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Abstract
Additive manufacturing (AM) is considered an environmentally friendly manufacturing process
that builds solid 3D structures layer-by-layer from a computer-aided design (CAD), resulting in
reduced waste as opposed to conventional subtractive manufacturing. However, a significant
challenge in AM is the extensive use of plastics, which lack a standardized recycling process.
The insufficient adhesion between printed layers contributes to waste generated with AM.
Therefore, it is important to prioritize sustainability as a design parameter for future AM
materials.

Dynamic Covalent Networks (DCNs) offer a potential solution by combining the desirable
characteristics of thermosets and the recyclability of thermoplastics. DCNs undergo bond
rearrangement reactions influenced by external stimuli like heat or light, leading to changes
in their topology. Bond exchange reactions can occur through two mechanisms: dissociative,
involving separate steps of bond breaking and forming, or associative, involving simultaneous
bond breaking and forming. Recently, a phosphate triester based DCN was developed obtaining
a neighboring 𝛽-hydroxyl group which could perform transesterification exchange reactions
within the network via the formation of a cyclic phosphate triester intermediate in a dissociative
manner. Based on this network rearrangement, we synthesized a network by reacting phos-
phoric acid with a diglycidyl ether to perform ring-opening reactions which creates a pendent
𝛽-hydroxyl functional group assisted in neighboring group transesterification.

The reversibility of the bond exchange reaction within the network was investigated with
a heating and cooling cycle with Variable temperature (VT) 31P solid-state NMR (SSNMR).
Furthermore, the network was reprocessable with compression molding at 130 ◦C. Fast re-
laxation times of 5 seconds at 200 ◦C were observed. Additionally, frequency sweep and
dynamic mechanical temperature analysis (DMTA) experiments showed profiles which were
expected for a dissociative bond exchange mechanism. However, an increase of the storage
modulus at 150 ◦C was observed, indicating a curing process of the network. Subsequently,
similar experiments were performed on the cured network, in which a reduction of the dynamic
properties of the network was noted, with a stress relaxation time of 114 seconds at 200 ◦C.
DMTA and frequency sweep experiments confirmed its increased storage modulus as well.
Nevertheless, the uncured network was reprocessable via extrusion at 200 ◦C, however, it
required at least 50 min for the network to obtain a viscous flow behavior for optimal extrusion.
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1
Introduction
Additive manufacturing (AM) is a process of joining materials to build a 3D structure in a
layer-upon-layer fashion. Whereas conventional subtractive manufacturing uses machining to
remove material to produce the desired product. Producing products in a fast and consistent
manner is the reason why this method of manufacturing remains the leading manufacturing
technique at an industrial scale (Fig. 1.1).[1] AM has the freedom and flexibility to turn
computer-aided designs (CAD) into complex 3D products in the biomedical, aerospace, au-
tomotive and packaging fields.[2] The layer-by-layer assembly, reduces the costs and time to
design and produce molds or other tooling products. Furthermore, AM has less energy de-
mand and reduces the production of scrap material as compared to subtractive manufacturing.[3]

Figure 1.1: (Top) In subtractive manufacturing, a solid block of material undergoes machining
processes to remove excess material until the desired 3D object is obtained. This
approach often results in a significant amount of leftover scrap material. (Bottom) AM
involves the layer-by-layer deposition of the necessary material, such as powder, liquid,
or filament, to create the final 3D object. Compared to subtractive manufacturing,
additive manufacturing generates substantially less waste material. Reproduced from
[1].

Through the years, developments of various AM techniques, e.g. vat photopolymeriza-
tion,[4] fused deposition modeling (FDM),[5] direct ink writing (DIW) [6] and selective laser
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sintering (SLS) [7] promote more creativity in the use of different types of materials. Neverthe-
less, 80.6 % of the global 3D printing materials revenue comes from polymers according to
Wohlers Report of 2019.[8] Notwithstanding, the absence of a standardized recycling process
for polymers, the polymer materials are generally incinerated or disposed of at a landfill.[9] In
order to prioritize sustainability in polymeric materials for AM, it is necessary to decrease the
production by engaging in reusing and recycling of polymeric materials.
The main problem with 3D printed products is poor adhesion between the printed layers, causing
inconsistency in the printed products, leading to much polymer waste (Fig. 1.2). [2, 10, 11]

Figure 1.2: Illustrations of printed layers show strength in tension parallel to the layers. While the
printed layers exhibit weakness when subjected to tension perpendicular to the layers.
Reproduced from [12].

Recently, the use of Dynamic Covalent Networks (DCNs) within AM has attracted attention,
due to its potential in providing a practical solution to the current problems.[2, 13–15] DCNs
combine the mechanical benefits of a traditional thermoset with the shape changing response
to external stimuli found in thermoplastic materials. This is achieved through reversible bond
exchange reactions within the polymer’s crosslinking strands, which occur upon the application
of a stimulus such as heat or UV. DCNs provide self-healing, shape-memory, reprocessable and
recyclable characteristics.[16]

Two types of DCNs based on their reaction mechanism are available, dissociative and associative.
The former means that breaking and rebuilding of chemical bonds take place consecutively.[16]
For the latter, the mechanism of bond breaking and reforming occurs simultaneously (Fig. 1.3).
The main difference is the practically fixed crosslink density of associative DCNs, i.e. vitrimers,
in contrast to dissociative DCNs in which the crosslink density temporarily decreases during
bond exchange reactions.[16]
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Figure 1.3: (Top) Dissociative bond exchange mechanism, whereby bond breaking and forming oc-
curs in two seperate steps, which temporally decreases the crosslink density. (Bottom)
Associative bond exchange mechanism, where bond breaking and forming occurs
simultaneously. Redrawn from [16].

In 1966, Craven developed one of the earliest known DCNs in the laboratories of DuPont.
This network was based on a Diels-Alder (DA) and retro DA reaction.[17] Expanding on
this, DA chemistry was subsequently utilized to synthesize polymeric materials. Notably, in
2002, Wudl and colleagues reported a polymeric network with thermally repairable abilities
exclusively based on DA covalent bonds.[18]
Fast forward to the present, numerous amounts of chemistries have been developed to synthesize
DCNs. Figure 1.4 below provides a summary of both dissociative and associative covalent
bond exchange chemistries.

Figure 1.4: Several bond exchange chemistries found in literature. Reproduced from [19].

The aim of this study is to develop a dynamic covalent network which is printable with
fused deposition modeling. In order to obtain it, a state of the art of dynamic covalent networks
in additive manufacturing is discussed. Subsequently, an approach of the experimental work
is outlined, in which the chemistry behind the material and the methods of characterizing are
explained. Furthermore, the results of the research will be discussed, by showing predominantly
stress relaxation and dynamic mechanical temperature analysis experiments to understand the
dynamicity and mechanical behavior under various temperatures. At last, results are shown
whether the network is extrudable.



2
Theoretical Background
This chapter will commence by explaining in short the workings of a fused deposition modeling
(FDM) printer; which material parameters are important to consider and why dynamic covalent
networks (DCNs) can improve the production of printed parts. Subsequently, the state of the art
of DCNs for FDM and other additive manufacturing (AM) techniques is provided.

2.1 Fused deposition modeling
Fused Deposition Modeling (FDM) is among all 3D printing techniques the most user friendly
and popular for scientists and hobbyists.[20–22] It is an extrusion-based technology whereby
solid polymer filament is heated to a molten state to create a material that can flow. Once the
polymer flows and arrives at the nozzle, the material transforms into a viscoelastic state and is
extruded out of the nozzle where it is deposited as roads or extrudates on a XY-plane (Fig. 2.1).
After extrusion, the viscoelastic material solidifies and fuses together for better adhesion, and
is eventually cured into a solid 3D structure. This process is very similar to the conventional
method of extrusion; injection molding.

