted in a
predominantly solid behavior, with G’ > G” over the available frequency
range. In addition, an inversion of frequency dependence of the G’ divided
by the complex modulus (shear) (G*) (G’/G*(ω)), with respect to the
polymer melt and VitX0.5, was observed (see Figure D.14: 0, 0.5, and 1.1
LPC), which is usually found for samples after their gel point.[37,38] However,
due to the dissolution of VitX1.1 and thermoplastic like stress relaxation
(vide infra), we surmise that VitX1.1 is not a fully cross-linked network.
Raising the LPC to 1.9 (VitX1.9) further increases the elastic character of
the network (Figure D.14 and Figure 5.5 B). The densest linked network
with 2.6 LPC (VitX2.6) displays a frequency independent plateau G’ over
the available frequency range, with a dominating elastic character in the
melt (G’/G* ≈ 1) for all ω at 160 ◦C (see Figure D.14), which is traditionally
associated with fully cross-linked materials.[38] For true vitrimers only a
single macromolecule is present at all times due to the consistent cross-link
density, which contrasts other CANs like reversible Diels Alder networks,
where frequency dependency of G’ persists due to depolimerization occurring
at higher temperatures.[21]

The same data is suitable to assess polymer melt strength using its
established power law correlation with the zero-shear viscosity η0 (Plot
of complex viscosity (η*) vs frequency at 160 ◦C in Figure D.15).[39,40]

The terminal plateau was only observed for the pristine polymer within
the available measurement range, but already for 0.5 LPC, despite the
near liquid like behavior (G” > G’ for most ω), η* is nearly two orders
of magnitudes larger than for the pristine melt at ω = 0.01 rad·s−1 due
to the increased Mn after linking. As expected, with increasing cross-link
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density, η* further increases by three orders of magnitude between 0.5 LPC
and 2.6 LPC. Additionally, an exponential relationship between η* and the
amount of LPC is found for varying shear rates (see Figure D.16), making it
possible to predict the viscosity (η) of the vitrimeric PE from the ACAC feed
used during synthesis of the pristine polymer. Vitrimers are known as the
first strong organic glass formers and as such their viscosity decreases linearly
above Tg with increasing temperature.[17] For semi-crystalline materials that
have crystallites, this phenomenon must be observed after Tm. Satisfyingly,
the viscosity of VitX2.6 is found to decrease almost linearly with temperature
above Tm (measured between 120 ◦C and 220 ◦C, see Figure D.17), but
changes slower compared to other vitrimers scaled with Tg.

As mentioned earlier for the vitrimer networks prepared in solution, it
is characteristic that full stress relaxation is achieved at higher temperatures
due to the isodesmic exchange reactions that reshuffle to accomodate the
stress. Therefore, the evolution of an applied stress was measured as a
function of time and temperature. Samples with 0.5 LPC and 1.1 LPC
displayed very fast relaxation like that of lowly cross-linked or branched
polymer melts, a consequence of the smaller number of cross-links (VitX0.5:
Figure D.18; VitX1.1: Figure 5.6 A).[41] When sufficient LPC to form a
proper network are employed (Figures 5.6 B), relaxation will be dominated
by the exchange reactions, as movement can only occur when cross-links
adapt. Indeed, samples VitX1.9 and VitX2.6 with an average 1.9 and
2.6 LPC show relaxation controlled by the exchange reactions (Figure 5.6 C
for VitX2.6 and Figure D.20 for VitX1.9; Treatment of raw relaxation curves
shown in Figure D.19). As a consequence, the characteristic relaxation
time (τ), typically chosen when the initial stress relaxes to 1/e (≈37 %)
according to the Maxwell model,[19,42] follows Arrhenian dependence on
temperature (eq 5.1). Thereby, an Ea of 75±4 kJ·mol−1 for VitX1.9 and an
Ea of 108±2 kJ·mol−1 (T(τ = 60 s) ≈ 274 ◦C) for VitX2.6 were calculated,
obtained from the fit of lnτ versus inverse temperature (Figure 5.6 D).

