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Adaptable Polyurethane Networks Containing Tertiary
Amines as Intrinsic Bond Exchange Catalyst

Lars Schwarzer and Seema Agarwal*

Vitrimers exhibit unique properties, such as thermal recyclability akin to
thermoplastics, while structurally mirroring thermosets in terms of strength,
durability, and chemical resistance. However, a significant limitation of these
materials is their dependence on an external catalyst. Consequently, this
research aims to develop vitrimer materials that incorporate an intrinsic
catalyst, thus maintaining excellent thermomechanical properties and
recyclability. Polyaddition polymerization is employed to synthesize the
desired polymer, incorporating a self-synthesized tertiary amine unit,
(bis(2-hydroxyethyl)-3,3’-((2-(dimethylamino)ethyl)azanediyl)dipropanoate)
(N-diol), as an internal catalyst for transcarbamoylation and potential
transesterification reactions. The resulting polymer, with a gel content of 97%
and a glass transition temperature of 29 °C, is fabricated into test samples for
comprehensive thermal and mechanical evaluations. The material
demonstrates an initial Young’s modulus of 555 MPa, retaining 81% of this

characterized by their high cross-link den-
sity and complete insolubility in water and
organic solvents at all temperatures, akin
to thermosets. However, vitrimers stand
apart with their unique attributes, includ-
ing self-healing properties and the capa-
bility to be welded and reshaped, remi-
niscent of thermoplastics.?7! The defin-
ing behavior of vitrimers is attributed to
the presence of interchangeable chemi-
cal bonds also known as covalent adapt-
able networks (CANs), allowing for bond
exchange reactions.®] These reactions ex-
hibit an Arrhenius-like temperature de-
pendence, which enables reprocessability
while the cross-link density in vitrimers re-
mains constant.’! The reprocessability as-

value after two recycling processes. Additionally, using stress relaxation
analysis (SRA), a topology freezing temperature of 82 °C, indicative of the
characteristic Arrhenius-like relaxation behavior, is identified with a bond

exchange activation energy of 163 kj mol=".

1. Introduction

In 2011, French physicist Ludwik Leibler pioneered a novel cat-
egory of polymer materials, merging the advantageous qualities
of both thermosets and thermoplastics, starting with epoxy-based
polyester resins.?] These materials, known as vitrimers, are
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pect of these chemically cross-linked ma-
terials is particularly promising for reuse
and recyclability, aligning with the esca-
lating focus on developing recyclable plas-
tics amidst growing concerns about the
occurrence of microplastics, plastic waste
management, plastic pollution of land and
seas, and the pursuit of a sustainable society including circular
economy.!'13] The reprocessing and recycling capabilities of vit-
rimers present a promising approach to address the challenge of
recycling covalently cross-linked thermosets, which are currently
difficult or impossible to recycle. By increasing the recyclability
of polymers and products at the end of their lifecycle, we can sig-
nificantly reduce the likelihood of them turning into microplastic
waste.

To date, the most common bond exchange reactions in
vitrimers include, among others, transesterification, tran-
scarbamoylation, transamination, transalkylation, disulfide
exchange, or boronic ester exchange.['*18 The very first example
of vitrimers by Leibler et al. used transesterification reaction
to demonstrate vitrimer behavior.?] At room temperature, the
material behaves like a standard thermoset, but at higher temper-
atures (beyond the vitrimer temperature, T,), it can be processed
like thermoplastics by activating bond exchanges through acid,
base, or metal catalysts.l'?] However, issues such as catalyst
toxicity, leaching, and degradation during use and processing
have spurred research into new vitrimer materials that can be
processed like thermoplastics without additional catalysts.

Building on the understanding that f-activated esters undergo
nucleophilic substitution reactions under milder conditions than
nonactivated esters, low-temperature (2150 °C), catalyst-free vit-
rimers were prepared using f-activated ester diethylmalonate
and poly(hydroxyethyl methacrylate) as precursors, with free hy-
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Scheme 1. Reaction scheme for the synthesis of cross-linked polymer by reaction of N-diol with MDI using DTMP as cross-linker.

