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Abstract

This work presents a straightforward strategy to introduce highly dynamic and adaptable cross-links
into common epoxy resin formulations. For this, an oligomeric amine-based curing agent containing
vinylogous urethane (VU) bonds was developed. This novel polyfunctional amine curing agent can be
used as a drop-in solution for existing epoxy resin technologies, resulting in transparent, rigid and, at
the same time, highly reprocessable catalyst-free epoxy vitrimers. The oligomeric VU curing agents are
prepolymerized via a straightforward condensation reaction between acetoacetates extended with
different classical amine monomers and epoxy hardeners. It is found that vitrimer properties can be
readily introduced into these epoxy formulations by converting less than 50 mol% of the hardener’s

amine functionalities into dynamic vinylogous urethane bonds. In this way, epoxy vitrimers can be
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obtained with material properties comparable to ones of the VU-free epoxy formulations. In addition,
remarkably short processing times are observed in the absence of any catalyst, and the material
displayed very short stress relaxation times and good recyclability, actually representing the most
performant VU-based vitrimers so far. Furthermore, a proof of concept for its use in obtaining glass

fiber-reinforced epoxy composites is also presented.
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Introduction
Epoxy polymers and monomers can be readily obtained from various sources, via oxidation of simple

olefins or via alkylation of nucleophilic functionalities with, for example, epichlorohydrin. Thus, epoxy
polymer technology is compatible with a very wide variety of material precursors, like epoxidized
soybean oil,* epoxidized polyisoprene** and bisphenol A diglycidyl ether.>® Furthermore, epoxides are
versatile bond-forming functionalities and can be reacted with a broad range of functional groups, e.g.
thiols,” amines,®° carboxylic acids'® and anhydrides.!! The strain-promoted ring-opening reactions of
epoxides with various nucleophiles all have the advantage of not releasing small volatile compounds
during the bond forming process. Reactivity can be fine-tuned for a given polymerization or curing
process, also readily enabling the preparation of defect-free thermosetting epoxy networks, which is
a major field of application for epoxy-based materials. The widespread and still growing interest in
epoxy resins originates from their good chemical resistance, mechanical properties, electrical
insulating behavior and excellent adhesion. Therefore, they can be found in a large span of applications

ranging from coatings and adhesives, to high performance composite materials.>®

Like all thermosets, current epoxy materials have a fixed molecular network structure and are thus
unable to be repaired, reshaped or recycled, generating a significant amount of waste that is
intrinsically non-recyclable once it is fully cured. Moreover, epoxy resins also necessarily have to be
produced (synthesized) directly into their desired shape, or trimmed down to a final form, putting
limitations on the material applications. To circumvent these problems, the scientific community has

eagerly investigated the recently introduced concept of vitrimers.X® Vitrimers are a subfamily of
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covalent adaptable networks'? where a rapid exchange of crosslinks can be achieved, while the number
of crosslinks remains constant, resulting in a permanent, structurally integer yet dynamic network that
is insoluble, but at the same time also weldable, reprocessable and recyclable, mimicking a

combination of properties more commonly found in inorganic vitreous glasses.

For the design of vitrimers, a broad range of chemical platforms have been investigated in recent years,

3133 silyl ether®* 3> and many

such as transesterification,’® %20 transamination,?3° disulfide exchange
more.3%*2 The very first vitrimer material, developed by Leibler and coworkers, was in fact an epoxy
resin-based formulation that can undergo catalyzed transesterification.'® Other dynamic covalent
chemistries have since then also been implemented in epoxy-based vitrimers, such as disulfide
metathesis®® 3% and imine exchange.?® 3043 These chemistries have enabled a completely new way of
looking at classical epoxy materials. As with all scientific innovations, the take-up of the technology in
epoxy materials is not always straightforward. Some of the factors contributing to this can be related
to the fact that these chemistries may be chemically far removed from existing epoxy formulations,
and for example require the incorporation of a catalyst'® 1”18 throughout the bulk of the material,

require specific non-commercial monomers?® 3% 4 or hardeners with functionalities that are

chemically and physicochemically quite different from those used in normal epoxy formulations.
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Figure 1. Schematic overview of the two most used dynamic exchange chemistries in amine cured epoxy vitrimers and the
one used in this work. A) Disulfide exchange. B) Imine exchange. C) Vinylogous urethane exchange.

In 2015, we introduced vinylogous urethane chemistry for the design of vitrimers?:. A drawback for
that chemistry platform is that it relies on chemistries and monomers that, although certainly common

in niche polymer materials, are not applied in high-volume bulk polymer materials. Therefore, at the



outset of this study, we wanted to combine the vinylogous urethane platform with epoxy materials.
So far, only few vitrimer chemistries have been applied in amine-hardened epoxy resins, with limited
success?® 304345 (Figyre 1 A and B). For example, Odriozola et al. developed a highly interesting
disulfide-based diamine epoxy hardener. 32 These materials were later found to undergo dynamic bond
exchanges mainly through a thermally initiated free radical addition-fragmentation type mechanism
involving thiyl radicals adding into disulfide linkages,*® rather than a disulfide metathesis exchange.
The chain-like mechanism of the bond exchange reactions leads to more complex thermal responses

of the material compared to idealized vitrimers.'> 4

Herein, we report the use of the catalyst free vinylogous urethane (VU) chemistry platform (Figure 1C)
for the preparation of a novel curing agent for epoxy vitrimers formulations. This study comprises the
design and synthesis of the polyfunctional VU-based amine curing agent, the synthesis of amine-
hardened epoxy resins, and a study of their material properties in comparison to reference epoxy
materials. In addition to a study of the rheological behavior enabled by the dynamic curing agent, also
the recyclability of the obtained vitrimers is reported and a proof of concept for the utilization of

vinylogous urethane epoxy vitrimers in glass-fiber reinforced composite materials is given.