Figure 2.1: Schematic of a FDM printer. Redrawn from [23].
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To design a filament for FDM, several material parameters have to be considered, such as
the glass transition temperature (𝑇𝑔), which characterizes the material transition from a rigid,
glassy state to a more flexible, rubbery state. Additionally, the flow activation energy (𝐸𝑎)
describes the energy required in order for the material to flow, while the viscosity (𝜂) influences
the ease with which the material flows at a given temperature. Moreover, both the viscosity
and the ratio of the loss modulus (𝐺′′ or 𝐸′′) and storage modulus(𝐺′ or 𝐸′), tan(𝛿), should
not be too high, otherwise more pressure is required to extrude the material out of the nozzle.
Finally, the thermal expansion must be taken into account, as it can cause anisotropy on the
final product, ultimately affecting the final quality of the printed object.

Currently, amorphous thermoplastics are more favored, as opposed to semi-crystalline materials,
due to the lower thermal expansion coefficient and enhanced polymer chain diffusion. In
contrast, semi-crystalline materials crystallize upon cooling, resulting in less layer adhesion.
However, semi-crystalline polymers generally offer more toughness and obtain a higher surface
temperature.[24, 25] Commonly varieties of thermoplastic polymers used are acrylonitrile
butadiene styrene (ABS), polycarbonate (PC), polylactic acid (PLA) and polyamide (PA).[26]

2.2 Development of additive manufacturing with dynamic
covalent networks

2.2.1 Fused deposition modeling

The earliest study found on printing DCNs with FDM was in 2016, performed by Davidson
et al.[27] who designed a printable DCN with commercially available PLA containing a
furan-maleimide Diels-Alder (fm-DA). Davidson et al. printed dog-bone shapes with three
different infill patterns and compared the mechanical strengths of PLA containing DCNs to
neat PLA. The two linear patterns parallel and perpendicular to the direction of the mechanical
stress showed higher strength and toughness with increasing concentration of dynamic bonds.
The presence of DCNs within the material allows for the formation of new covalent bonds
between interfilamentous junctions, resulting in a homogeneous cross section (Fig. 2.2).

Figure 2.2: (A) Illustration of 3D-printed PLA filaments, (a’) is the interfilament junction. (B) Illus-
tration of the dynamic PLA. (C) Microscopic image of printed neat PLA filaments. (D)
Microscopic image of 3D printed dynamic PLA. Reproduced from [27].
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Subsequent work from the same group and Yang et al.[28] printed a similar fm-DA based
DCN and investigated more properties. Their material achieved a recovery of strength of 77 %
after only healing for 15 min at 65 ◦C.[14] Furthermore, Yang observed a reduction of the
roughness for their DCNs compared to similar polyurethane conventional printing filaments,
with a roughness reduction of at least 67 % (Fig. 2.3). Likewise, the anisotropy was between
0.6 and 4 %, whereas the polyurethane conventional filaments exhibited a minimum anisotropy
of 50 %. The results confirm the significant improvement of adhesion and surface roughness by
printing with DCNs.

Figure 2.3: SEM images of the surface morphologies of printed fm-DA filament, in which DART1,
2 and 3 are different concentrations of crosslinker, (left figure, top row) and of conven-
tional polyurethane thermoplastic filaments (left figure, bottom row). The right figure
represents the total difference in surface height of each printed filament. Reproduced
from [28].

Further, Kim et al.[29] provided a comprehensive study on upcycling ABS into a recyclable
ABS-vitrimer. It exhibited a higher mechanical performance with around 1.6 times higher
strength than neat ABS, due to the enhanced interlayer integration. The dynamic imine exchange
reaction within the DCN also had a high 𝐸𝑎 of approximately 151 kJ/mol. Kim states that a high
𝐸𝑎 ensures stability at lower temperatures near 𝑇𝑔 and faster bond exchange upon heating, which
is optimal for 3D printing with a DCN. Moreover, the remarkable attribute of this ABS-vitrimer
is the ability to mix with any waste of neat-ABS, ABS-vitrimer or unsorted mixtures produced
during manufacturing and upcycle it by 3D printing again. However, the recyclability of the
vitrimer may reach a limit, leading to the weakening of its mechanical performance due to side
reactions at elevated temperatures.

In another study, performed by Niu et al.,[30] side reactions also seem to detriment the
recyclability. Niu printed a polyurea vitrimer repeatedly and found a decrease in Young’s
modulus of 19 % after the fifth cycle. Nonetheless, the ability to recycle this polymer material
up to five cycles is a great improvement, in contrast to conventional polymeric materials.

Additionally, DCNs could also be used for 4D printing, whereby a DCN can exhibit shape-
memory abilities upon exposure to a stimulus. Joe et al.[31] and Choi et al.[32] both developed
a DCN based on transesterification reactions. Joe et al. investigated the influence of different
concentrations of catalyst present in the material and found that the stress relaxation and bond
exchange times decreased with increasing concentration. Simultaneously, the crystallinity
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reduced and the chance of faster degradation of the catalyst enhanced. A balance between
stability of the final product and faster healing times is important in order to print a DCN.
To test the shape-memory behavior of the material, a bridge made of polycaprolactone-vitrimer
was printed. The bridge featured conductive silver paste positioned underneath, with a small
light bulb placed on each side. Once heat was applied, the bridge closed and current flowed
through to each side to turn the light bulbs on, confirming its shape changing ability (Fig. 2.4c).
Furthermore, Choi et al. welded PLA paddles to a printed ship using an epoxy vitrimer, in
which the paddles change shape at 40 ◦C and restore once cooled down. The interfacial welding
between PLA and the vitrimer was enabled by the presence of ester groups in PLA, which
could react with the epoxy groups of the vitrimer (Fig. 2.4a).
Finally, this approach of multi-material printing can potentially be used for soft robotic applica-
tions. Roels et al.[33] performed a comprehensive study on AM of elastomeric DA networks
for soft robots. Soft robots are prone to tearing and piercing and therefore, could benefit from
self-healing materials. Roels printed grabbers that could grab different objects while having the
ability to self-heal and completely recover from large cuts (Fig. 2.4b).

Figure 2.4: a) A printed paddle could easily be welded with an epoxy vitrimer, and had the ability
to bend when heated to 60 ◦C. Reproduced from [32]. b) A grabber that was printed
with an elastomeric DA network for soft robots. Reproduced from [33]. c) The printed
bridge platform demonstrates shape memory behavior when subjected to heating.
Reproduced from [31].

2.2.2 Direct ink writing

Direct Ink Writing (DIW) is an AM technique similar to FDM, however, the main difference is
that FDM melts a solid filament material in order to extrude, and DIW extrudes a shear-thinning
polymeric ink. Consequently, incorporating additives within the polymeric ink is simply done,
thereby enhancing abilities within the material and improving its characteristics. For instance,
Shi et al.[13] performed a study, which is the most referred study on 3D printing with DCNs,
whereby a recyclable vitrimer epoxy ink mixed with nanoclays was printed multiple times to
confirm its recyclability. The nanoclays were added to increase the viscosity and to strengthen
the material to maintain shape after extrusion. The comprehensive production and recycling pro-
cedure involved many steps and long curing times, however, it is a first proof of concept (Fig. 2.5).
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Figure 2.5: The production and recycling cycle of nanoclay-reinforced vitrimer epoxy through DIW
was developed. Reproduced from [13].

DIW offers the advantage to easily include additives within the ink to obtain enhanced
abilities within the material, as demonstrated by Zheng et al.[34]. In their work, hydroxylated
multi-walled carbon nanotubes were mixed with the DCN, enabling localized healing of the
material using light without the need to unnecessarily heal the entire object. Locally healing
specific parts on the printed object opens up more possibilities in extending the life-time of the
printout. The printouts showed a reduction of the interfilament junctions on micro scale and
better adhesion between the layers. Additionally, a near infrared laser could target areas and
locally decrease the viscosity, which has the benefit of removing support structure easier (Fig.
2.6).

Figure 2.6: Support structures can be precisely removed by locally applying laser induced heat.
Reproduced from [34].