τ(T) = τ0 · exp
{
Ea
RT

}
(5.1)

The Ea of VitX1.9 fits that of previously determined vinylogous urethane
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systems (59±6 kJ·mol−1, 69±2 kJ·mol−1, and 73±12 kJ·mol−1),[19,33,43]

suggesting that the exchange pathway follows the therein reported iminium
pathway and that exchanges are not inhibited by the polymer network
structure. On the contrary, a near twofold Ea increase is observed for
VitX2.6. From the time dependent rheology measurements, it is clear that
chain mobility is significantly reduced in VitX2.6. Because of this, diffusion
of functional groups within the polymer is significantly retarded, which is
reflected in the Ea. Similar observations have been made for highly cross-
linked silyl ether PS vitrimers,[44] where the Ea for exchange reactions in
the polymer was greatly increased over the Ea obtained from small model
compounds.

In reference [44] a neat way to calculate the Tv from the E’ and the fit
obtained from the plot of τ versus temperature (eq 5.2) is presented.

VitX2.6 : lnτ(T) = 13.01 · 1000
T − 19.67 ⇐⇒ (5.2)

T = 13010
lnτ + 19.67 (5.3)

The Tv is usually chosen when a η of 1012 Pa·s is reached,[42,45] and the
relation between η, τ , and E’ is given by Maxwell (eq 5.4):

η = E’
2(1 + ν) · τ (5.4)

with ν being the Poisson’s ratio, which for (LD)PE is 0.5 at low strain
rates.[46] At 180 ◦C, a E’ of 1.94 MPa was determined for VitX2.6 (Figure 5.5
B). At Tv, the η is 1012 Pa·s, and a τ of 1.55x106 s was calculated. Inserting
this value into eq 5.3 yielded a Tv of 110.2±5.8 ◦C. The reported associative
transamination of vinylogous urethane occurs in the temperature range of
>80 ◦C – 110 ◦C.[47,48] The η of the vitrimer can only significantly decrease
once the exchange reactions initiate, as the topology is otherwise frozen. The
obtained Tv is thus within the expected temperature region, slightly above
the onset of the transamination reactions. However, using the same method
for VitX1.9 yields a Tv of 31.4±14 ◦C, which is significantly below that of
VitX2.6. There are two things to consider. First, exchange reactions can

134



Chapter 5

already become relevant for the less cross-linked system at lower temperature
due to the larger degree of chain movement. But, considering the Tm of
this vitrimer it is unlikely that Tv is that low. More likely, this is a case
where the limits of determining Tv from extrapolation of high temperature
rheology become apparent, as was recently highlighted by Du Prez et al.
during their investigation of a dual temperature responsive vitrimer.[33]

In order to assess the recyclability of the PE vitrimers, it is common practice
to perform repeated mechanical tests of recycled material. Consequently, dog
bones were obtained from extrusion and subjected to tensile testing, followed
by successive extrusion and repeated breaking of the tested dog bones. The
tensile strain curves and the average tensile strength for each of the cycles
are given in Figure 5.7. For each step, four representative curves are plotted,
whereas the inset shows the average obtained tensile strength after the first
and subsequent cycling steps (n = 4 – 8). The obtained tensile strain curves
do not directly overlap and usually two specimens give similar stress-strain
curves. This is due to processing induced differences during the extrusion
step and the fact that each step will produce two dog bones as a result of the
employed mold. The tensile strength is found to slightly decrease between
each step revealing minor degradation. To assess whether the cross-linked
network is still intact after recycling, the gel fraction of samples that were
recycled four times (Break 4) was investigated. For these samples a gel
fraction of 63.6±2.2 % (n = 3) was determined, which is in line with the
value obtained for the as synthesized vitrimers. Consequently, repeated
extrusion of these PE vitrimers did not destroy the network structure
revealing the potential to recycle the material.