Experimental section
Materials

Benzyl alcohol (99+ %) was purchased from Acros Organics. Zinc acetate dihydrate (299 %) was
purchased from Fluka. EPIKOTE ™ Resin MGS LR 135 and EPIKURE ™ curing agent MGS LH 135 were
kindly provided by Hexion. Ethylene glycol (99 %) was purchased from J&K scientific. 1-Propanol
(>99.5 %), 2,2,6-trimethyl-4H-1,3-dioxin-4-one (293 %), 2-hexanol (98 %), benzylamine (99 %),
chloroform (>99.8 %), tert-butyl acetoacetate (298 %) and tris(2-aminoethyl)amine (TREN, 96 %).
1,3-bis(aminomethyl)cyclohexane (98 %) were purchased from TCl Europe. Anhydrous dodecane
(99+ %), 2-ethyl-1-hexylamine (98 %) and octylamine (99 %) were purchased from Sigma Aldrich.
Glass-fiber fabric style 3025 was used from Porcher Industries. 2,2,6-Trimethyl-4H-1,3-dioxin-4-one
was purified via distillation (0.2 Torr, 65-67 °C). The other chemical products were used as received

unless specified.

Instrumentation

Nuclear magnetic resonance (NMR) analyses were conducted on a Bruker Avance 300
(300 MHz) and a Brucker Avance 11400 (400 MHz) to measure proton spectra at 25 °C. The NMR spectra
were measured in CDCl; and chemical shifts (8) are presented in parts per million (ppm), relative to

CDCls as the internal standard.

Thermogravimetric analyses (TGA) were performed on a Mettler-Toledo TGA/SDTA 851e
instrument. All dynamic thermogravimetric measurements were performed under nitrogen
atmosphere with a heating rate of 10 K/min from 25 °C to 800 °C. All isothermal thermogravimetric
measurements were performed under nitrogen atmosphere at 150 °C for 120 minutes with a heating

rate of 10 K/min.

A Mettler Toledo instrument 1/700 was used to perform differential scanning calorimetry
(DSC) measurements under nitrogen atmosphere with a heating rate of 10 °C/min and a cooling rate

of 10 °C/min. Measurements were performed from 25 °C to 150 °C.



Stress-relaxation tests were performed using an Anton-Paar MCR 302 rheometer with a plate
diameter of 8 mm and on samples having a diameter of 8 mm and a thickness of 1 mm. Amplitude
sweep experiments were performed using a frequency of 1 Hz, a constant force of 5 N and a variable
shear strain that was ramped up logarithmically from 0.01 % to 100 %. Time sweep experiments with
a constant shear strain of 1 %, a constant force of 5N and an angular frequency of 1 rad.s™* during which
both the storage and the loss modulus were measured, were performed before every stress-relaxation
measurement. Then stress-relaxation experiments were performed using a constant shear strain of
1 % and a constant force of 5 N. Creep experiments at different temperatures were also performed
using a constant force of 5 N. Additionally, in the first 300 s no shear stress was applied. Following this,
a 5000 Pa shear stress was applied for 1200 s and finally the shear stress was removed again for
another 1200 s. Viscosity experiments were performed at a specified temperature and using a shear

rate of 50 s%.

Uniaxial tensile experiments were performed on a Tinius-Olsen H10KT tensile tester, equipped
with a 5000 N load cell and at a speed of 10 mm/min and a pre-load of 0.05 N using ASTM standard
type IV dog bones (ISO 527-2-2B). Flat dog-bone type specimens with an effective gauge length of
12 mm, a width of 2 mm and a thickness of +2 mm were used for the tensile tests. The samples were
cut out using a Ray-Ran dog-bone cutter, the samples and the dog-bone cutter were pre-heated for 5
minutes in a 7.5-ton manual rubberstamp press at 150 °C. The tensile tests performed on the
composite samples were carried out on a servo-hydraulic INSTRON 8801 tensile testing machine
utilizing a load cell of £100 kN, a FastTrack 8800 digital controller and a speed of 2 mm/min. In order
to prevent relative rotation of the grips, a special fixture is mounted on the tensile machine.
Additionally, an INSTRON alignment kit was used to align the grips. The tensile data was registered
using a National Instruments C-series data acquisition card. The signals from strain gauges as well as
the load, displacement and strain recorded by the FastTrack controller were measured on the same

time basis. The samples had a rectangular shape of 3 x 20 cm?.



Attenuated total reflection Fourier transform Infrared (ATR-FTIR) analyses were realized on a

Perkin-Elmer Spectrum1000 FTIR infrared spectrometer equipped with a diamond ATR probe.
A SpeedMixer™ DAC 150.1 FVZ was used to homogenize the samples.

The networks were (re)processed using compression molding. The samples were cut into small
pieces and placed in the mold. They were then put in a heated press at 150 °C for 15 minutes at 0
metric ton pressure, after which the pressure was increased to 0.25 metric tons for 20 minutes.
Following this, the pressure was further raised to 1 metric tons for a final 20 minutes. The samples
were then removed from the mold while they were still warm. This procedure could be reduced to 1
minute heating of the molds and only 5 minutes compression, using a pressure of 1 metric tons for the

first processing step (Figure S1).