droxyl groups for bond exchange reactions.*"! Another example
of catalyst-free, heat- and pressure-processable vitrimers, based
on carbamate exchange reactions, was reported by Dichtel and
co-workers. These cross-linked polyurethanes, prepared by re-
acting bis(cyclic carbonate) and tris(2-aminoethyl)amine with
free hydroxyl groups, exhibited stress relaxation under appro-
priate temperature and pressure conditions via transcarbamoy-
lation reactions.['®! Further building on the idea of f-activated
esters was done by Sumerlin et al. They used the commercially
readily available vinyl monomers methyl methacrylate and (2-
acetoacetoxy)ethyl methacrylate to first form a copolymer precur-
sor containing malonate moieties in the side chains. These mal-
onates were utilized in the formation of vinylogous urethanes
through the reaction with excess tris(2-aminoethyl)amine yield-
ing a thermally processable and recyclable material with free
amines acting as catalyst.[?!]

Our work focuses on synthesizing and characterizing
polyurethane vitrimer materials processable without exter-
nal catalysts. We designed the polymer structure to include a
tertiary amine enhancing exchange reactions as an inherent
part of the repeat unit structure. A self-made diol with a tertiary
amine (the base catalyst) as a side-chain ((bis(2-hydroxyethyl)-
3,3’-((2-(dimethylamino)ethyl)azanediyl)dipropanoate) (N-diol)
was reacted with 4,4’-methylenediphenyldiisocyanate (MDI) and
a cross-linker, di(trimethylolpropane) (DTMP), to prepare the
polyurethane vitrimer. The quaternized linear polyurethanes
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based on N-diol are known from our previous work.[?2 To modify
mechanical properties, a copolyurethane vitrimer using addi-
tional diol-terminated poly(tetrahydrofuran) (PTHF-diol) was
also prepared. The processability is evaluated by heat pressing.
The thermal, structural, mechanical, and rheological properties
of these polymers are determined using techniques like ther-
mogravimetric analysis (TGA), dynamic mechanical thermal
analysis (DMTA), rheology, solid-state NMR, Fourier-transform
infrared spectroscopy (FTIR), and uniaxial tensile testing. Over-
all, this work aims to contribute to the development of more
sustainable, safer vitrimers with advanced processability, and
high-performance properties.

2. Results and Discussion

N-diol and MDI were reacted in the presence of the cross-
linking agent DTMP to achieve the desired cross-linked polymer
(Scheme 1). DTMP was chosen as the desired cross-linker due
to its superior solubility in organic solvents in contrast to pen-
taerythritol. The resulting polymer is designated as NDPUVO.
The cross-linking reaction ultimately leading to gelation was fast,
resulting in complete gelation after approximately 40 min. The fi-
nal polymer after workup was obtained in the form of white pow-
der. The polymer was subjected to solvent extraction using THF.
NDPUVO exhibited a high gel content of 84% and a moderate
solvent uptake of 150%, without prior solvent extraction. Due to
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Figure 1. FTIR spectrum of NDPUVO.

the cross-linked nature of the polymer, the anticipated structure
is verified by FTIR and solid-state NMR spectroscopy due to its
insolubility.

The FTIR spectrum of neat NDPUVO is depicted in Figure
1. The observed spectra align with the anticipated polymer
structure. Notably, no free isocyanate (%2270 cm™) is detected.
The stretching vibrations of aromatic C—H (MDI) and aliphatic
C—H (N-diol) are observed at 2940 and 2870 cm™!, respec-
tively. The stretching vibration of aromatic C=C bonds is visi-
ble at 1600 cm™!. The N—H stretching vibrations of the urethane
groups are observed at 3300 cm™'. The corresponding carbonyl
stretching vibrations are also evident, with highlighted peaks at
1730 and 1710 cm™!. This splitting can be attributed to hydro-
gen bonding between the urethane N—H groups and both the
carbonyl groups (C=0) of the MDI urethane and the N-diol es-
ter groups. This hydrogen bonding weakens the carbonyl bonds
which leads to an absorption shift to lower wavenumbers, result-
ing in hydrogen bonded and non-bonded carbonyls.

Additional qualitative structural analysis was carried out using
solid-state NMR techniques, including 'H, *C cross-polarization
(CP), and >N CP-NMR spectroscopy. The collected data, as seen
in Figure S1 (Supporting Information), confirm the anticipated
structure. Additionally, tertiary amines, lacking attached protons,
are not easily discernible in the nitrogen spectrum using cross-
polarization experiments. Nevertheless, no unexpected signals
were observed apart from these observations. The data align with
the anticipated structure and are consistent with the findings
from FTIR analysis.