2.2.3 Selective laser sintering

Selective laser sintering (SLS) fuses polymeric particles together in a layer-by-layer fashion,
whereby similar issues as observed in extrusion-based AM techniques are encountered. Sun et
al.[35] designed two polyurethane materials containing dynamic halogenated bonds, whereby
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improved tensile strength was observed in the Y-, and Z-axis. The tensile strength in the
Z-direction was around 88 % of that in the X-axis strength, which surpasses the performance of
a similar commercially available thermoplastic polyurethane (TPU) powder, exhibiting only
59 % of the X-axis strength (Fig. 2.7a). Evidently, the adhesion of the sintered particles
improved significantly with DCNs.
At last, Sun et al.[36] investigated SLS printing of a DCN based on dynamic urea bonds, and
printed an orthotic insole including a porous structure, which was damaged and completely
healed after heating it for 1 hour at 120 ◦C (Fig. 2.7).

Figure 2.7: a) Tensile strength of printed commercially available thermoplastic polyurethane (TPU),
named T90A, and polyurethane-based DCN samples in the X-, Y-, Z-direction. Repro-
duced from [35]. b) A printed orthotic insole with a DCN based on dynamic urea bonds
demonstrated the ability to undergo damage and subsequent self-healing after heating.
Reproduced from [36].

2.2.4 Vat photopolymerization

Vat photopolymerization techniques, such as stereolithography (SLA) and digital light processing
(DLP), operate on the principle of chemically transforming photoinitiators present in a liquid
resin vat. Upon exposure to light, these initiators start to react with liquid monomers and
oligomers. A 3D object is eventually formed layer-by-layer, and can be taken out of the
liquid resin. SLA and DLP show numerous examples of high resolution printed DCNs with
self-healing capabilities. Examples are presented in Figure 2.8, whereby Robinson et al.[37],
Zhang et al[38] and Cui et al.[39] all designed materials that can change shape under a stimulus.
A practical example can be seen in Figure 2.8b, in which Cui et al. designed a toy grabber
which could grab and unload weights.
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Figure 2.8: a) A rabbit was printed with DLP, which was damaged and repaired again. Repro-
duced from [38]. b) At 100 ◦C, the shape memory behavior allowed for the grabbing
and lifting of a 500 g weight. Reproduced from [39]. c) A printed ice cream cone and
ice cream were welded together after being subjected to a temperature of 65 ◦C for
16 hours. Reproduced from [37].



3
Approach
Having obtained more insights from the previous studies, the objective of this chapter is to delve
into the chemistry behind the designed dynamic covalent network (DCN). Furthermore, the
selected materials are discussed, followed by a comprehensive overview of the characterization
methods employed in the study.

3.1 Chemistry
Neighboring group participation

The chemistry of the ultimately designed network is based on transesterification, which is a
well-known chemistry that usually occurs at elevated temperatures and the presence of a catalyst.
The principle is a reaction between an ester and a free alcohol group yielding a new ester and
alcohol. Generally, transesterification reactions result in shuffling of the moieties (Fig. 1.4).
Unfortunately, utilizing catalysts has the problem of eventually leaching out, which may reduce
the dynamic properties of the materials over time and can be harmful to the environment.[40]
A self-catalyzed system would overcome these issues, and the goal of this work is to develop
such a system. An example of neighboring group participation is implemented by Zhang et
al.[41, 42] in which carboxylic groups can react upon heating with the pendent neighboring
ester group (Fig. 3.1).

Figure 3.1: Transesterification reaction of neighboring carboxylic acid groups. Redrawn from [41].
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Phosphate chemistry

With this in mind, in 2021, Majumdar et al.[43] introduced a phosphate triester based DCN that
can perform transesterification at elevated temperature using neighboring group participation
as well. The network consist of phosphate triesters, in which two arms are polymer chains of
trifunctioncal polycaprolactone (PCL) and one reacted with ethylene glycol. Once heated, the
𝛽-hydroxyl group within that chain can attack the phosphate, and the dissociated cyclic triester
intermediate is formed whereby a PCL chain is removed. Upon cooling, the system can turn
back into the associated linear state, in which the free -OH group from the chain can attack the
phosphate again (Fig. 3.2). This network showed fast relaxation times and was able to extrude
at 120 ◦C.

Figure 3.2: Transesterification of the pendent 𝛽-hydroxyl group, leading to the removal of the PCL
chain. Redrawn from [43].

Reaction of phosphoric acid with a diglycidyl ether

Another approach of neighboring group participation involves the reaction of phosphoric acid
(𝐴3) with a diglycidyl ether (𝐵2) to perform a ring-opening reaction of the epoxide, creating a
pendent 𝛽-hydroxyl group.[44] The reaction is an epoxide ring opening reaction in which the
free electrons of the P-OH group attacks, at random, the 𝛼 or 𝛽 C-atom of the epoxide (Fig.
3.3).[45]

Figure 3.3: Reaction mechanism of phosphoric acid reacting with an epoxide. Only the attack on
the 𝛽 is drawn. Redrawn from [45].

Through the reaction of the diglycidyl ether and phosphoric acid in a 1:1 ratio, the reaction
stops upon complete consumption of the P-OH groups, leading to the formation of a mixture of
phosphate mono-, di- and triesters. This formation of epoxy resins including phosphates esters
can be applied to coatings to provide flame retardancy within the resin.[46, 47] In addition,
phosphate esters can provide biodegradable [48, 49] and antifouling [50] properties into the
material.
Accordingly, the formation of phosphate di- and triesters provides dynamic properties by
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performing bond exchange reactions similar to the chemistry of Majumdar’s network, but with
a pendent 𝛽-hydroxyl group within each chain (Fig. 3.4).

Figure 3.4: Bond rearrangement reaction of phosphate triesters, after reacting phosphoric acid
with an epoxide.

The chosen diglycidyl ether for the developed network is bisphenol-A propoxylate diglycidyl
ether (BAPDGE). It has a similar chemical structure to the most well-known epoxy resin
bisphenol-A diglycidyl ether (DGEBA), but with longer chains to provide more flexibility in the
material (Fig. 3.5). DGEBA is already used in literature to develop vitrimers [51–53], which is
also applied for 3D printing.[13, 15, 54]

Figure 3.5: Chemical structure of bisphenol-A propoxylate diglycidyl ether.

A simplified illustration of the reversible bond exchange reactions within the dynamic
covalent network at elevated temperatures is shown in Figure 3.6.

Figure 3.6: A simplified illustration of the reversible bond exchange reactions within the network.

In order to synthesize a DCN with this chemistry, this reaction needs to be investigated.
Fortunately, Penczek’s group has researched this synthesis in detail over the years, in which
important points that need to be considered are discussed below:
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1. The reaction of epoxide groups with P-OH groups is catalyzed by acidic protons, hence
the reaction stops once all the P-OH groups are consumed. With the addition of a catalyst,
the reaction proceeds by the homopolymerization of the epoxide groups with the free
alcohol group forming an ether bond (Fig. 3.7). [44]

Figure 3.7: Reaction mechanism of the ether formation of neighboring 𝛽-hydroxyl group with an
epoxide group.

2. The ratio of phosphoric acid influences the conversion to mono-, di- and triesters. The
research performed by Penczek et al. [55] shows that higher concentration of phosphoric
acid, increases the conversion to monoesters.

3. The reactivity of the consumption of a P-OH group increases over time, i.e. the reaction
kinetics increases from mono, di- to triesters (k’2 > k’1 > k’0 ). The reason is due to the
hydrogen bonding of the neighboring 𝛽-hydroxyl groups, enhances the reactivity of the
P-OH group (Fig. 3.8).[56]

Figure 3.8: A scheme of the reaction steps towards phosphate triesters. Redrawn from [45].

Given these reactivity features, the homopolymerization of the monomer described in the first
point needs to be suppressed in order to obtain a high concentration of neighboring 𝛽-hydroxyl
groups. According to literature, the phosphate formation is highly temperature dependent.
Since, complete consumption of P-OH groups is achieved within minutes at 100 ◦C, the side
products can be sufficiently avoided.[44] Finally, the high conversion to triesters is crucial,
given their enhanced reactivity and crosslink density compared to mono- and diesters.[57]

3.2 Materials & methods

3.2.1 Materials

Bisphenol-A propoxylate diglycidyl ether (>= 99 % purity) was obtained from Sigma Aldrich.
Phosphoric acid crystals (>99 % purity) was obtained from ThermoFisher Chemicals. Tetrahy-
drofuran (THF) was obtained from Biosolve. All compounds were used as is, without further
drying.
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3.2.2 Material characterization

Nuclear Magnetic Resonance (NMR)

Proton (H1), carbon (13C) and phosphorous (31P) nuclear magnetic resonance (NMR) spec-
troscopy were performed in a Bruker 400 MHz Bruker Avance III spectrometer at 25 ◦C.