5.3 DTA cross-linked PE-MA

There are many commercial grades of PP and PE materials available with
maleic anhydride (MA) groups. These functional groups may be used for
the preparation of vitrimers by employing suitable cross-linkers. However,
these cross-linkers have to introduce the functionality that is able to exchange
in order to impart vitrimeric properties. MA groups are known to readily
react with amines to form a maleimide group. Using 4,4’-dithiodianiline
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Figure 5.7: Repeated tensile tests of extruded dog bones of VitX2.6 as
synthesized (break 1) and subsequent recycling steps (break 2 – 4). Inset
shows the average tensile strength (n = 4 – 8) for each of the recycling steps.

(DTA), which is a diamine molecule that can react with two MA moieties,
can be employed to form a cross-link. The vitrimeric properties then
originate from the disulfide group of the DTA linker that can undergo a
shuffling metathesis reactions.[49] A similar strategy was previously used
to impart vitrimer like properties to epoxide networks.[50] In order to
obtain these DTA cross-linked PE networks, the previous strategy for the
preparation of vinylogous urethane PE vitrimers, specifically the reactive
extrusion of a suitable macromer with DTA, will be employed. A PE-MA
available from SABIC with 0.4 mol% of MA groups (det. via NMR) was
chosen initially. The amount of MA units is quite high for commercial
MA functionalized polyolefins, but with a low Mn of 6000 g·mol−1 (Mw =
22300 g·mol−1, dispersity (Ð) = 3.75) the amount of LPC is only about
0.8. This is assuming that all MA units react using 0.5 eq of di-functional
cross-linker. This SABIC grade was chosen because of its availability, and
because obtaining PP and PE grades with high MA content and reasonable
Mn is difficult due to the scission of the polymer during grafting,[51,52] or
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Figure 5.8: Synthesis scheme for DTA cross-linked PE-MA.

unwanted cross-linking.[53] It is possible to avoid scission, by grafting not
directly on the carbon backbone, but instead grafting on suitable side groups
at lower temperatures.[54]

The initial approach was therefore focused on investigating whether the
cross-linking works on an easily accessible polymer, studying its influence on
the polymer rheology. Afterwards, moving to polyolefins with greater MA
content or higher Mn will provide a fully cross-linked system, as was demon-
strated in the previous Section with vinylogous urethane PE vitrimers.

The aforementioned PE-MA was therefore reacted with 0.25 eq and 0.5 eq
of DTA cross-linker (0.5 eq and 1 eq amino groups) according to the scheme
depicted in Figure 5.8. This is achieved by first melting the polymer, then
adding DTA as a solid. Also here the reaction could be followed by observing
the torque exerted on the extruder screws, and reactions were carried out
for 15 min to ensure that most MA groups react. Using FTIR spectroscopy,
the disappearance of the MA C=O stretching vibrations at 1791 cm−1 and
1739 cm−1 could be followed (see Figure D.21), which provides evidence for
the reaction of the MA moieties leading to a cross-linked material.[55]

Table 5.4 lists the prepared materials and thermal data of pristine and
cross-linked material. Unsurprisingly, the introduction of DTA lead to a
decrease in Xc, which corresponds to the amount of DTA added (see also
Section 4.2). The Tm was not affected, but the peaks became broader with
introduction of DTA detailing an increased distribution of crystal sizes, a
result of the cross-linking with DTA.[56] To assess the effect of the cross-
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Table 5.4: Overview of DTA cross-linked PE materials.

Entry MA contenta
(mol%)

Eq. DTAb Tm
c

(◦C)
Xc

c,d

(%)
Tg

c

(◦C)

PE-MA 0.4 - 126.67 58.9 n.d.
VitDTA-25 0.4 0.25 129.23 54.9 n.d.
VitDTA-50 0.4 0.5 127.14 52.0 n.d.