The present network showed a glass transition temperature
(T,) of 76 °C as measured by DMTA (Figure 2). Vitrimers pos-
sess a distinctive glass transition temperature, the topology freez-
ing temperature (T,), which is characterized by their Arrhenius-
like relaxation behavior. At T, the polymer network will enter a
flowable state, permitting topology alterations via bond exchange
reactions. Conversely, below T,, the network becomes immobi-
lized, and the polymer chains are rendered incapable of motion.
This temperature was defined by Leibler as at the point of the con-
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ventional liquid to solid transition viscosity () of 10'? Pa s.[%23]
T, determination was done through calculations based on DMTA
measurements, combined with relaxation times derived from
stress relaxation analysis (SRA) as described through the Maxwell
relation and Poisson’s ratio. These DMTA temperature ramps are
essential for determining both the glass transition temperature
T, and the value of the rubber plateau modulus E'(T).

The rubber plateau storage modulus (E’) was measured at
110 °C, because at higher temperatures the material starts de-
grading as seen by TGA experiments. From the obtained graphs,
the plateau modulus E’(T) was determined to be 1.5 MPa. The
SRA data and resulting relaxation times at different temperatures
were obtained through rheology experiments under constant
strain conditions. The SRA data and the corresponding Arrhe-
nius plot are shown in Figure 3A and B. The relaxation times
exhibited a linear relationship under Arrhenius conditions,
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Figure 2. DMTA curves of NDPUVO recorded at a heating rate of 2 K min~!
over a temperature range from —80 to 120 °C.
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Figure 3. A) Normalized smoothed relaxation modulus of NDPUVO at various temperatures. B) Arrhenius plot of NDPUVO with linear fit and calculated
relaxation time at the liquid-to-solid viscosity transition. The dashed line indicates a relaxation to e™' of the initial G, value. C) Hot pressing of NDPUVO
at 135 °C for 40 min at 5 t pressure and cooling down to room temperature provided a transparent and uniform sample. D) Stress—strain curves of
NDPUVO as obtained from uniaxial tensile testing on neat and reprocessed dog-bone samples.

which indicates the vitrimeric properties facilitated by the CAN
and corresponding bond exchange reactions. The good fit of the
data further supports the vitrimeric behavior of the polymers.
The relaxation times for the material at 100, 110, and 120 °C were
recorded as 4500, 1480, and 497 s, respectively. A notable aspect
of its relaxation behavior is the absence of an additional metal
catalyst to exhibit Arrhenius relaxation behavior. The sample
demonstrates the possibility of polyurethanes with N-diol as
internal catalyst to relax through chemical exchange reactions,
as evidenced by the consistent application of the Arrhenius
law (Figure 3B). The calculated theoretical relaxation time at
the liquid-to-solid transition viscosity is used to determine the
corresponding value for T, by plotting it on the Arrhenius
plot. The x-axis value for T, calculation is 3.05. Therefore, the
topology freezing temperature is estimated to be 55 °C (see
the Supporting Information (p. 2) for calculation procedure).
The slope of the Arrhenius fit is used to calculate the activation
energy E, of the bond exchange reactions by multiplying it with
the universal gas constant R. The calculation yields an activation
energy of 135 k] mol~". The value falls within the expected range
for catalyzed transcarbamoylation, which typically requires
around 100-130 k] mol~1.124
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The next step is the thermal processing of cross-linked ND-
PUVO0 and the determination of the optimum conditions. There-
fore, a processing study was conducted, wherein various temper-
atures ranging from 95 to 145 °C and times of 20 and 40 min
were tested under constant 5 t pressure. The most favorable out-
come for neat NDPUVO0 was obtained at a temperature of 135 °C
and a pressing time of 40 min. Special molds were utilized to
ensure uniform dog-bone-shaped samples (Figure 3C). The pre-
pared dog-bone samples were used in uniaxial tensile testing for
the determination of the mechanical properties. Broken samples
were thermally processed again under the same conditions to
investigate the recyclability of the vitrimer material, which was
carried out successfully. Stress—strain curves of neat and recy-
cled samples are displayed in Figure 3D and in Table S1 and
Figure S2 (Supporting Information). The high elastic modulus of
250 MPa is attributed to the short-length repetition units, result-
ing in a rather stiff polymer. The tensile stress at break ranged
from 2 to 7 MPa. The mechanical properties underwent signif-
icant changes upon recycling. The material became 2.5 times
stiffer after recycling. This is evident from a steep increase in the
Young modulus, an almost complete loss of elasticity, and dou-
bling of the maximum measured stress.
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Scheme 2. Stepwise polymerization of CoPUV. First MDI and N-diol are allowed to react before PTHF is added as a chain extender which will further
react with present MDI. During the last step, the cross-linker DTMP is added to ultimately form the desired polymer as a gel.