Variable temperature 31Phosphorous solid state NMR (VT 31PSSNMR)

Variable temperature (VT) 31P solid-state NMR (SSNMR) measurements were performed under
static conditions, without magic angle spinning, using a one pulse sequence with a 90 °pulse of
5 µm and an inter-scan delay of 10 seconds. A 0.0485 M triphenylphosphate (TPhP) solution
in CDCl3 was used as a chemical shift reference at 17.70 ppm. Two variable temperature
experiment cycles were performed, a heating cycle from 60 ◦C to 120 ◦C at intervals of 20 ◦C,
and a cooling cycle in reverse order. The system was allowed to stabilize until equilibrium was
reached at 60 ◦C, as well as for 15 min at each temperature.

Within the network, a dynamic equilibrium exists between two states: the ring-opened
phosphate state, which signifies the chain extension link with an adjacent 𝛽-hydroxyl group, and
the ring-closed state, representing the dissociated state of the chains in which the neighboring
𝛽-hydroxyl has reacted with the phosphate (Fig. 3.4). The dissociation rate of the crosslink
depends on the concentration of the ring-opened state with a neighboring 𝛽-hydroxyl function-
ality ([OP]), while the association relies on the concentration of the ring-closed state ([CP])
and the free -OH groups from the dissociated polymer chains ([-OH]). Hence, the equilibrium
constant 𝐾 is represented as such:

𝐾 =
[𝐶𝑃] · [−𝑂𝐻]

[𝑂𝑃] (3.1)

A 1:1 stoichiometry in the synthesization assumes that the network will contain dissociated
phosphate esters and polymer -OH functionalities in a 1 to 1 ratio. Moreover, the OH content
in the network remains the same, because both association and dissociation processes are a
transesterification reaction. Based on this, the concentration ratio between the dissociated and
associated phosphate esters can be determined from the VT 31PSSNMR spectra by calculating
the areas of the corresponding peaks. Additionally, employing Gibbs’ fundamental equation
and Van ’t Hoff’s law allows for the determination of the Δ𝐻◦ for the dissociation process
through the temperature dependence of [CP]/[OP].

Δ𝐺◦ = Δ𝐻◦−𝑇Δ𝑆◦ = −𝑅𝑇 ln𝐾 (3.2)

ln𝐾 =
−Δ𝐻◦

𝑅𝑇
+ Δ𝑆◦

𝑅
(3.3)

ln
(
[𝐶𝑃]
[𝑂𝑃]

)
=
−Δ𝐻◦

𝑅𝑇
+ Δ𝑆◦

𝑅
− ln[−𝑂𝐻] (3.4)



Chapter 3 Approach 16

Fourier transform - infrared spectroscopy (FT-IR)

FT-IR were recorded on a PerkinElmer Spectrum Two at room temperature with a spectral
width between 4000 cm−1 and 400 cm−1.

Size Exclusion Chromatography (SEC)

Size Exclusion Chromatography (SEC) was taken with the Shimadzu Prominence-I LC-2030C
3D. The used eluent was THF with a flow rate of 1 mL/min at 40 ◦C. Polystyrene standards
purchased from Agilent were used for calibration.

Gel fraction

The gel fractions were determined by weighing a sample (𝑚𝑖) in a vial and let it swell for
72 hours in dry THF. After which, the solvent is removed and the sample is washed with fresh
dry THF and dried in a vacuum oven overnight at 110 ◦C. The dried sample was weighed (𝑚𝑑)
and the gel fraction was calculated as follows:

𝑔𝑒𝑙 𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑚𝑑

𝑚𝑖
∗100% (3.5)

3.2.3 Thermal Characterization

Differential scanning calorimetry (DSC)

DSC measurements were conducted using a TA Intruments DSC Q2000. 2 - 5 mg of material
was heated and cooled between -50 and 200 ◦C in two cycles with a heating rate of 10 and
40 ◦C/min. As reference, an empty pan was used.

Thermogravimetric Analysis (TGA)

Temperature ramp and isothermal experiments were performed with the TA instruments
TGA Q500 machine. For the former, samples (5 - 10 mg ) were heated under nitrogen flow
(60 mL/min) from room temperature to 100 ◦C and kept isothermal for 30 min at 100 ◦C
to dry out the sample, following a temperature increase with 10 ◦C/min until 800 ◦C was
reached. For the latter, the temperature was rapidly increased from room temperature to 100 ◦C
with 20 ◦C/min and kept isothermal for 30 min. Once more, the temperature increased with
20 ◦C/min until 180 or 200 ◦C was reached and kept isothermal for 120 min.

Dynamic mechanical thermal analysis (DMTA)

Dynamic Mechanical Thermal Analysis (DMTA) was performed on rectangular shaped
compression molded samples using film tension setup in a DMA Discovery 850 (TA instruments).
Temperature ramp was performed from -50 ◦C to 200 ◦C at 3 ◦C/min under 1 % oscillatory
strain and a frequency of 1 Hz. A preload force of 0.001 N and a force track of 110 % was used.
The storage and the loss modulus were recorded as a function of temperature.
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3.2.4 Rheology

All rheology experiments were measured using the Discovery HR-20 (TA instruments) on a
8 mm parallel stainless steel plate geometry. Experiments were performed with an axial force
of 1 or 4.5 ± 0.1 N.

Oscillatory time sweep experiments

Oscillatory time sweep experiments were performed before each stress relaxation experiment at
200 ◦C for 15 min under 1 % oscillatory strain and at an angular frequency of 1 Hz to erase
any thermal history of each sample. The temperature is than slowly lowered to the desired
temperature of the experiment.

Stress relaxation

There are several ways to model the viscoelastic behavior of a material. The Maxwell model
is the most simple model for describing stress-relaxation tests. If a constant strain is ap-
plied on this model, the stress immediately increases to a maximum value and exponentially
decays to zero depending on both the stiffness and the intrinsic viscosity of the material.
The time it takes for the stress within the material relaxes is given by the characteristic re-
laxation time (𝜏), which is written as the ratio between the viscosity and the modulus (𝜏 = 𝜂/𝐺0).

Stress relaxation experiments were conducted across a range of temperatures to determine
the temperature-dependent viscoelastic response of the material. The relaxation modulus
𝐺 (𝑡) is plotted versus the step time under a constant strain of 5 % and normalized to 𝐺 (𝑡) at
t = 1 s, (𝐺 (1𝑠)), in order to compare the relaxation rates solely based on the kinetics of bond
exchange. However, the analysis of stress relaxation curves show a non-exponential behavior of
the network, indicating that the curves were not to be fitted with the Maxwell model but with a
stretched exponential function as depicted in the equation below [58]:

𝐺 (𝑡)
𝐺 (1𝑠) =

exp
(
−
(
𝑡
𝜏

) 𝛽)
exp

(
−
(

1
𝜏

) 𝛽) (3.6)

Where 𝛽 is the stretching parameter ranging between 0 and 1, characterizes the distribution of
relaxation times, in which 𝛽 = 1 corresponds to a mono-exponential decay, while lower values
indicate a contribution of other relaxation modes that do not describe the relaxation profile well.
[59]

Moreover, the viscosity of the sample can be calculated by multiplying the normalized
stress relaxation with the apparent plateau modulus (𝐺0), from the following equation:

𝜂 = 𝐺0 · 𝜏 (3.7)
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Considering this, an Arrhenius relationship between the viscosity and the reaction kinetics is
found, seen in the equation below:

𝑙𝑛(𝜂) = 𝑙𝑛(𝜂0) +
𝐸𝑎

𝑅𝑇
(3.8)

Where 𝜂0 is the characteristic viscosity, 𝑅 is the gas constant, 𝑇 the temperature. The viscosities
of the corresponding temperature can be plotted and the slope can be used to determine the
flow activation energy (𝐸𝑎) of the system.