Soxhlet experiments were performed using toluene at reflux temperature for 24 h. Then, the
samples were carefully taken out and were dried in a vacuum oven at 110 °C overnight to remove the
remainder of the solvent. The soluble fraction was calculated using Equation (1). The reported results

are averages of three measurements.

Soluble fraction (%) = —mtial”™dry . 1009, (1)

Minitial

Synthetic procedures

Propyl acetoacetate was prepared following a procedure described by Denissen et al.? Briefly, 2,2,6-
trimethyl-4H-1,3-dioxin-4-one and 1-propanol were mixed (in a molar ratio of 1:4) in a pressure tube
and heated for 3 h at 135 °C. After the reaction was finished according to thin layer chromatography
(TLC), the excess of 1-propanol was removed under vacuum, yielding pure propyl acetoacetate (Yield
=98 %). 'H NMR (300 MHz, CDCls, 8): 4.10 (t, J = 6.5 Hz, 2H), 3.45 (s, 2H), 2.27 (s, 3H), 1.63 (m, 2H),

0.94 (t, J = 6.5 Hz, 3H).



Propyl-3-(butylamino)but-2-enoate was synthesized following a protocol proposed by Denissen et al.*

Propyl acetoacetate and butylamine (in a molar ratio of 1:2) were dissolved in 5 ml of methanol and
the mixture was stirred overnight. When the formation of the vinylogous urethane was complete
(followed via thin layer chromatography (TLC)), the solvent was removed under vacuum. The mixture
is then dissolved in dichloromethane and washed twice with brine. The organic phase was dried with
MgS0O, and the solvent evaporated yielding the desired product. The obtained product was further
purified by flash chromatography using EtOAc/hexane (25/75). Yield = 92% *H NMR (300 MHz, CDCls,
8): 8.55 (s, 1H), 4.44 (s, 1H), 3.98 (t, J = 6.77 Hz, 2H), 3.20 (g, J = 6.52 Hz, 2H), 1.91 (s, 3H), 1.65-1.39

(m, 7H), 0.936 (t, J = 7.37 Hz, 6H).

Synthesis of propyl-3-(octylamino)but-2-enoate. Octyl amine (26 mmol) was added to propyl
acetoacetate (17 mmol) in chloroform (30 ml) and NaSO4 (1 g). The mixture was left to stir overnight
at room temperature. Afterwards it was filtered over silica to remove the excess of amines. Yield =
91 %. 'H NMR (300 MHz, CDCl3, 8): 8.53 (s, 1H), 4.42 (m, 1H), 3.97 (m, 2H), 3.17 (m, 2H), 1.89 (s, 3H),

1.68-1.48 (m, 4H), 1.4-1.2 (m, 10H), 0.94-0.83 (m, 6H).

Transesterification of propyl-3-(butylamino)but-2-enoate was realized with 3 different protocols:

1) Propyl-3-(butylamino)but-2-enoate was mixed with either benzyl alcohol or 2-hexanol (in a molar
ratio of 1:2). Following this, for the reactions containing catalyst, 5 mol % of Zn(acetate).2H,0 was also
added. The mixtures were heated up to 100 °C (for benzyl alcohol) or 120 °C (for 2-hexanol) in bulk
and at specific time intervals, NMR samples were taken.

2) Propyl-3-(butylamino)but-2-enoate was mixed with 2-hexanol (in a molar ratio of 1:2) and heated
to 160 °Cin a pressure tube in bulk. At specific time intervals, NMR samples were taken.

3) Propyl-3-(butylamino)but-2-enoate was mixed with 2-hexanol and di-isopropylethylamine (in a
molar ratio of 1:2:0.5) and heated to 120 °C in bulk. At specific time intervals, NMR samples were

taken.



Transamination of propyl-3-(octylamino)but-2-enoate. Propyl-3-(octylamino)but-2-enoate was mixed
with benzylamine and 2-hexanol or dodecane (in a molar ratio of 1:5:2) in bulk. The mixture was then

heated to 100 °C and NMR samples were taken at specific time intervals.

Synthesis of ethylene glycol-bisacetoacetate (EG-AA). Ethylene glycol was mixed together with tert-
butyl acetoacetate (in a molar ratio of 1:2.3) in a distillation set-up. The mixture was then heated to
125 °C at 800 mbar for 3 h to remove the formed tert-butanol. Afterwards, the pressure was reduced
gradually to 5 mbar in the timespan of 1h. Finally, to remove the final traces of tert-butanol and tert-
butylacetoacetate, the mixture was left for another 1h at 5 mbar. No further purification was
performed. Yield = 95 %. *H NMR (400 MHz, CDCls, 8): 11.87 (s, 2H, enol), 4.99 (s, 2H, enol), 4.35 (s,

4H), 3.47 (s, 4H), 2.25 (s, 6H), 1.95 (s, 6H, enol).

Vinylogous urethane curing agent (VU curing agent) preparation. EG-A was added to a solution of
1,3-bis(aminomethyl)cyclohexane (BAC) and tris(2-aminoethyl)amine (in a molar ratio of 1:1.75:0.5).
The mixture was then mixed using a speedmixer for 2 x 2 minutes at 2500 rpm. Following this, the

mixture was dried in a vacuum oven at 65 °C to remove the formed water.

Synthesis of the reference epoxy network 1 (ER 1): EPIKOTE ™ resin MGS LR 135 and EPIKURE ™ curing
agent MGS LH 135 were mixed in a ratio of 100:35 + 2 (LR135:LH135) as provided by Hexion. The
mixture was mixed using a speedmixer for 2 minutes at 2500 rpm, after which it was left at 45 °C for

1 h and then fully cured at 100 °C in a vacuum oven overnight.