aDetermined via NMR; bWith respect to MA groups;
cDetermined via DSC. dXc calc. with heat of fusion of PE
= 286.2 J·g−1.[29]

linking, the time and temperature dependent rheology was investigated
performing DMTA and parallel plate measurements. The obtained data is
illustrated in Figure 5.9. The pristine PE-MA is a type of (HD)PE, reflected
in the relatively high Tm. The pristine polymer has a significant amount of
entanglements, which is reflected in the observed modulus after Tm (≈127 ◦C)
of the polymer (see Figure 5.9 A), as entanglements will lead to a rubber
plateau for certain materials dependent on the oscillation frequency used (in
this case 1 Hz).[30] Eventually, at higher temperatures the time dependent
behavior of the pristine polymer changes and measurement failure occurs at
≈180 ◦C. Both samples cross-linked with DTA retain a modulus over the
entire temperature range (up to ≈200 ◦C), a result of the interchain linkage
that increases the amount of entanglements and cross-links.[30] The height
of the plateau modulus corresponds directly to the amount of cross-links
and consequently to the amount of DTA added. At 180 ◦C a E’(VitDTA-25)
of 0.51 MPa and E’(VitDTA-50) of 1.35 MPa were obtained, corroborating
the theory.

In Figure 5.9 B the time dependent data is presented. A frequency sweep
was conducted of the polymer melt at 160 ◦C. As expected for an entangled
polymer melt, a crossover point at 3.5 Hz was observed for the PE-MA sam-
ple, and the observed moduli are strongly frequency dependent. Cross-linked
sample VitDTA-25 showed no crossover point over the available frequency
range and G’ was above G”, showing that the material does not flow. Further
increasing the cross-link density (VitDTA-50) increased the plateau modulus
and the frequency dependency of the G’ further decreased, a prominent fea-
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Figure 5.10: Plots of the normalized stress relaxation of A: VitDTA-25 and
B: VitDTA-50.

ture of cross-linked polymer matrices.[36] Clearly, the rheology data supports
the claim that a cross-linked, or at least significantly entangled polymer
matrix was obtained. It was possible to shape the material using compression
molding, indicating that an applied stress can be relaxed. Subsequently, the
relaxation behavior of these materials was investigated.

In particular, the evolution of a constant stress was measured as a function
of time and temperature using the parallel plate rheology setup. The treated
relaxation curves (G0 is taken at the maximum of G) are plotted in Figure
5.10. As expected, at all temperatures the stress relaxes over time. There is
no clear correlation between temperature and relaxation time, and the stress
relaxes slower at higher temperatures. The more highly cross-linked sample
VitDTA-50 relaxes its stress slower on average, due to the higher cross-link
density. Likely, there are not sufficient LPC to form a fully cross-linked
network, and two stages of relaxation occur. An initial fast one as a result of
polymer chains followed by a reaction-controlled mechanism which is more
apparent for the curves taken at 200 ◦C and 220 ◦C. This system was not
further pursued due to its strong discoloration and expensive cross-linker,
but provides in principle another route to PE vitrimers.
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5.3.1 Conclusions

To conclude, we demonstrated an industrially relevant, easy to up-scale path-
way to PE vitrimers using the established vinylogous urethane chemistry.
Proper network formation was revealed through solubility and mechanical
tests. Only for samples with a sufficient number of LPC, the relaxation
is controlled by the exchange reactions and τ0 shows an Arrhenian de-
pendence on temperature. It is becoming increasingly evident that when
macromers are employed, the Ea is significantly higher for the same type of
exchange chemistry, a fact that needs to be considered in the design of future
main chain polymer vitrimers. Going forward, the long-term stability of
the reactive groups needs to be evaluated, and at least 3 – 4 cycles of lasting
use and remolding outside of the lab environment (after longer periods of
actual use) should be possible before moving on to landfill or incendiary
disposal.

In addition, a facile pathway to cross-linked PE was demonstrated by using
di-amine cross-linker DTA, avoiding the use of solvents or catalysts. The
reaction was confirmed by FTIR and the effects of cross-linking on polymer
were rheology elucidated via DMTA and time dependent measurements,
revealing increased melt strength. The disulfide moiety present in the
cross-linker can impart vitrimer like properties to the material, given that
sufficient LPC are used. The strong discoloration and potential degradation
of the disulfide groups may hamper the use of this system in applications
where colorless materials are preferred.