Frequency sweep

Frequency sweep experiments from 10−2 or 10−3 rad/s to 100 rad/s were performed on the
network between 160 and 200 ◦C. The oscillation amplitude was set to 1 % strain. The storage
modulus, loss modulus and tan(𝛿) were followed as a function of the frequency.

Flow temperature ramp

Flow temperature ramp experiments were performed from 80 ◦C or 130 ◦C to 200 ◦C with
2.0 ◦C/min. An axial force of 1.0 ± 0.1 N and 5 kPa of stress was used in order to determine
the viscosity change with increasing temperature.

3.2.5 Reprocessing via extrusion

Reprocessing of the material was performed in an Xplore micro-compounder MC 15 HT with a
twin screw setup. Approximately 15 g of the material was grinded and loaded at 120 ◦C and
200 ◦C into the extruder. The torque was measured from 160 ◦C to 200 ◦C at a screw speed of
1 RPM. The extrusion was performed at 200 ◦C, through a 1.75 mm nozzle and a nitrogen flow
was used for purging the barrel.

3.3 Synthesis
For the network formation, 20.95 g (45.9 mmol) of BAPDGE and 4 ml THF were placed in
a 100 ml round-bottom flask. 3 g (30.6 mmol) phosphoric acid was dissolved in 3.5 ml dry
THF in a separate vial. In the meantime, the oil bath was heated to 110 ◦C, which is well above
the boiling temperature of THF (66 ◦C).[60] The reaction was started, by adding the dissolved
phosphoric acid to the flask with BAPDGE at room temperature, after which the mixture was
immediately placed in the hot oil bath under argon flow to react and let the THF evaporate out.
A network was formed after 2 minutes and was kept under argon flow for 30 minutes before
being removed from the oil bath and transferred to a vacuum oven, where it was dried at 120 ◦C
for 24 hours to form an amorphous polymer network.

Figure 3.9 shows a phosphorus (31P) solid-state nuclear magentic resonance (SSNMR) spectrum
at 60 ◦C, where a broad peak at 0.9 ppm, which is indicative of phosphate di- and triesters,
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and a smaller peak observed at 17.4 ppm corresponds to the dissociated cyclic intermediate
state.[61] The 31PSSNMR was taken at 60 ◦C, since the network lacks dynamicity at lower
temperatures to acquire a NMR spectrum with a slightly higher resolution.

Figure 3.9: The 31PSSNMR spectrum at 60 ◦C of the network. The small peak (17.4 ppm) corre-
sponds to the cyclic intermediate state, and the bigger peak (0.9 ppm) the ring-opened
state.



4
Results & Discussion
A dynamic covalent network (DCN) was synthesized by reacting a trifunctional phosphoric
acid crosslinker with the bi-functional bisphenol-A propoxylate diglycidyl ether (BAPDGE)
within minutes. FT-IR analysis revealed the reduction of the epoxide peak at 907 cm−1 and the
appearance of a P-OC bond at 1006 cm−1 (Fig. 4.1).[62, 63] However, the stretching of the
epoxide and the P-OC bond are both identified at 826 cm−1, suggesting that complete conversion
had not been achieved.[62, 64] This observation is further supported by a gel fraction of 70 %.
The synthesized network was reprocessed into rectangular shapes of approximately 24 mm
by 16 mm by compression molding under 100 bar at 130◦C for 1 hour. Subsequently, the
network was slowly cooled to 80◦C under the same pressure, followed by active cooling to room
temperature and a gel fraction of 70 % was obtained. From the rectangular molded shapes,
rectangular bars of approximately 8 mm in width and 0.8 mm in thickness, were cut and circular
disks with a diameter of 8 mm were punctured, which were used for DMTA and rheology
experiments.
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Figure 4.1: FTIR spectra of BAPDGE and the uncured network.
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4.1 Characterization

4.1.1 Exchange mechanism determination

The exchange mechanism of the network was analyzed by varying the temperature within the
31PSSNMR spectroscopy from 60 to 120 ◦C. The heating and the cooling cycles are represented
in Figure 4.2, whereby upon heating both peaks, corresponding to the ring-closed state (around
17 ppm) and ring-opened state (around 1 ppm), increase in height. However, by quantifying
the area under each peak, it becomes evident that the area corresponding to the ring-closed
peak increase, while the area of the ring-opened state decrease (Table 4.1). This indicates
that the ring-opened state dissociates to the ring-closed state, which is more stable at higher
temperature.

Table 4.1: Ratios between [OP] and [CP] during heating and cooling cycles of VT 31PSSNMR, all
normalized at [CP].

Heating cycle Cooling cycle
Temperature [◦C] [CP] [OP] [CP] [OP]
60 1 99 - -
80 1 35 1 12
100 1 11 1 7.2
120 1 5.7 1 5.7

Utilizing Equation 3.4, the reaction enthalpy towards the dissociated state equals 53± 3 kJ/mol
from the slope of Figure 4.3. Compared to the PCL-based phosphate ester network developed
by Majumdar et al.,[43] this network exhibits a significantly higher dissociation enthalpy,
suggesting that the dissociated state is less stabilized. Hence, the equilibrium shift towards the
dissociated state is more temperature dependent.

Furthermore, a shift is visible of the ring-open state from approximately 0.9 ppm to -0.6
ppm. By looking at both peaks, despite an increase in height, they become narrower, due to the
improved resolution at higher temperatures. This phenomenon may also account for the shift
towards lower ppm values, as it is expected that the peak is located in the negative ppm range.[61]

Finally, the cooling cycle visualizes the reversibility of the network in which the concen-
tration of the dissociated cyclic intermediate state reduced and the phosphate ester peak
increased accordingly. Since equilibration times are higher in the cooling cycles and equilibrium
was not yet reached, the areas of the peaks are not the same as of the heating cycle, thus, the
reaction enthalpy in the cooling ramp is not considered (Fig. 4.2).
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Figure 4.2: The heating/cooling cycle from 60 ◦C to 120 ◦C with 15 min equilibration at each tem-
perature.
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Figure 4.3: Temperature dependence of the ratio between cyclic phosphate esters and ring-
opened phosphate esters.

4.1.2 Rheology

Stress relaxation

Stress relaxation experiments were performed with different samples at 140 ◦C, 160 ◦C,
180 ◦C and 200 ◦C under 5 % strain for 1 hour, results of which are shown in Figure 4.4.
The stress relaxation profiles show a complete relaxation within an hour for temperatures
above 160 ◦C. Moreover, as the temperature increases, complete relaxation occurs earlier,
as depicted in Table 4.2. The stress relaxation times were determined by fitting the stress
relaxation profiles using Equation 3.6 at different temperatures. From the unnormalized stress
relaxation profiles, the 𝐺0 was obtained by fitting it with Equation C.1, represented in Table C.1.
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Subsequently, Equation 3.7 was used to calculate the viscosities (Table 4.2). Finally, the
temperature dependence of the stress relaxation as obtained from the fit is represented in an
Arrhenius plot, from which the flow activation energy (𝐸𝑎) is found to be 101 ± 10 kJ/mol
(Fig. 4.4). Notably, the values of the stress parameter 𝛽 decrease significantly with increasing
temperature, due to possible ether formation of the unreacted epoxides that are more dominant
at elevated temperatures. Nevertheless, the stress relaxation times indicate a rapid relaxation
ranging from approximately 143 to 5 seconds, as well as the low viscosity values at 180 ◦C and
200 ◦C.
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Figure 4.4: The stress relaxation profiles of distinct samples at different temperatures (left). The
Arrhenius plot from the viscosities at each temperature (right).

Table 4.2: The quantitative values from the fitted data of the stress relaxation curves from Figure
4.4.