The next task was to prepare copolymer vitrimers by substitut-
ing a portion of N-diol with flexible PTHF-diol to improve both
reprocessability and the mechanical properties. The synthesis of
the vitrimer is conducted through a three-step, one-pot process.
This involves the reaction of N-diol with MDI, followed by
chain extension using PTHF-diol, and finally cross-linking with
DTMP in the presence of trace amounts of Sn(II) catalyst to
improve the reaction rate, as illustrated in Scheme 2. The Sn
catalyst is removed from the polymer through thorough solvent
extraction after gel formation. The polymers produced from
this process are referred to as copolymer polyurethane vitrimers
(N-diol PTHF copolymer vitrimer, CoPUVs). The formation
of a bubble-free gel typically commences around 40 min after
the addition of the catalyst during the cross-linking phase. The
overall polymer formulation was chosen to still exhibit ~1 mol%
of unreacted OH-groups that could support bond exchange
reactions as nonreacted nucleophile.

The polymer, once prepared, was subjected to extraction in
THF at room temperature. Notably, the polymer demonstrated
a high gel content of 97%, signifying a well cross-linked net-
work structure. Additionally, it exhibited outstanding solvent ab-

Macromol. Chem. Phys. 2024, 225, 2400072 2400072 (5 of 11)

sorption properties, with the capacity to absorb 241% of its ini-
tial weight. The polymer was obtained as a colorless material af-
ter drying, characterized by a soft rubbery texture, as shown in
Figure 4.

The structure of the CoPUV was verified using FTIR and
solid-state NMR techniques. The FTIR spectra of CoPUV are
presented in Figure 5. Notably, no residual isocyanate was de-
tected (2270 cm™!). The stretching vibrations of aromatic C—H
(MDI) and aliphatic C—H (N-diol) groups are observed at 2940
and 2870 cm™!, respectively. The stretching vibration of aromatic
C=Cbonds appears at 1600 cm~'. The N—H stretching vibrations
of the urethane groups are evident at 3300 cm™', accompanied
by corresponding carbonyl stretching vibrations with prominent
peaks at 1730 and 1710 cm™'. CoPUV also exhibits a carbonyl
band splitting attributed to hydrogen bonding of the urethane
groups. Solid-state NMR spectra (Figure S3, Supporting Informa-
tion) primarily depict the PTHF segment of the polymer. How-
ever, the presence of incorporated MDI as a linking unit and ure-
thane groups is also observable, as evidenced by the urethane °N
peak at —278.1 ppm. The signals corresponding to the main N-
diol monomer at around 50 ppm suggest its incorporation into
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858017 SUOWILLIOD @A 118810 3cedl (dde ayy Aq pausenob ae ssjolle YO ‘@S Jo ss|n. 10y Ariq18UIUO AB]IM UO (SUOTIPUD-PUB-SWIBIW0D A8 |IMA 11Ul |UO//SdIL) SUORIPUOD pUe Swie | 38U 8eS *[7202/0T/90] Uo AkiqiTauluo fe|im ‘yineikeg 1eeisienlun Aq 220004202 doew/z00T 0T/I0pwod A8 im Arelq 1 jpuljuo//Sdiy Wwoly pepeojumod ‘9T ‘v20Z ‘SE6ETZST


http://www.advancedsciencenews.com
http://www.mcp-journal.de

ADVANCED
SCIENCE NEWS

M
Chemistry ana Physics

www.advancedsciencenews.com

www.mcp-journal.de

Figure 4. Polymer CoPUV A) after solvent extraction, B) after drying under room conditions for 24 h, and C) after crushing with dry ice.

the polymer. The DTMP cross-linker is predominantly identified
through the carbon signal of the terminal CH, group, which can
be observed at 8.1 ppm.