5.4 Experimental Section

Gel permeation chromatography (GPC). GPC was performed at 160 ◦C
on a Polymer Laboratories PLXT-20 Rapid GPC Polymer Analysis
System (refractive index detector and viscosity detector) with three PLgel
Olexis (300 mm x 7.5 mm, Polymer Laboratories) columns in series.
1,2,4-Trichlorobenzene was used as eluent at a flow rate of 1 mL·min−1. The
molecular weights were calculated with respect to polyethylene standards
(Polymer Laboratories). A Polymer Laboratories PL XT-220
robotic sample handling system was used as auto-sampler.
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High Temperature Nuclear Magnetic Resonance (HTNMR). The HTNMR
spectra were recorded on a Bruker AVANCE III (500 MHz) equipped
with a cryogenically cooled probe head at 120 ◦C in TCE-d2. 1H NMR
chemical shifts are given in ppm in reference to the residual solvent peak of
TCE at 6.00 ppm.

Fourier Transformed Infrared Spectroscopy (FTIR). FTIR-spectra were
recorded on a Perkin Elmer Spectrum One equipped with a Golden Gate
accessory (diamond ATR).

Rheology. Injection molded disks for rheology (diameter 25 mm, thickness
1 mm) were measured using a TA Instruments DHR 2, equipped with a
parallel plate geometry. The G’ and G” were monitored during a frequency
sweep from 100 rad·s−1 – 0.01 rad·s−1 at 160 ◦C using a strain amplitude
of 0.4 %. Stress relaxation measurements were performed at multiple tem-
peratures between 160 ◦C and 220 ◦C, applying a step strain of 1 %, then
monitoring the stress until at least 75 % of the initial stress relaxed or until
a constant stress value was observed.

Dynamic Mechanical Thermal Analysis (DMTA). Rectangular samples
suitable for DMTA were cut to dimension of 3 x 5 x 0.5 mm (length x width
x thickness) from injection molded bars or directly compression molded
to size. Samples were measured on a TA Instruments Q800 in tensile
mode. The E’ and E” were monitored while screening the samples during
a temperature sweep from -100 ◦C to 200 ◦C at 3 K·min−1. An oscillation
frequency of 1 Hz with an oscillation amplitude of 10 µm were applied.

Determination of Gel fraction. Extruded pieces with a weight of ≈190 mg
were first placed in a 50 mL vial, then 10 mL of xylene was added, the
vial closed, heated to 100 ◦C and kept for 24 h. After cooling to room
temperature, the liquid is decanted, and the solid residue washed at least
three times with isopropanol. The samples were dried in a vacuum oven
(80 ◦C) until the weight was constant. The gel fraction was determined
according to equation 5.5.

Gel fraction(%) = mfinal

minitial
· 100 % (5.5)
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Differential scanning calorimetry (DSC). All DSC measurements were
performed on a TA Instruments Q20 equipped with a RCS 90 cooling
system. About 2 – 5 mg of polymeric sample was weighed inside an aluminum
pan and subjected to DSC measurements under nitrogen atmosphere. Unless
otherwise noted, polymers were screened twice from 90 ◦C to 200 ◦C at a
constant heating/cooling rate of 10 K·min−1. The Hm, Tg, Tm, and Tc were
determined from the second heating and cooling cycle.

Tensile tests. Tensile tests were performed with a Zwick type Z020
tensile tester equipped with a 1 kN load cell. The tests were performed on
injection molded dog bones with dimensions of 75 mm x 4 mm x 2 mm. A
grip-to-grip separation of 30 mm was used. The samples were prestressed to
0.5 N and then loaded with a constant cross-head speed of 50 mm·min−1.