Temperature [◦C] 𝜏𝜏𝜏[s] 𝛽𝛽𝛽 𝜂𝜂𝜂 [MPa·s]
140 142.8 0.66 114.8
160 52.2 0.60 40.5
180 13.6 0.51 7.0
200 4.8 0.44 3.3

Frequency sweep

To obtain a better understanding of the viscoelastic behavior of the network, frequency sweep
experiments were performed with three different samples at 160 ◦C, 180 ◦C and 200 ◦C under
oscillatory shear to gather data on the bond exchange effects under different angular frequencies
(Fig. 4.5). First noticeable at higher frequencies, is the decrease in the plateau storage modulus
from 0.63 to 0.4 MPa. As expected because at higher temperatures, the equilibrium shifts
towards the dissociated state, hence a lower plateau modulus is observed. Towards lower
frequencies, the viscous component is more dominant, seen by the increase and decrease of
the loss and storage modulus. The onset of the drop in the storage modulus moves to higher
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frequencies with increasing temperatures, indicating an increase in the bond exchange rate.
Finally, with increasing temperatures the crossover points to full viscous behavior move towards
higher frequencies confirming again its faster bond rearrangements, namely from 0.006 rad/s at
160 ◦C, 0.017 rad/s at 180 ◦C to 0.021 rad/s at 200 ◦C.
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Figure 4.5: Frequency sweep experiments of the uncured network at different temperatures on
different samples.

4.1.3 Thermal characterization

Thermogravimetric analysis (TGA) determined that 5 % of the network degraded around 271 ◦C
(Fig. B.3). The thermo-mechanical properties of the network were analyzed with dynamic
mechanical thermal analysis (DMTA), results of which are shown in Figure 4.6. A significant
drop in storage modulus, attributed to the glass transition (𝑇𝑔), is observed around 33 ◦C. This
observation is consistent with the 𝑇𝑔 value of 32 ◦C measured by the DSC (Fig. B.1). Following
the rubbery plateau with a plateau modulus of approximately 3 MPa, a subsequent drop in the
storage modulus is observed at around 120 ◦C. This is indicative of a dissociative network, since
the crosslink density decreases at higher temperature due to the shift towards the dissociated
state. However, the storage modulus increases above 150 ◦C, which may be assigned to further
curing of the network. The reason for this could be due to the incomplete conversion, in which
unreacted epoxides may interact with available hydroxyl groups. At higher temperatures, the
concentration of free -OH groups increases, leading to the formation of permanent crosslinks.
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Figure 4.6: The temperature sweep experiment on a rectangular shaped sample in which an
elongated force is applied and the moduli are followed.

4.2 Cured network
Instead of a drying process at 120 ◦C, the network was cured in the vacuum oven at 180 ◦C for
24 hours and taken out after cooling it to 80 ◦C. The 31P-NMR shows that the equilibrium of the
network at room temperature shifted to the dissociated cyclic phosphate intermediate, due to
the increased curing temperature (Fig. A.5). The FT-IR spectra in Figure 4.7 show an increased
intensity of the peak corresponding to stretching of the ether and P=O groups at 1101 cm−1

relative to the P-OC peak at 1006 cm−1, confirming the increase of homopolymerization
of the remaining epoxide groups.[64] Furthermore, the gel fraction increased from 70 % to
approximately 98 %, indicating an increase of network formation. The enhanced crosslink
density limits molecular motion, leading to an observed increase in the 𝑇𝑔 measured at 43 ◦C
using DSC (Fig. B.2).
Nevertheless, the network was still reprocessable by compression molding with the same
procedure as described in section 4, but now, it was performed at 150 ◦C. Subsequently, thermal
and mechanical analyses were performed on the cured network.
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Figure 4.7: FTIR spectra of the uncured and cured network.

4.2.1 Rheology

Stress relaxation

The study involved performing stress relaxation experiments in shear on different samples over
a range of temperatures (140-200 ◦C). The stress relaxation profiles of the cured network shown
in Figure 4.8 indicate not only a slower relaxation, but also not complete relaxation within one
hour. Further analysis, by creating an Arrhenius plot, indicates an 𝐸𝑎 of 66 ± 7 kJ/mol, which
is lower than the uncured sample (Fig. 4.8). By looking at Table C.1, the uncured network
is more temperature responsive than the cured network, noticed by the decrease of 𝐺0 with
increasing temperature as opposed to the relatively constant 𝐺0 of the cured network. The
results show that the flow activation energy is highly dependent on the architecture of the network.

Furthermore, at 180 ◦C and 200 ◦C, the relaxation profiles display an early flattening at
the end, which presumes that residual stress is present within the sample due to the permanent
crosslinks. Table C.1 provides the 𝐺0, from which the viscosities are calculated with Equation
3.7 (Table 4.3). The viscosity increased in comparison to the uncured network, indicating
that the cured network does not flow easily, ultimately concluding that the cured network is
unsuitable for 3D printing.
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Figure 4.8: The stress relaxation profiles of different samples at different temperatures (left). The
Arrhenius plot from the viscosities at each temperature (right).

Table 4.3: The quantitative values from the fitted data of the stress relaxation curves from Figure
4.8.

Temperature [ ◦C] 𝜏𝜏𝜏[s] 𝛽𝛽𝛽 𝜂𝜂𝜂 [MPa·s]
140 2536 0.71 4329
160 995.7 0.72 1274
180 345.6 0.70 722.0
200 114.0 0.71 356.0

Frequency sweep

Frequency sweep experiments were conducted at 160 ◦C, 180 ◦C, and 200 ◦C on one sample
(Fig. 4.9). Upon comparison with the uncured network, the crossover is not identified at
similar frequencies, coupled with a less significant drop in the storage modulus towards
lower frequencies, suggesting a further crosslinked network. Additionally, at higher angular
frequencies and temperatures, a decrease in plateau storage modulus from 3.4 MPa at 160 ◦C
to 2.7 MPa at 200 ◦C was observed, indicative of a dissociative network. At last, the onset of
the drop in storage modulus shifted towards higher frequencies with increasing temperatures,
signifying an increase in the exchange rate at elevated temperatures.
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Figure 4.9: Frequency sweep experiment of the cured network at different temperatures on one
sample with increasing temperature.

4.2.2 Thermal characterization

The DMTA results, represented in Figure 4.10, show an increase in 𝑇𝑔 to 47 ◦C, which is
consistent with the DSC results (Fig. B.2). The drop towards the rubbery plateau as opposed
to the uncured network is less. Additionally, the storage modulus exhibits an increase of
approximately 7 MPa in the plateau modulus. Notably, no significant drop in the storage
modulus is observed, confirming the reduced dynamicity within the network (Fig. 4.10). Finally,
the TGA analysis determined that the temperature at which 5 % of the network degraded was at
290 ◦C (Fig. B.3).
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Figure 4.10: The temperature sweep experiment on a rectangular shaped sample in which an
elongated force is applied and the moduli are followed.
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4.3 Extrusion
The processability of the network was investigated by extruding the uncured network. The
uncured network was grinded in smaller particles and added in the extruder at an initial
temperature of 120 ◦C. The extruder had a difficult task to rotate the screws at 1 RPM below the
maximum torque limit of 40 Nm. Consequently, the temperature was increased in steps of 20 ◦C
until the torque remained constant, which was achieved at 160 ◦C after at least 35 min in the
extruder. Once the torque was constant, the network was a homogeneous viscous material (Fig.
4.11). As the temperature increased, a noticeable decrease in torque is observed, with the torque
measuring 28 Nm at 200 ◦C. Ultimately, after 50 min, the network flowed out of the extruder
and a filament was visible in Figure 4.11 on the right including a video. The video shows that
the filament maintained its shape and did not break. However, as the filament remained in the
extruder for a longer period, it obtained a yellow hue. The yellow hue is indicative of the curing
process of the network, thus, a reduction of the dynamic properties, which resulted in small
cracks visible in the filament (Fig. E.1).
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Figure 4.11: The torque declines with increasing temperature. At 50 min the network is extruded
and the torque drops further down (left). An image of the extrudate with the QR code
to the corresponding video (right).

Subsequently, the extrudates were reprocessable by compression molding and stress relax-
ation experiments were conducted for comparison to the neat network (Fig. 4.12). The stress
relaxation times have increased after extrusion (Table E.1).

In addition, the hydrolytic stability of the extrudates was examined over a period of 23 days. The
extrudates retained its shape for the first 9 days; however, after 16 days, it lost its structure and
transformed into a mushy consistency (Fig. E.3). Moreover, the extrudates exhibited stability
in THF for at least 24 hours, indicating their resilience in both water and THF environments
(Fig. E.4).

https://youtube.com/shorts/sUrfww_02ZU
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Figure 4.12: Stress relaxation profiles of the neat uncured network and the uncured network after
extrusion on different samples with increasing temperature.