Network synthesis using water-free network (WFN) procedure. The pre-polymer was mixed with
EPIKOTE ™ resin MGS LR 135 using a speedmixer for 2 x 2 minutes at 2500 rpm in an adapted ratio
from 100:35 + 2 (LR135:LH135) to ensure a 5% excess of primary amines. Then it was cured for 1 h at

90 °C and afterwards transferred to a vacuum oven at 100 °C overnight.



Network synthesis using one-pot network (OPN) procedure. EG-AA was mixed with BAC, TREN (in a
molar ratio of 1:1.75:0.5) and EPIKOTE ™ resin MGS LR 135 using a speedmixer for 2 x 2 minutes at
2500 rpm in an adapted ratio from 100:35 + 2 (LR135:LH135) to ensure a 5% excess of primary amines.

Then it was cured for 1 h at 90 °C and afterwards transferred to a vacuum oven at 100 °C overnight.

Synthesis of the reference epoxy network 2 (ER 2): EPIKOTE ™ resin MGS LR 135 was mixed with BAC
and TREN (3.5:1) in an adapted ratio of 100:35 + 2 (LR135:LH135) to ensure a 10% excess of primary
amines. The mixture was mixed using a speedmixer for 2 minutes at 2500 rpm, after which it was left

at 45 °Cfor 1 h and then fully cured at 100 °C in a vacuum oven overnight.

Synthesis of the reference VUR network: EG-AA was mixed together with BAC and TREN (in a molar
ratio of 1:0.77:0.22) using a speedmixer for 2 x 2 min at 2500 rpm. Then it was cured for 1 h at 90 °C

and afterwards transferred to a vacuum oven at 100 °C overnight.

Composite formation. One layer of glass fiber was placed on a none-sticky foil. EPIKOTE ™ resin MGS
LR 135 and the VU curing agent were separately heated to 45 °C. Once both were at 45 °C, they were
mixed together and partially poured on the glass fiber. The poured epoxy mixture was then manually
spread using a pressure roller until all fibers were impregnated. Following this, a next layer of glass
fiber was placed on top of the impregnated layer of glass fiber. A next amount of epoxy resin was
poured on the new layer of glass fiber and again manually spread. This process was repeated until the
desired layers of glass fiber were reached. Then the foil was closed in a bag and sealed under vacuum.

The composite was then placed in an oven at 100 °C and cured for 4 h.

Composite thermoforming. The sample was placed in a pre-heated oven at 150 °C for 10 minutes
together with the weights used for reshaping. Once the sample and the weights were at the right
temperature, the sample was gradually deformed. After the desired deformation was reached, the

sample was kept in its new shape for 15 minutes to ensure full stress release due to reorganization of
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the vinylogous urethane matrix. Following this, the weights were removed, and the sample was left to

cool down. The sample maintained its new shape without visible damage to the matrix.
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Results and Discussion

Investigation of a curing agent for water-free preparation of vinylogous urethane vitrimers

In previous studies,?% 2% 2% 48 the synthesis of the vinylogous urethanes and the network formation (VU
networks) occurred simultaneously via the reaction between a bi- or tri-functional amine with a bi- or
tri-functional acetoacetate. However, this procedure resulted in the release of water during network
formation, which lead to material defects and thus the necessity for a reprocessing step to prepare
homogeneous materials. In other words, the starting point of this study was the development of
defect-free VU networks, using crosslinking approaches based on the well-known amine epoxy
reaction that does not release any small volatile compounds. In this context, two methods to obtain
vinylogous urethane-containing epoxy vitrimers using a mixture of tris(2-aminoethyl)amine (TREN),
1,3-bis(aminomethyl)cyclohexane (BAC), ethylene glycol bis-acetoacetate (EG-AA) and an industrially

applied epoxy mixture (EPIKOTE ™ Resin MGS LR 135) have been compared (Figure 2).

A) one-pot network B) water-free network
(OPN) HaN ey~ N (WFN)
H H,N NH,
NH,
/ TREN BAC
[¢] o
Y\n/o\/\oM

o O
EG-AA

VU curing agent

EPIKOTETM Resin
MGS LR 135
&

Water-trapped network Water-free network

Figure 2. Schematic overview of the different strategies utilized to obtain vinylogous urethane epoxy materials. A) one-pot
network method (OPN) with water release and B) water-free network method (WFN) using a vinylogous urethane-based

curing agent.
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In the first method, in which all compounds are reacted simultaneously, further referred to as the
one-pot network procedure (OPN, Figure 2A), water is released during the network formation resulting
in water bubbles trapped inside the vitrimer, thus requiring an additional processing step
(grinding/compression molding) to obtain bubble free networks. In the second method, the so-called
water-free network procedure (WFN, Figure 2B), a VU-based curing agent is first prepared, dried and
used as a regular commercial curing agent for epoxy materials. Since the water is already removed,
during the preparation of the curing agent, bubble formation is prevented during the curing step.
Therefore, the material can be directly used and cured in its final shape similarly to conventional,
unrecyclable epoxy thermosets. In this procedure, the VU curing agents fulfills three key requirements:
its primary amine groups are necessary to cure the epoxy resin and to promote the VU exchange
reactions, and it has a relatively low viscosity for processability. Indeed, low viscosity epoxy precursors
show several benefits such as good adhesion and wettability of the resins. Moreover, they allow for
their use in a variety of processing techniques such as resin transfer molding*® or vacuum infusion,*
which are used to obtain composite materials such as wind turbine blades. In order to achieve this low
viscosity, the amount of branching needs to be kept low. In this context, a potential VU curing agent

with a ratio of 3.5:1 of BAC:TREN was chosen to be investigated.