The T, of CoPUV was determined to be ~63 °C, as mea-
sured by DMTA and differential scanning calorimetry (DSC)
(Figure S4, Supporting Information). TGA curves, obtained un-
der both air and nitrogen atmospheres, exhibited remarkably
similar trends. In both environments, a two-step degradation pro-
cess was observed, beginning at an onset temperature of around
245 °C. At =400 °C, a second degradation step was noted, aligning
with the typical behavior of polyurethanes. The overall degrada-
tion temperatures for CoPUV were found to be around 273 °Cin
an air atmosphere and 271 °C in nitrogen (Figure S5, Supporting
Information).

The T, was determined as described earlier, making use of
both DMTA and SRA experiments. The DMTA data are depicted
in Figure 6. The DMTA analysis of CoPUV reveals a promi-
nent storage modulus plateau starting from 100 °C. The storage
plateau modulus, determined at 150 °C, measures 2.79 MPa.

To investigate the relaxation behavior of the material, stress re-
laxation analysis was conducted using rheology under constant
strain conditions. The resulting relaxation times at various tem-
peratures were plotted alongside the corresponding Arrhenius
plots, as depicted in Figure 7. The relaxation times display a lin-
ear relationship under Arrhenius conditions, demonstrating the
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Figure 6. DMTA curves of COPUV recorded at a heating rate of 2 K min~!
over a temperature range from —80 to 180 °C.

vitrimeric relaxation characteristics up to a certain temperature.
The relaxation times 7 for the material were recorded as ~1874 s
at130°C,455sat140°C, 126 sat 150 °C, and 61 s at 160 °C. These
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Figure 5. FTIR spectrum of CoPUV.
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Figure 7. A) Normalized relaxation modulus of CoPUV at temperatures 130-160 °C. B) Corresponding Arrhenius plot of SRA curves with linear fit and
calculated relaxation time at the liquid-to-solid viscosity transition. C) Normalized relaxation modulus of CoPUV at all measured temperatures including
170 °C and arrow indication of the observed kinks in the SRA curves. D) The resulting Arrhenius plot taking SRA at 170 °C into consideration. The dashed

line indicates a relaxation to e~ (37%) of the initial G, value.

times represent the duration needed for the relaxation modulus
to reach 37% of its initial value and are obtained from Figure 7
at the intersection of the relaxation graphs with the dashed 0.37
line. The observed relaxation times indicate that the material can
undergo relaxation within a moderately swift timeframe under
the specified conditions and even achieve full relaxation (>99%
of initial relaxation modulus G). However, full relaxation only oc-
curs through a second relaxation step at high temperatures. This
behavior becomes more pronounced at higher temperatures like
170 °C where the second relaxation step initiates after only 20 s
(Figure 7C) and then follows the same relaxation trend as those
observed at 150 and 160 °C. This may be due to the presence
of an additional stress relaxation mechanism, such as transes-
terification, since the vitrimers in question have chemical struc-
tures featuring both ester and urethane functionalities, allowing
for both types of dynamic exchange reactions. A visible change
of functionality is also observable in FTIR measurements, where
a shoulder appears in the carbonyl absorption band (Figure S6,
Supporting Information) after the SRA experiments. The gel con-
tent after full relaxation was investigated through solvent extrac-
tion to see if this change happened due to the network collapsing
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and revealed that the material remained highly cross-linked, with
a gel content of 98%.

The theoretical relaxation time 7* at the liquid-to-solid transi-
tion viscosity, based on the Maxwell relation, was used in the Ar-
rhenius plot to ascertain the corresponding values for the T, of
CoPUV. This value was determined to be 82 °C for CoPUV (see
the Supporting Information (p. 2) for calculation procedure). Ad-
ditionally, the activation energy for the bond exchange reactions
in CoPUV was determined to be 163 k] mol~, a high activation
energy for transesterification reactions but a reasonable range for
a potentially catalyzed transcarbamoylation reactions.?*?3] This
confirms that the first stage of stress relaxation is likely due to
transcarbamoylation. It is plausible that additional stress, such
as pressure or other mechanical forces, might be necessary for
the relaxation process to occur effectively. Another potential con-
tributing factor could be the amount and the nature of the catalyst
used in CoPUV. The use of a tertiary aliphatic amine as a catalyst,
being a moderately strong base, could resultin a higher activation
barrier compared to a stronger organic base. This might explain
the higher activation energy required for the bond exchange re-
actions in CoPUV.
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Figure 8. A) Neat CoPUV and processed CoPUV at 150 °C for 20 min at 3 t pressure. The sample thickness is T mm. The processed disk is transparent.
The brown checked background is a thermally stable sheet used as a base for placing the mold in the heat press. B) Stress—strain curves of CoPUV as
obtained from uniaxial tensile testing on neat and reprocessed dog-bone samples.