An attempt was made to investigate the reprocessability of multiple extrusion cycles at
200 ◦C. The torque reached its limit above 40 Nm multiple times at 1 RPM, but after 25 min,
the network turned into a viscous state and the torque remained below its limit. Subsequently,
after 55 min, the torque remained constant and was extruded (Fig. 4.13). Notably, the torque
remained higher compared to the previous extrusion attempt. This increase in torque can be
attributed to the longer residence time in the extruder above its curing temperature, which
subsequently reduces the flowability of the network (Fig. 4.13).

Subsequently, a second cycle of extrusion was performed, however, the network degraded to
such an extent that the extrudates turned black (Fig. E.2). According to the TGA, only 3 %
degradation at of an isothermal experiment at 200 ◦ was observed (Fig. B.4). The reason of the
accelerated degradation within the extruder can be attributed to both the mechanical mixing of
the network as well as the absence of a nitrogen environment.
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Figure 4.13: The torque stabilized after 55 min at 200 ◦C, until the network is extruded and the
torque drops (left). An image of the extrudate with the QR code to the corresponding
video (right).

Lastly, the flow properties of the network for FDM were determined with a flow temperature
ramp experiment (Fig. 4.14). Noticeably, the viscosity decreases linearly with increasing
temperature, until 180 ◦C is reached and the viscosity increases. Ideally, a significant drop
in viscosity at a certain temperature is observed, which indicates the transition from elastic
behavior to viscous flow behavior. The absence of viscous flow behavior, has a negative impact
on the reprocessability and mechanical properties of the material, thus, making it challenging
to 3D print it with FDM.

130 140 150 160 170 180 190 200 210

100

h
 [M

Pa
×s

]

Temperature [°C]

Figure 4.14: The viscosity versus the temperature profile of an uncured sample after a flow tem-
perature experiment.

https://youtube.com/shorts/sUrfww_02ZU
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Conclusion
This study aimed at developing a printable dynamic covalent network (DCN) suitable with
fused deposition modeling. A phosphate ester based DCN was synthesized within minutes by
reacting phosphoric acid crystals with a diglycidyl ether. This reaction resulted in the formation
of pendent hydroxyl groups through epoxide ring-opening, enabling neighboring group assisted
rearrangements without the aid of a catalyst.

The kinetics of bond rearrangements were analyzed using variable temperature 31PSSNMR,
revealing the reversibility of the transition between the ring-closed and ring-opened states
during heating and cooling cycles. The reaction enthalpy for the dissociation process was
determined to be 53 kJ/mol, indicating that the exchange reaction has a higher activation barrier
than the phosphate network described by Majumdar.[43]

Stress relaxation experiments conducted on the network revealed rapid bond rearrangements,
with the fastest relaxation time of approximately 5 seconds at 200 ◦C. Additionally, the viscosities
at 180 ◦C and 200 ◦C were low. Moreover, frequency sweep experiments demonstrated an
earlier onset of viscous behavior at higher frequencies as the temperature increased, indicating
the potential printability of the network. However, from the DMTA results, it can be observed
that a curing process occurs at temperatures above 150 ◦C. This leads to a notable reduction in
bond rearrangement kinetics, as well as an elevation in the viscosity and modulus. Consequently,
it can be concluded that the curing of the network must be avoided during the extrusion process.

Nevertheless, it was possible to extrude a homogeneous filament at 200 ◦C with an ex-
trusion speed of 1 RPM. However, it should be noted that the network requires a minimum
residence time of 55 minutes at 200 ◦C to exhibit viscous behavior, which is not ideal consid-
ering the increase of the modulus and viscosity shown by the flow temperature experiment.
Furthermore, the bond exchange reactions slow down and small cracks within the extrudate
become present with a more yellow hue. Nevertheless, stress relaxation experiments show a
slight increase in the stress relaxation times after extrusion. Unfortunately, no further analysis
and optimization of the network’s extrusion process has been conducted due to time restrictions.
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Outlook
An alternative approach for extruding this network would involve initially starting the tem-
perature below the curing temperature to obtain a more viscous material, followed by rapidly
raising the temperature to a suitable level, such as 180 ◦C, where the viscosity is low enough
to promote smooth extrusion. Additionally, conducting recyclability experiments to assess
the reprocessability of the material is crucial for investigating its overall lifespan. However,
producing a filament suitable for FDM printing poses a challenge, due to the lack of viscous
flow within the network that would prevent successful extrusion. Consequently, a new synthesis
approach is necessary to reduce the crosslink density of the network.

The usual approach to decrease the crosslink density is to add a chain extender, such as
a dimer fatty acid (DFA), which had been already performed in literature.[13, 65] However,
the attempts on synthesizing with a chain extender were unsuccessful in obtaining the de-
sired network. The methods attempted are detailed in appendix D, wherein it is observed
that the resulting network exhibited similarities to the cured network, despite a reduction of
the 𝑇𝑔 due to the DFA acting as a plasticizer. While this approach holds potential, the nu-
merous unsuccessful trials and time constraints shifted the focus towards another synthesis route.

Fortunately, an alternative approach had successfully resulted in an improved DCN. The
synthesis is based on points 2 and 3 in section 3.1, whereby a reverse addition method was
employed. The addition allowed for the initial formation of monoesters, followed by subsequent
conversion to diesters and ultimately triesters, resulting in a network. Additionally, the ratio
of the diglycidyl ether and phosphoric acid was optimized to promote the formation of longer
chains. Moreover, the type of solvent was also adjusted because the more apolar the solvent, the
more reactive the phosphoric acid was due to less hydrogen bonds with the solvent.[44]

This optimized synthesis formed a network with a lower crosslink density, resulting in a
lower viscosity at lower temperatures as opposed to the uncured network. However, it should
be noted that the following synthesis, found in appendix F, had only formed a network once on
a small scale. Despite repeated attempts, the synthesis had failed consistently. Notably, the
occurrence of phase separation of a network at the top and an epoxide resin beneath it. Various
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modifications, including changing the flask volume, solvent ratios, addition rates had been
investigated, yet none had successfully helped to form a complete network. Nevertheless, a flow
temperature ramp, represented in Figure 6.1, shows a significant drop in viscosity at around
160 ◦C. The viscosity is significantly lower as opposed to the uncured original network (Fig.
4.14), suggesting its potential for FDM printing. Moreover, in appendix F, stress relaxation
experiments are shown, but these results were considered insufficient.
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Figure 6.1: The viscosity versus the temperature profile of the optimized network sample from a
flow temperature ramp experiment.

Alternatively, the utilization of another kind of diglycidyl ether that has a higher molecular
weight could resolve the current problems as well. For example, reacting poly(Bisphenol
A-co-epichlorohydrin), glycidyl end-capped (Sigma-Aldrich, 25036-25-3, 𝑀𝑛 ∼1075) with
phosphoric acid should obtain a less dense dynamic covalent network due to the increased chain
length (Fig. 6.2). A successful attempt on synthesizing the network with the same procedure as
in section 3.3 was made, however, the network was not reprocessable via compression molding.
Nevertheless, it would be interesting to further study and optimize this network.

Figure 6.2: The chemical structure of poly(Bisphenol A-co-epichlorohydrin), glycidyl end-capped.

The advantage of the network presented in this work is that no catalysts are present within
the system that can leach out over time. However, the use of catalysts do improve the kinetics
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of bond exchange reactions, resulting in a potentially significantly improved and extrudable
network. Further research is needed to experiment with the most effective catalysts. Generally
catalysts that promote transesterification should be sufficient, e.g. Zinc acetate (Zn(ac)2),[13]
triazabicyclo[4.4.0]dec-5-ene (TBD) [66] and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).[67]
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Appendices
A Nuclear magnetic resonance

Figure A.1: NMR BAPDGE: 1H-NMR (400 MHz, Acetone-d6) 𝛿 7.61 (dq, J = 8.8, 2.4 Hz, 4H), 7.36
– 7.26 (m, 4H), 4.61 – 3.78 (m, 12H), 3.54 (dddt, J = 7.0, 5.7, 4.2, 2.8 Hz, 1H), 3.32 –
3.24 (m, 1H), 3.21 – 3.10 (m, 1H), 3.01 (qd, J = 5.4, 2.6 Hz, 1H), 2.09 (s, 6H), 1.81 –
1.64 (m, 6H).