In order to obtain materials with similar properties as standard epoxy resins, the amount of reversible
linkages must be kept reasonably low. Nonetheless, a correct balance between property requirements
and processability conditions needs to be met. In a recent study reported by Torkelson and co-workers,
a theoretical formula is presented to calculate the upper limit of permanent crosslinks that can be
present before the material loses its processability.>? This formula (Equation S1) was experimentally
validated using a highly crosslinked system, where it was found that, for the investigated composition,
a maximum of 40% permanent crosslinks could be present to maintain recyclability. The same equation
was applied to the here described system, with the assumption that only primary amines can react
with epoxides. This assumption is introduced for the purpose of simplifying calculations since, in

reality, also a percentage of secondary amines will react with epoxides (see also section 1 in Sl). We

13



therefore slightly underestimate the amount of irreversible cross-links and the amount of pending
primary amines. It was theoretically found that at least 30 % dynamic bonds (and thus a maximum of
70 % permanent bonds) should be present to provide reprocessability (Table S1). To experimentally
validate this value, different materials were synthesized via the above-described classical OPN method
with varying amounts of dynamic vinylogous urethane bonds, ranging from 20 mol% to 60 mol%. These
tests displayed that good processability could be obtained when using concentrations of vinylogous
urethane bonds above 40 mol%, while the material made with 30 mol% vinylogous urethane bonds
showed only partial processability (Figure S2). This difference between theoretical and experimental
values could most likely be ascribed to the assumption that only primary amines react and the resulting
underestimation of possible irreversible links. Therefore, a composition containing 42 mol% vinylogous
urethane bonds and at least 5 % excess of amines (necessary for the transamination reaction®!) was
chosen for an in-depth characterization. This composition both ensures the processability of the

vitrimer and comparability with the epoxy reference material.

Material characterization

The aforementioned composition was utilized to obtain vinylogous urethane epoxy vitrimers using
both the OPN and WFN approaches (OPNa4z/s and WFNaa/s, respectively). Additionally, several reference
samples were synthesized as benchmark. One reference sample is a commercially available epoxy
network (ER 1) obtained via the mixing of EPIKOTE ™ Resin MGS LR 135 and EPIKURE ™ curing agent
MGS LH 135. The second reference sample (ER 2) consists of an epoxy network containing 10 % excess
of amines, which is obtained via the mixing of EPIKOTE ™ Resin MGS LR 135 with TREN and BAC. The

final reference sample is an epoxy-free vinylogous urethane vitrimer (VUR).
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Table 1. Number of recycling steps, thermal and tensile properties, as well as soluble fractions of all the obtained materials.

Soluble
Recycling | T | Tasx® g E’d
Networks fraction®
steps (°C) | (°C) (%) (MPa)
(%)
Rx0 74 248 1.4 13.50+1.19 | 1560+ 50
Rx1 74 * * 4.85+0.68 1500+ 7

WFNa4y/s Rx2 75 * * 431+1.37 1520 + 82
Rx3 74 * * 2.79+0.61 1530 + 66
Rx4 75 252 0.7 2.80+0.14 1560 + 54
Rx0 74 250 5.0 10.60+1.98 | 1680+ 25
Rx1 74 * * 3.92+1.65 | 1710+101
OPNays Rx2 73 * * 3.66 +0.81 1620 + 36
Rx3 73 * * 4.05+1.03 1650 + 36
Rx4 74 247 1.0 4.67+1.34 1610 £ 45
ER1 Rx0 82 313 3.0 7.44+0.71 1430+ 60
ER 2 Rx0 75 333 0.6 2.08+0.63 | 1540+ 152
VUR Rx0 73 254 16.0 4.18+1.47 1600 + 87

2 Glass transition (Tg) determined during second heating by differential scanning calorimetry (DSC) with a heating and cooling

rate of 10 K/min. ® Temperature at which a weight loss of 5% is observed by thermogravimetric analysis (TGA). ¢ Determined

via Soxhlet extraction in toluene at reflux temperature for 24 h. 4 Apparent Young’s modulus (E’) and elongation at break (&)

determined from tensile testing (0.05N preload and 10mm/min) and strain is measured as [actuator displacement]/[gauge

length]. These values are relative and used for comparison purposes only. * Not performed.

First, the thermal properties of these materials were investigated by DSC and TGA and the results are

summarized in Table 1. The obtained values for the glass transition temperatures of the vitrimers and

the references are all very similar and situated around 73-75 °C. Only a slight difference is noticeable

between ER 1 and the other samples, which can be attributed to the fact that ER 1 is obtained following
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an optimized commercial formulation. This result is promising, since it proves the possibility to obtain
epoxy vitrimers with potential recyclability while having a similar Tg range as the commercially available
counterparts. On the other hand, as expected, a larger difference was observed when comparing the
thermal stability of the networks. The materials containing vinylogous urethane bonds have a Tgsy% of
around 250 °C, which is much lower compared to the one obtained for the epoxy references
(comprised between 313 and 333 °C) (Figure 3A). These results are attributed to the degradation of
the vinylogous urethane bonds, as already reported in the literature.?" * |sothermal TGA analyses at
150 °C (typical reprocessing temperature) for 120 minutes displayed no significant difference with only

a weight loss up to 1 % after 120 minutes (Figure S3).