The plot of In(z) versus temperature starts deviating from lin-
earity on inclusion of stress relaxation data of 170 °C (Figure 7D)
and the material no longer follows the Arrhenius law. It is un-
clear whether a second linear relation is applied or if the rela-
tion becomes nonlinear. Both the activation energy (163 kJ mol™?)
and Ty, (82 °C) are therefore calculated excluding the datapoint
for 170 °C. Future detailed studies should be carried out to thor-
oughly understand this mechanism and the reasons for this re-
laxation behavior.

The subsequent inquiry focused on the suitability of the pre-
pared networks for thermal processing. To address this, a study
was conducted to identify the appropriate processing conditions
for CoPUV. A range of temperatures (from 130 to 150 °C) and du-
rations (from 10 to 20 min) were experimented with, all under a
constant pressure of 3 t. Under the optimized conditions, specif-
ically, at 150 °C for 20 min and a pressure of 3 t, CoOPUV could
be successfully processed into films. These resultant films were
colorless, clear, and homogeneous, displaying a smooth texture
and being nonsticky to the touch. The processing of samples into
molds of varying thicknesses was also feasible. Notably, the stress
relaxation analysis experiments previously mentioned were con-
ducted using polymer disks that were 1 mm thick. These disks
were prepared through heat pressing, utilizing a round mold un-
der the conditions described earlier (Figure 8A). This demon-
strates the versatility of CoOPUV being shaped into different forms
and thicknesses, further highlighting its potential for various ap-
plications.

Utilizing the dog-bone sample mold, samples with a thickness
of 0.5 mm were prepared specifically for tensile testing. These
dog-bone-shaped samples were then subjected to uniaxial tensile
testing to determine their mechanical properties. To investigate
the recyclability of the vitrimer material, broken samples were re-
cycled and processed again, with this cycle being repeated twice.
The stress—strain curves of both the neat (original) and recycled
CoPUV are displayed in Figure 8B (Figure S7, Supporting Infor-
mation). This approach not only highlights the mechanical char-
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acteristics of CoPUV but also provides valuable insights into its
potential for recycling and reuse, an important aspect in assess-
ing the sustainability of such materials. Neat processed CoPUV
shows a notable Young’s modulus of 555 MPa while still main-
taining a certain level of flexibility, allowing for up to 120% elon-
gation. It is worth noting that CoPUV retains a substantial por-
tion of its mechanical properties such as Young’s modulus even
after two reprocessing steps. The initial modulus of 555 MPa un-
dergoes a reduction of only 8% after the first reprocessing and
an additional 11% after the second reprocessing. The same trend
applies to the maximum force at break. It decreases by ~15% per
reprocessing step, starting from ~20 down to 14 MPa after two
reprocessing steps. Although the strain at break shows on an
average a decreasing trend after reprocessing cycles, a promis-
ing observation is that the reprocessed samples (sample 4 af-
ter one reprocessing and sample 1 of the neat, processed ma-
terial; Figure 8B) still exhibit high strains, showcasing the po-
tential of the material when well-recycled films are achieved. It
should also be noted that the film quality varies a lot due to the
limited amount of material and some samples showing edge de-
fects. Nonetheless, the principle and potential of reprocessabil-
ity of the cross-linked material could be shown. The mechanical
data are summarized in Table S2 (Supporting Information). Opti-
mization of the sample procedure preparation from an engineer-
ing point of view during recycling is required in the future, as
well as the potential use of additives to improve processing sta-
bility and homogeneity. For second and subsequent recycling, no
additional catalyst was added.