Calculation of LPC. The number of LPC was calculated assuming every
ACAC moiety reacts according to equation 5.6, with LPC as cross-links per
chain (LPC), Mn as he number average molecular weight of the pristine
polymer, M as the average molecular weight of a repeating unit (calculated
using mol% determined by NMR), mol%ACAC as the NMR determined
content of ACAC in mol%, and considering the 0.55 eq excess of cross-linker
loosing roughly every tenth possible cross-link (1.1 eq of amino groups).

LPC (sample) = Mn ·mol %ACAC
M · eqamino groups

(5.6)

5.4.1 Synthesis

The PE-HEMA and PACHE polymers with varying amounts of HEMA and
ACAC were provided by SABIC and used as received. The PACHE polymers
provided by SABIC were used exclusively for the solid-state preparation of
PE vitrimers. XYDIA 99 %, methyl acetoacetate 99 %, and DMAP 99 %
were purchased from Sigma-Aldrich and used as received.

Synthesis of PACHE polymers via transesterification of PE-HEMA.

143



POLYETHYLENE VITRIMERS
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All PACHE polymers obtained from transesterification of PE-HEMA were
obtained following the following general procedure: First, PE-HEMA co-
polymer (30 g) was dissolved in toluene (400 mL) at 100 ◦C inside a glass
reactor equipped with mechanical stirring. Then, methyl acetoacetate (34 mL,
5 eq) and DMAP (7.7 g, 1 eq) were added, the temperature raised to
120 ◦C, and the mixture stirred for 4 h. The polymers were recovered by
precipitating the hot solution into methanol (1 L), stirring for 1 h, filtering
off the precipitate, and drying at high vacuum yielding the polymers as
white solids.

Solution synthesis of vinylogous urethane PE vitrimers.

*

O O
O

O HN

n m

*

O O
O

O HN

n m

+
H2N NH2

*

O O
O

O O

n m
*

O O
OH

w

*

O O
OH

w

*

OO
OH

w

Toluene

100 °C, 16 h
H2O +

Only PACHE polymers obtained from transesterification of PE-HEMA were
used for the prepration of vinylogous urethane PE vitrimers in solution,
using this general procedure: Reaction was carried out under dry conditions.
First, PACHE co-polymers were dissolved in toluene (50 mL) at 100 ◦C
inside a glass reactor equipped with mechanical stirring. Then, the diamine
cross-linker (0.6 eq with respect to ACAC units) was added drop wise via
syringe. The reactor was closed with a septum and stirred overnight at
100 ◦C resulting in precipitation of a polymeric solid. The contents of the
reactor were dropped into a beaker with methanol (200 mL) and stirred for
1 h. Filtering and drying of the solids gave the polymers as white to yellow
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solids.

Reactive extrusion of vinylogous urethane PE vitrimers.

*
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O
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O
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*

O O
O
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n m
*
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OH

w

*

O O
OH

w

*

OO
OH

w

H2O  +

The PACHE co-polymers were fed inside a nitrogen flushed co-rotating twin-
screw mini-extruder set to 150 ◦C, rotating at 100 rpm and molten until the
observed torque exerted on the screws was constant (≈4 – 5 min). Then, the
diamine cross-linker (0.55 eq with respect to ACAC units) was added drop
wise via syringe and the combined materials were mixed until the observed
torque remained constant (usually ≈10 min – 15 min). The hot polymer
melt was then injection molded into suitable molds to prepare rectangular
bars for DMTA, disks for rheology, and dog bones for tensile tests.

Reactive extrusion of DTA cross-linked PE.