< 100 A) 70 r B)
< 60 |
g 50 =50
C
S 60 | WEN - 42/5 240 |
= OPN - 42/5 2
2 a0t ER1 g 30
c ER 2
20 VUR <20 t WEN -42/5 OPN -42/5
g 20 r 10 | ER 1 ER 2
VUR
0 1 1 1 O 1 1
25 225 425 625 825 0 5 10 15
Temperature (°C) Strain (%)

Figure 3. A) TGA of the different materials with a temperature ramp from 25 to 800 °C at 10 °C/min. B) Stress-strain curves
of the different materials.

Secondly, the network integrity of all materials was investigated via the determination of the soluble
fraction using Soxhlet extraction. The soluble fractions calculated for the two synthesized epoxy
vitrimers (OPNa4ys and WFNa4z5) were lower than or equal to 5% after 24 h in toluene at reflux
temperature, indicating good network integrity.
Lastly, the tensile properties of WFN4;s and OPN4ys were compared to the different reference
materials (Figure 3B). The materials displayed very similar apparent Young's moduli (Table 1).
However, a slightly higher E’ value was obtained for the OPN4y/s network (E’ close to 1.7 GPa), which

tends to indicate a beneficial interest of combining a vinylogous urethane matrix with an epoxy matrix
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for the OPN method. This result can be attributed to the mixing methods that can result in slightly
different network structures. Indeed, a potentially more homogenous matrix should be obtained with
the OPN method as a result of the lower viscosity that leads to a better mixing, and to the simultaneous
substitution/condensation reactions. Furthermore, when comparing the tensile graphs (Figure 3B), a
clear difference is visible between the references and the materials obtained with OPN and WFN. The
references displayed a brittle fracture with an elongation between 4-7 %, while OPNa4z/s and WFN4y/s
displayed some necking, resulting in a much higher elongation (> 10 %). These results indicate that the
newly prepared vinylogous urethane epoxy vitrimers display similar or even better properties as the

investigated reference materials.

Viscoelastic behavior characterization

Considering the large proportion of irreversible bonds in the matrix (58 mol%), the viscoelastic
properties and thus potential recyclability of WFNa4zs and OPNa4ys were verified by stress-relaxation
experiments. As visible in Figure 4, both materials exhibit full stress-relaxation following a single

exponential decay relaxation, which reflects a typical Maxwell behavior.
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Figure 4. A and C) Stress relaxation experiments of WFN4z/5 (A) and OPNay/s (C) from 115-160 °C. The dashed line
corresponds to the value 1/e, which defines the characteristic relaxation time t. A constant strain of 1 % was applied, which
was within the linear viscoelastic region. B and D) Arrhenius plot of the obtained relaxation times of WFN4z/5 (B) and OPN 35

(D) with a linear trend line.

Figure 4 A and C show a nearly identical stress-relaxation behavior of WFNaz/s and OPNgzss. The
relaxation times measured for these two samples are also relatively close to each other with low values
of 5.5 s and 3.5 s at 160 °C for WFN42/5s and OPNa4y/s, respectively. Furthermore, in both cases a near
perfectly linear behavior is obtained in the Arrhenius plots (Figure 4 B and D), confirming the vitrimer-
nature of these materials despite the high proportion of irreversible bonds. Additionally, the activation
energies (E,) obtained for these two samples are similar, namely 106 + 1 kJ/mol and 100 + 1 kJ/mol for
WFNa42/5 and OPNa4yys, respectively. These activation energies are in the range of reported values for
vinylogous urethane vitrimers.?% 2% 48

The obtained results were then compared to VUR, where a much slower exchange rate was observed
with a relaxation time of 25.5s at 160 °C. This was initially unexpected considering the higher

concentration of exchangeable bonds in VUR compared to WFN42/5s and OPNyy/s. Nevertheless, based
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on this significant difference in relaxation time, it is hypothesized that the addition of epoxides, and
thus the resulting formation of secondary hydroxyl groups within a VU-matrix (Figure 5A), increases
the transamination rate of vinylogous urethanes. Indeed, it was already demonstrated that VU
exchange is accelerated in a protic environment, for example in the presence of para-toluene sulfonic
acid. 2 In addition, the chemical environment can have an influence on the exchange mechanism by

shifting it towards either the Michael addition (Figure 5B) or the iminium (Figure S6) pathway.*®
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Figure 5. A) Schematic representation of the vitrimer network obtained via OPN or WFN, including the presence of hydroxy!
groups. B) Exchange mechanism following a Michael-type pathway E,*f = 102-122 kJ/mol. C) Model study in which the
disappearance of propyl-3-(octylamino)but-2-enoate (octyl VU) is followed as a function of time, through exchange reactions

with benzyl amine in the presence of dodecane or 2-hexanol at 100 °C.

With the aim to evaluate the influence of hydroxyl groups on the vinylogous urethane transamination
exchange kinetics, two model studies with small vinylogous urethane compounds were performed

(Figure 5C). The transamination of propyl-3-(octylamino)but-2-enoate (octyl VU) with benzylamine
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was followed as a function of time in the presence of either 2-hexanol or dodecane at 100 °C. 2-
Hexanol was chosen for its high boiling point and for its secondary hydroxyl group that mimics the
hydroxyl-containing epoxy vitrimers, while dodecane served as a non-hydroxyl containing reference to
remove concentration effects. As shown in Figure 5C, which represents the fraction of octyl VU as a
function of time, the reaction in 2-hexanol immediately resulted in a faster exchange (lower octyl VU
fraction) compared to the reference experiment with dodecane. Based on these model reactions, it
can be rationalized that the hydroxyl groups, resulting from the opening of epoxides, can indeed be
responsible for the observed accelerating effect. This confirms our earlier statement®>2 that not only
the nature of the exchange chemistry and the catalyst are important when designing new vitrimer
materials, but that also the effect of the matrix on the exchange reaction should be taken into account
(e.g. internal catalysis effect). Another option to be considered was that the hydroxyl groups could
result in the transesterification of vinylogous urethanes, which would increase the relaxation rate due
to the presence of two concomitant dynamic chemistries. However, an investigation carried out on
model compounds (Figure S42-S47), showed no significant influence of the transesterification

reaction, thus corroborating the earlier stated hypothesis.