3. Conclusion

We presented a polyurethane-based covalent adaptable network
containing tertiary amine moieties as internal catalyst for bond
exchange reactions. The initial N-diol-based polymer already
showed Arrhenius-like relaxation behavior, resulting from bond
exchange reactions, and reprocessability. Upon reprocessing
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the network became very brittle and stiff. Optimization of the
polymer by tailoring the composition led to the final copoly-
mer polyurethane vitrimer CoPUV. The incorporation of flexi-
ble PTHF-diol led to improved mechanical properties by dou-
bling the Young modulus, increasing the gel content up to
92%, and improving reprocessability. Even after two reprocess-
ing cycles, 81% of the initial Young modulus was retained.
The crucial Arrhenius-like relaxation behavior was proven by
SRA experiments and showed an exchange activation energy of
163 kJ mol~!. Stress relaxation experiments hinted at an ad-
ditional mechanism, such as transesterification, facilitated by
the vitrimers' chemical structure, which includes both ester
and urethane functionalities, permitting both types of dynamic
exchange reactions. In conclusion, CoPUV can be a promis-
ing material for safer high-performance vitrimers without the
need for an external catalyst, possessing good thermomechan-
ical properties and reprocessability. Future studies should fo-
cus on understanding the mechanisms of stress relaxation and
enhancing the reusability of the material through structural
modifications.

4. Experimental Section

Materials: ~ 2-Dimethylaminoethylamine (DMEA) was distilled before
use. MDI (98%, Sigma-Aldrich), 2-hydroxyethylacrylate (HEA, >95%,
TCl), DTMP (97%, Sigma Aldrich), and dimethyl sulfoxide (DMSO)
(99.9%, Fisher Scientific GmbH) were used as received. PTHF (M, =
1000 g mol~!, Merck) was dried before use at 60 °C for 24 h at reduced
pressure. THF (99.8%, Fisher Scientific GmbH) was run through a ba-
sic silica column (Brockmann 1), desiccated over calcium hydride, and
freshly distilled before use. Toluene (100%, VWR Chemicals) was dried
over water-free calcium chloride, distilled, and stored over 3 A molecular
sieves. Tin(ll) octoate (92.5 100%, Sigma-Aldrich) was used as a 2 m stock
solution in dry toluene. Deuterated chloroform (99.8%, Deutero GmbH)
was dried and stored over 3 A molecular sieves.

Polymer Film and Sample Preparation: Films and dog-bone samples
were prepared by heat pressing on a Carver 2518 hot press at varying tem-
perature, pressure, and time, depending on the polymer. Dog-bone sam-
ples were prepared by filling a custom steel mold with polymer material
tightly. It was placed between two steel plates and one sheet of nonstick
Kapton foil on each side; a brass frame with the same height was also used
to prevent any leakage of polymer into the press. After hot pressing, the
films and samples were put into a water-cooled press where a pressure of
20-30 kN was applied to prevent any morphing during subsequent cool-
ing. All molds should have an excess drain to obtain bubble-free and even
samples. Dog-bone samples were pressed at a thickness of 0.5 mm and
rheological samples at T mm. Films for processing testing were pressed
at a thickness of 0.05 mm. Dog-bone geometry of the samples complied
with DIN 53504 S3A.

Thermal Reprocessing:  Reprocessing was also performed on the Carver
2518 hot press. Used samples in tensile testing were cut or ground into
small pieces and filled into the dog-bone sample mold. The used condi-
tions depended on the reprocessed polymer and were varied accordingly.
After hot pressing, the samples were put into a water-cooled press where a
pressure of 25 kN was applied to prevent morphing. Broken CoPUV sam-
ples were hot-pressed to 400 um thin films instead and punched out us-
ing a hydraulic sample press by Coesfeld according to sample geometry
DIN53504 S3A.