Figure A.2: 2D COSY (1H/1H) NMR of BAPDGE.
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Figure A.3: 13C-NMR (101 MHz, Acetone-d6) 𝛿 156.87, 143.11, 127.57, 113.86, 74.32, 71.42,
70.15, 50.62, 43.25, 41.35, 30.50, 28.76.

Figure A.4: 31P-NMR (162 MHz, Acetone-d6) 𝛿 2.23.



Chapter References 44

Figure A.5: 31P-NMR spectrum of the cured network in acetone-d6 performed at 25 ◦C, whereby
the concentration of dissociated ring-closed state approximately 17 ppm is higher in
comparison to the ring-opened state at -2 ppm.

B Thermal analysis

B.1 Differential scanning calorimetry
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Figure B.1: DSC spectrum of the uncured network with two heating and cooling runs for the un-
cured network (exo up). The heating and cooling rates were 10 ◦C/min and 40 ◦C/min
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Figure B.2: DSC spectrum of the cured network with two heating and cooling runs for the uncured
network (exo up).The heating and cooling rates were 10 ◦C/min and 40 ◦C/min

B.2 Thermogravimetric analysis
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Figure B.3: TGA temperature sweep for uncured and cured network. The heating rate was
10 ◦C/min.
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Figure B.4: Isothermal TGA profiles of uncured network at 180 ◦C and 200 ◦C.
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Figure B.5: TGA temperature sweep for BAPDGE. The heating rate was 10 ◦C/min.

C Plateau modulus determination
The𝐺0 is determined by fitting the storage modulus versus the step time of each stress relaxation
profile with the stretched exponential equation:

𝐺 = 𝐺0𝑒
−(𝑡/𝜏)𝛽 + 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 (C.1)
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Figure C.1: The storage modulus versus the step time to determine the 𝐺0 of the uncured net-
work.
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Figure C.2: The storage modulus versus the step time to determine the 𝐺0 of the cured network.
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Figure C.3: The storage modulus versus the step time to determine the 𝐺0 of the extruded net-
work.

Table C.1: The 𝐺0 from the fitted data of the unnormalized stress relaxation curves starting at
0.013 s.

Temperature [◦C] 𝐺0𝐺0𝐺0Uncured [MPa] 𝐺0𝐺0𝐺0Cured [MPa] 𝐺0𝐺0𝐺0Extruded [MPa]
140 0.80 1.71 0.69
160 0.78 1.28 0.98
180 0.52 2.09 0.66
200 0.69 1.77 0.67

D Chain extension
Two synthesis methods were performed in order to react a dimer fatty acid (DFA) with
BAPDGE as a chain extender to reduce the crosslink density. Phosphoric acid and DFA
(Sigma-Aldrich,68783-41-5, hydrogenated C36, Mn∼570 g/mol, ≤ 1.0 % trimer & ≤ 1.0 %
mono) with a 1:0.75 ratio, were dissolved in dry THF. BAPDGE was weighed in a ratio of 1.5:1
to phosphoric acid and mixed with a bit of dry THF. Only after performing the same procedure
as in section 3.3 and curing afterwards resulted in a network. This network showed similar
properties as the cured network, only a reduction of the 𝑇𝑔 (Fig. D.1). Indicating, that the DFA
had not reacted but utilized as a plasticizer within the network.



Chapter References 49

-50 0 50 100 150 200
10-3

10-2

10-1

100

101

102

103

104

E'
 (S

to
ra

ge
 m

od
ul

us
) E

"(
Lo

ss
 m

od
ul

us
) [

M
Pa

]

Temperature [°C]

  E' (no DFA)
  E'' (no DFA)
  E' (DFA)
  E'' (DFA)

Tg
onset (DFA) = 16 °C

Tg
onset (no DFA) = 43 °C 

Figure D.1: DMTA spectra of the first iteration of the cured network and the cured network with
DFA.

The second approach involved synthesizing chains of two DFA components and three
BAPDGE components within each chain. The reaction was performed at 150 ◦C and monitored
using size exclusion chromatography (SEC) to ensure the desired chain length was obtained.
After reacting for 4 hours the desired chain length was obtained, according to the SEC (Fig.
D.2). The reaction was immediately stopped by quenching it. Next, the system was heated to
110 ◦C and 10 mol% of phosphoric acid was added to crosslink the chains together or used as a
catalyst for transesterification reaction of DFA and BAPDGE. Unfortunately, this method also
failed, potentially due to side-reactions that resulted in a reduced concentration of OH groups
within the system. Moreover, optimization in the ratios of the components could be investigated
further.
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Figure D.2: SEC chromatogram of the synthesize of BAPDGE and DFA at different timescales.
As the concentration of BAPDGE and DFA decrease, the concentration of various
copolymers simultaneously increase.

E Extrusion

Figure E.1: The extrudate turns more yellow and small cracks start to appear due to a longer
residence time at 200 ◦C in the extruder.
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Figure E.2: The extrudate burned after a longer residence time in which the network reduced in
dynamic properties during a second extrusion cycle at 200 ◦C.

Stress relaxation

Table E.1: The quantitative values from the fitted data of the stress relaxation curves from Figure
4.12.

Temperature [ ◦C] 𝜏𝜏𝜏[s] 𝛽𝛽𝛽 𝜂𝜂𝜂 [MPa*s]
140 159.7 0.62 111.2
160 95.3 0.56 92.6
180 20.9 0.47 13.4
200 5.7 0.41 3.6

Solvent stability

Figure E.3: Dried samples after swollen in water for 23 days (from left to right).
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Figure E.4: Extrudate swollen for 24 hours in THF.

F Potential optimized network
Synthesis

First, 345.8 mg (0.0035 mol) of phosphoric acid was dissolved in 2 ml dry 1,4 dioxane and
1736.5 mg (0.0038 mol) BAPDGE was dissolved in both 2 ml dry toluene and 7 ml dry
1,4-dioxane. The ratios of BAPDGE and phosphoric acid are 4:3 3/2. This ratio involves the
formation of chains composed of 4 BAPDGE and 3 phosphoric acids, with the remaining 2/3
phosphoric acid was utilized as crosslinker to react with the remaining 2 epoxide groups to
connect the chains. Whilst the dissolved phosphoric acid was placed into a 25 ml flask within
the oil bath, the dissolved BAPDGE was placed in a dropping funnel under argon. Once the oil
bath reached 100 ◦C, BAPDGE was added dropwise into the flask while stirring constantly.
After complete addition of BAPDGE into the system, the temperature was raised to 120 ◦C, and
the dropping funnel was replaced with a bubbler without oil to evaporate the solutions out of
the system overnight. The next day, the formed network was washed with dry THF thrice and
dried in a vacuum oven overnight at 120 ◦C.

Stress relaxation

Stress relaxation experiments were performed on different samples. However, no thermal
curing for 15 min on 180 ◦C was performed, hence the thermal history of each sample is
different, resulting in an insufficient stress relaxation experiment (Fig. F.1). Nevertheless,
the network shows extremely fast relaxation at low temperatures, confirming the potential for
further research in synthesizing this network consistently (Table F.1).
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Figure F.1: Stress relaxation profiles of the optimized network on distinct samples with increasing
temperature (left). The Arrhenius plot from the viscosities at each temperature (right).

Table F.1: The quantitative values from the fitted data of the unnormalized stress relaxation curves
starting at 0.013 s from Figure F.1.

Temperature [ ◦C] 𝜏𝜏𝜏[s] 𝛽𝛽𝛽 𝐺0𝐺0𝐺0 [MPa] 𝜂𝜂𝜂 [MPa·s]
120 39.9 0.70 0.09 3.57
140 17.3 0.79 0.16 2.84
160 5.18 0.72 0.08 0.43
180 5.29 0.63 0.09 0.50
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