Another important viscoelastic property of vitrimers, besides stress-relaxation, is their creep
resistance. In contrast to thermoset materials, vitrimers tend to creep when heated above their T, due
to the presence of exchangeable bonds, especially if these exchange reactions are fast.*® However, it
is also known that the addition of irreversible crosslinks can greatly reduce the amount of irreversible
deformation.>! Because those two characteristics, i.e. fast exchanges and irreversible linkages, are
coexisting in the herein reported materials, their creep resistance has been characterized at different

temperatures (Figure 6).
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Figure 6. A) Creep recovery experiments of WFN (full line) and OPN (dashed line) materials at different temperatures with an
applied stress of 5000 Pa for 20 minutes. B) Creep recovery experiments of WFN42/5, OPN4yss, ER 1, ER 2 and VUR materials

at 120 °C with an applied stress of 5000 Pa for 20 minutes.

On Figure 6A, which displays the creep recovery experiments of OPN and WFN-based vitrimers, it is
clearly noticeable that below the Tg, no significant irreversible deformation is present in both materials.
Nevertheless, when they are heated above their Tg, the amount of irreversible deformation, though
still minimal (<1 % at 90 °C), starts to become more significant and increases with temperature (>1 %
at 120 °C). Additionally, the higher irreversible deformation for the OPN-based material corroborates
the faster exchange reaction observed in stress-relaxation experiments. However, as expected due to
the lack of exchangeable bonds, the permanently crosslinked networks ER 1 and ER 2 still show a better
creep resistance (Figure 6B and Figure S14-15). Nevertheless, WFN4y/s and OPNays display a better
creep resistance than the VUR (Figure 6B and Figure S13) despite having a faster relaxation, since a
reduction of up to 75 % in irreversible deformation was obtained at 120 °C. Therefore, these materials
show the added value of using the vinylogous urethane chemistry to obtain epoxy vitrimers, since the
hydroxyl groups in the polymer backbone lead to faster exchange reactions, while the irreversible

nature of the epoxy linkages limits the creep at low temperature.

Recyclability
The materials’ recyclability, which is a key aspect of vitrimers, was investigated by breaking the samples

into small pieces and compression molding them in a hot press at 150 °C for 55 minutes. After each
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recycling step, the T, the tensile properties and the FTIR spectra were verified (Table 1,
Figure 7 A and B, Figure S18-21). Furthermore, the thermal degradation temperature (Figure $16-17),

soluble fraction and the stress-relaxation (Figure S24-25) were also investigated and compared after

the fourth and final recycling step (Table 1)
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Figure 7. Recyclability studies for both WFN43/5 and OPN4yss. A) and B) Stress-strain curves of WFN4z/5s and OPNgz/5

respectively after different recycling steps. C) and D) Visual aspect of the obtained samples after different recycling steps.

As already mentioned in Table 1 and as can be seen in Figure 7 A and B, the apparent Young’s modulus
of both materials remained unchanged. However, the elongation property of these materials did
change after the first recycling step, since necking suppression was observed in tensile strength
experiments (Figure 7 A and B). Furthermore, a slight difference is also observable between the WFN-
and OPN-based networks. As displayed in Figure 7A and Table 1, the elongation of WFN4,/s decreases
over the course of the recycling steps, while for OPN4y/s only a clear elongation decrease was visible
for the first recycling step (Figure 7B and Table 1). After the fourth and final recycling step, the

influence of recycling on the stress-relaxation was also investigated. Here, the recycled sample of
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WFN4z/5 had a slightly different behavior compared to the original sample (Figure S24). While the
original sample could fully relax its stress (Figure 4), the recycled sample reached a plateau value,
which resulted in at least 5 % residual stress in the material. This could in principle be attributed to the
oxidation of the pending amines, resulting in a lower amount of amines for the transamination reaction
(and sample coloration). Indeed, the relaxation time also increased from 5.5 s to 6.5 s at 160 °C for the
four times recycled sample, corroborating this hypothesis. Another explanation is that, as a result of
the recycling steps, some small domains appear that are unable to release the trapped stress, resulting
in a percolated network as reported by Torkelson and co-workers®. The stress-relaxation
measurements also display evidence for this second hypothesis, since roughly the same plateau value
is reached at every investigated temperature (Figure S24), clearly indicating some irreversible domains
in the network. On the other hand, the network obtained with the OPN approach did not display a
plateau value and full stress relaxation could be obtained (Figure S25). This observation further
supports the presence of a percolated network being the major reason for the plateau value obtained
for the WFN4y5s sample. These conclusions are in good correlation with the results from the tensile
tests, where OPN4yys displayed full recyclability over the course of 4 recycling steps, while WFN4/s
displayed full recyclability up to 2 recycling steps. Furthermore, DSC measurements did not exhibit a
significant difference over the course of the recycling process (Figure $18-19), since for both networks
a Ty of around 74 °C was maintained. In addition, no change was observed in the FTIR spectra of the
recycled materials (Figure S20-21). Furthermore, after four recycling steps similar degradation

temperatures and soluble fraction were obtained, compared to the original material (Table 1).