* n m

*
n m

+ 150 °C, 15 min
S

S

* n m
*

*

*

O
O

O

H2N

NH2

N
O

O

S
S

N
O

O

+  H2O

The synthesis for DTA cross-linked PE followed exactly the same approach
used for vinylogous urethane PE vitrimers. Since DTA is a solid, it was
added with a spatula instead of using a syringe. Suitable tests specimens for
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DMTA and rheology were prepared by compression molding of the reacted
polymer.
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Appendix D
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Figure D.1: Degree of functionalization of PACHEtr96 (determined by
NMR) for the transesterification of PE-HEMA with methyl acetoacetate as
a function of reaction time.
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Figure D.2: FTIR absorption spectrum of VitT405-1.2 (blue line) and
PACHEtr405 (red line).
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Figure D.3: DMTA screening of VitT96-1.0 (black line), VitT96-1.2 (grey
line), and VitT96-1.4 (light grey line) between 100 ◦C and 200 ◦C. Square
symbols represent data points for E’, triangle symbols data points for Tan δ.
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Figure D.4: DMTA comparison of XYDIA and TAEA cross-linked PA-
CHEtrans polymers. Specifically, A: VitX11-1.2 and VitT11-1.2, B: VitX96-
1.2 and VitT96-1.2, and C: VitX405-1.2 and VitT405-1.2. Closed symbols
represent data points for E’, open symbols data points for Tan δ.
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Figure D.5: Normalized stress-relaxation data of VitX11-1.2 as function of
time and temperature.
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Figure D.6: Plot of incorporated ACAC (in mol%) as function of co-monomer
feed (in mol%). The linear relationship is revealed by the fit represented by
the red line.
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Figure D.7: Torque exerted on extruder screws as a function of reaction
time. At 0 min, indicated by the syringe, the cross-linker was added to
the polymer melt. Opening of the extruder leads to a sudden torque drop
highlighted by the arrow.
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Figure D.8: Examples of compression molded films over poorly sketched
spelling of "transparent" on the top and picture of powdered and pelletized
polymer samples (A: PACHE polymers; B: Vitrimer samples).

Figure D.9: WAXD patterns recorded from (LD)PE (black line) and VitX2.6
(red line). In both cases the characteristic (110) and (200) diffraction maxima
are present,[35] corroborating that the crystalline parts of the vitrimer are
made up solely of PE and that the crystalline character is retained.
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Figure D.10: DMTA screening of pristine (black lines) and VitX0.5 (blue
lines) between -100 ◦C and 200 ◦C. Close symbols represent data points for
E’, open symbols data points for Tan δ.
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Figure D.11: DMTA screening of pristine (black lines) and VitX1.1 (blue
lines) between -100 ◦C and 200 ◦C. Close symbols represent data points for
E’, open symbols data points for Tan δ.
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Figure D.12: DMTA screening of pristine (black lines) and VitX1.9 (blue
lines) between -140 ◦C and 200 ◦C. Close symbols represent data points for
E’, open symbols data points for Tan δ.
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Figure D.13: DMTA screening of pristine (black lines) and VitX2.6 (blue
lines) between -100 ◦C and 200 ◦C. Close symbols represent data points for
E’, open symbols data points for Tan δ.
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Figure D.14: Plot of the normalized storage modulus (G’ divided by G*, or
G’/G*) at different frequencies (0.01 rad·s−1 → 100 rad·s−1) versus LPC of
vitrimer samples VitX0.5, VitX1.1, VitX1.9, and VitX2.6. Pristine sample
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Figure D.16: Complex viscosity η* as function of LPC for different shear
rates.
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Figure D.17: Viscosity data of VitX2.6 inserted into the Angell fragility plot
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Figure D.18: Normalized stress relaxation of VitX0.5 as function of time
and temperature.
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Figure D.20: Normalized stress relaxation of VitX1.9 as function of time
and temperature.
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162



Chapter 6

Epilogue

6.1 Afterword

Within the scope of this thesis, alternative methods to the static cross-linking
of polymers (thermosets) were to be explored. Thermosets find application
in demanding applications such as aerospace and automotive due to their
solvent resistance, thermal stability, and their superior mechanical properties.
However, due to the presence of irreversible cross-links in the legacy systems,
they lose the ability to be reprocessed. Here is where dynamic cross-links
could provide an advantage. No matter the type, all dynamic cross-links
share that polymer networks build up from these cross-links are able to
adapt to external stresses. Commonly, certain conditions are met such as
temperature triggered exchange reactions or reversible supramolecular bonds
to initiate the adaptation.[1]