Fiber reinforced polymer composite

Fiber reinforced polymer composites (FRPC) are generally used in applications requiring high
mechanical resistance such as in the aerospace industry. However, due to the use of irreversible
crosslinked polymer networks, FRPC are impossible to reshape or recycle, leading to a lot of waste. In

order to solve this problem, the use of vitrimers is receiving an increasing amount of attention.3%5% 54
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Since epoxy resins are often used as the polymer matrix of choice in composite materials, it was
investigated whether the herein reported water-free procedure (Figure 2B) could be implemented to
obtain composite materials with additional vitrimer properties. This would further show the wide
applicability of the VU-containing curing agent by introducing recycling/reshaping features on top of

the standard composite properties.

First, viscosity profiles were obtained for the mixture of EPIKOTE ™ and the VU-containing curing agent
(Figure S31) at different temperatures (Figure S36-38) These profiles are necessary to determine what
type of processing method could be used, since a low viscosity (< 1000 mPa.s) is necessary if resin
transfer molding is envisioned. The profiles in Figure S37-38 showed that at elevated temperatures,
the viscosity of the mixture could be reduced to values below 3000 mPa.s at 45 °C and to around 600
mPa.s at 80 °C. However, these relatively low viscosities could only be maintained for a limited amount
of time (few minutes) due to the reaction between the amines and the epoxy resin, resulting in a steep
viscosity increase. Therefore, hand lamination was chosen as the preferred processing method
(Figure 8A), since for this technique the control of viscosity is not a limiting factor. For this, both the
EPIKOTE ™ and the VU curing agent were heated to 45 °C, manually mixed and applied on the glass
fiber fabric to obtain a one layer ([0°]:) and a four layer composite ([0°]s). The angle refers to the

difference in fiber alignment between the layers.
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Figure 8. A) Example of an end-result of the hand lamination procedure. B) Four layer WFN-based composite after tensile
test showing failure at the grip (indicated with a black arrow). C) Poisson’s ratio as a function of strain. D) Stress-strain curve

of the WFN-based composite.

Visually, the matrix displayed good adhesion to the fibers, however, some small porosities are still
present, due to air trapped in the mixed formulation before it was applied to the fibers. The degassing
step, necessary to prevent this phenomenon, could not be performed due to the fast viscosity increase.
Despite these issues, the composite was further characterized starting with the fiber volume fraction
of the four layered sample, which was determined based on TGA measurements (i.e. resin burning-off
method). This resulted in a fiber volume fraction of 53 % (Table S4), which is in agreement with the
targeted 50 %. A tensile test was also performed on the four layered sample in the direction of the
fibers (0°) and the values were compared to a unidirectional (UD) glass fabric reinforced epoxy
reference (Figure 8D and Table 2).55 However, since the failure occurred at the grips (Figure 8B), the

values obtained for the strain and elongation at failure are most likely underestimated.
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Table 2. Mechanical properties of WFN4,/5 composite.

WFN42/5s composite | UD glass fabric reinforced
[0°]a epoxy [0°]s
E11 (GPa) 31.6 42
2X, (MPa) 405 939
bey (%) 1.36 2.5
V12 0.259 0.259

2 X, = strain at failure, €11 = elongation at failure, ¢ vi, = Poisson’s ratio.

Additionally, no damage to the composite is visible, besides the fracture at the clamp, which is a good
indication that the matrix adheres well to the fibers. Furthermore, the obtained stiffness (E11) is close
to the expected value of a 50 % glass fiber volume fraction containing composite. Moreover, the same
Poisson’s ratio was obtained as for the epoxy reference. Lastly, the reshapeability of the vinylogous

urethane epoxy vitrimer composite was investigated using the one-layer composite (Figure 9).
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Figure 9. Reshaping of a vinylogous urethane epoxy vitrimer. A) Before reshaping. B) Reshaping set-up at 150 °C in an oven.

C) Result after reshaping.

The sample was placed in a pre-heated oven at 150 °C for 10 minutes (together with the weights used
for reshaping). After this, it was gradually deformed as shown in Figure 9B. Once the desired
deformation was reached, the sample was kept in its new shape for 15 minutes to ensure full stress
release due to reorganization of the vinylogous urethane matrix. Following this, the weights were
removed, and the sample was cooled down. The sample maintained its new shape without visible
damage to the matrix (Figure 9C and Figure S41F). This proof of concept study shows the possibilities

of using the WFN procedure in composite production.

Conclusion

In summary, we have demonstrated that it is possible to obtain vinylogous urethane-containing
epoxy/amine vitrimers via two facile procedures. On the one hand, a one-pot procedure with the
release of water in the resin matrix was developed, and on the other hand a water-free two-step
procedure (WFN) was developed wherein epoxy vitrimers can be cured without the release of water
or other volatiles. In the WFN method, water is removed in a prepolymerization step, leading to an
oligomeric polyfunctional amine curing agent, also containing dynamic VU moieties, enabling a drop-in
solution for classical epoxy/amine formulations.

Additionally, the two procedures result in nearly identical materials and both display very fast
stress-relaxation with relaxation times as low as 3.5 s at 160 °C. This fast exchange, even in comparison
to polymer networks wherein the VU-moieties are present in every repeating unit, can be rationalized
by the presence of pending hydroxyl groups, which have a demonstrated accelerating effect on the
transamination reaction of vinylogous urethanes. These highly dynamic, catalyst free materials can be
easily processed and recycled two to four times while maintaining their properties. The material

properties are also similar to the commercial VU-free epoxy reference material. Lastly, we
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demonstrated that not only the resins but also the corresponding glass-fiber reinforced composites

can be reshaped.
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