Three methods were investigated, multiple hydrogen bonding, solvophobic,
and covalent adaptable networks. Out of these, we will only highlight
the multiple hydrogen bonding and dynamic covalent exchange, due to the
limited data-set of the material employing solvophobic interactions. In Figure
6.1 the DMTA data of VitX1.9 and VitX 2.6 from Chapter 5 are plotted
together with the data of ODIN functionalized PE-HEMA polymer P2 from
Chapter 3. Naturally, the graphs look very different due to the different Xc

between the polymers. However, after melting of the polymers the main
difference is the type of cross-linking, as their molecular weight is similar
with 9.7 (VitX1.9), 9.5 (VitX2.6), and 13.5 Kg·mol−1 (P2). Consequently,
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Figure 6.1: Comparison of DMTA data of VitX1.9, VitX 2.6, and ODIN
functionalized PE-HEMA polymer P2.

the following discussion of the main differences between the two focuses on
the moduli observed after melting of the polymer crystals.

Even though the cross-links are adaptable, a constant plateau modulus
is observed for the Vitrimer networks VitX1.9 and VitX2.6, because the
network density is constant at all times (excluding degradation). As men-
tioned in Chapter 5, this is because new cross-links can only be formed
after association of another species to an existing cross-link moiety. On the
contrary, due to the progressive dissocation of the multiple hydrogen bonding
moieties with temperature,[2] the modulus of P2 is found to drop from the
level of VitX2.6 directly after melting to the value of VitX1.9. This trend
was elegantly illustrated choosing the data of P2, because the observed E’
nicely fits within that of the vitrimer samples. However, generally the
polymers cross-linked with multiple hydrogen bonding show a decrease in E’
with increasing temperature in a similar manner to P2.

The network characteristics using those cross-linking methods are there-
fore fundamentally different. Using CAN chemistry results in networks with
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all the characteristics of a classical thermoset (insolubility, mechanical prop-
erties), but with the added advantage that specimens made thereof can be
reprocessed. However, because the network density is constant it is unlikely
or significantly more difficult to design a system that can be processed at the
same rate as a conventional thermoplastic, simply because on top of chain
diffusion there is the additional requirement for a reaction to take place for
chains to adapt.

Here, depolymerization networks such as those comprised of cross-links
using Diels-Alder chemistry or non-covalent interactions have an advan-
tage, because in principle the network can be completely reversed so that
chain diffusion will control the polymer flow behavior. This comes at a cost
of properties, as these systems should be soluble at higher temperature in
solvents that are good for the base polymer (the polymer that makes up the
backbone).

6.2 Way forward

Within this thesis, it was demonstrated that polymer networks with dynamic
cross-links can be processed using conventional thermoplastic processing
methods. In the previous section, we briefly discussed the fundamental
differences between covalent adaptable and supramolecularly cross-linked
networks. Going forward, actual products need to be benchmarked versus
adaptable cross-linked polymers. Investigating the long term stability of the
cross-linking types will play a key role. For example, an average lifetime of
polymer tubing, which is generally cross-linked (HD)PE, or PEX, is given
to be at ≈40 – 50 years. Although most manufacturers give a warranty
of 25 years.[3] During its lifetime, these tubes are constantly subjected to
water and even chlorinated cleaning chemicals.[4] The effect of actual long
term use has thus far been neglected. Clearly, materials made from these
adaptable networks need to be subjected to experiments that mimic long
term exposure to the environment of actual use. If the material holds up,
the resilience of the functional groups to these long term stress tests needs to
be investigated by confirming the processability. Only if that is guaranteed,
will using this new technology really be feasible.

165



EPILOGUE

That being said, from a producer standpoint it might already be lucrative
to sell a cross-linked polymer that can be processed into a desired shape,
eliminating the need for an additional post curing step to obtain a cross-
linked material. Especially for PE this is of interest in order to avoid long
degassing times required after cross-linking with peroxides.[5]
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