Gel Content and Swelling:  The soluble portion of the polymer was cal-
culated using a straightforward solvent extraction technique at room tem-
perature. A rectangular section of the processed polymer film, measuring
~ 0.5 cm x 0.5 cm X 0.5 mm, was immersed in 15 mL of THF and sub-
jected to gentle agitation for a duration of 24 h. The weights of the film
in its initial, swollen, and dried states (m;, my, and my, respectively) were
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recorded. Subsequently, utilizing the following equations, the soluble frac-
tion (sF) and swelling ratio (sR) were determined

m; —my

SF = !

s 1 (2)

Analytical Methods: Structural features were measured on a
PerkinElmer Spectrum Two attenuated total reflection (ATR FTIR)
spectrometer. The measurements were conducted in the mid-infrared
region, 4504000 cm™', with a resolution of 4 cm~!, and a total of
four scans were acquired to improve the signal-to-noise ratio. The
measurements were performed at room temperature. To conduct further
analysis of the polymer structure, solid-state NMR was employed. The
experiments were carried out using a Bruker 400 MHz MAS NMR with
3.2 mm probes. 'H and *C experiments were conducted at a spinning
frequency of 12.5 kHz, while >N experiments were conducted at 10 kHz.
Cross-polarization technique was utilized for '*C and N experiments.
The 13C and "H-NMR spectra were indirectly referenced with adamantane
in relation to tetramethylsilane, while the "> N-NMR spectra were directly
referenced with glycine in relation to nitromethane. Solution state "H
and 13C NMR spectra were obtained on a Bruker Ultrashield 300 at room
temperature and at 300 and 75 MHz, respectively. Approximately 10 mg
of the sample was dissolved in 0.8 mL of dry CDCl;.

Thermogravimetric Analysis:  TGA was carried out using a Netzsch TG
209 F1 Libra machine under both air and nitrogen atmospheres. The sam-
ples were heated from 25 to 600 °C at a rate of 10 K min~" in pierced lid
40 uL aluminum crucibles. A constant gas flow of 50 mL min~" of nitrogen
5.3 and synthetic air (obtained from RieRner-Gase GmbH) was maintained
during the entire duration of the analysis. Approximately 5-10 mg polymer
was used per measurement.

Dynamic Mechanical Thermal Analysis: Temperature ramps were mea-
sured on a Rheometric Scientific DMTA IV instrument in tension film
mode. The axial pre-force was determined through an initial strain sweep.
The temperature ranges were varied depending on the polymer sample. A
constant heating rate of 2 Kmin~' and an angular frequency of 6.28 rad s~
were used. An oscillating logarithmic strain increase from 0.01% to 0.05%
was applied to guarantee sufficient strain on the samples throughout the
measurement. The glass transition temperature was obtained from the
maximum of the loss modulus. Samples were cut from dog-bone sam-
ples. The glass transition temperature obtained from the maximum in the
loss factor tan(8) describes the temperature with the highest viscous re-
sponse, whereas the maximum in loss modulus corresponds to molecular
motion. The T, was obtained from the loss factor.126]

Stress Relaxation Analysis: For the SRA experiments, an Anton Paar
MCR 302 rheometer was used along with a P-TD 200 Peltier plate and
an H-PTD 200 Peltier hood for temperatures below 200 °C. A plate—plate
setup was used for 12 mm circular samples at 1 mm thickness. The 12 mm
diameter samples were punched out from a 1T mm thick circular pressed
sample. Prior to the stress relaxation experiments a strain sweep was per-
formed at the corresponding temperature to ensure the range of the linear
regime. The measured range reached from 0.01% to 5% strain. The exper-
iments were performed at constant strain with a constant applied force of
1 N to guarantee good contact to the measuring axis. The used temper-
atures and applied strains depend on the polymer material. Each sample
was allowed to equilibrate and relax for at least 10 min at the given temper-
ature and in between measurements at different temperatures. Stress de-
cay was monitored until 37% of the initial relaxation modulus was reached,
and in the case of 150 and 160 °C of CoPUV, the material was fully relaxed
(>99%). The curves were normalized to the initial maximum stress.

Uniaxial Tensile Testing: ~ Uniaxial tensile testing was done on both neat
and recycled samples in the afore mentioned dog-bone geometry, in accor-
dance with DIN 53504 S3A, on a Zwick Roell Z0.5 tensile tester (BT1 FR
0.5TN-D14) with a 500 N KAF-TC force sensor. A standard measurement
speed of 10 mm min~' was used at varying preloads (0.06-0.1 cN) at a
grip-to-grip separation of 20 mm at room temperature. The samples were
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allowed to equilibrate under measuring room conditions for at least 48 h.
Before each measurement, the thickness of each sample was obtained by
calculating the mean value from three points along the gauge area. Length
and width of the sample were fixed at 16 and 4 mm, respectively. The elastic
modulus was determined automatically from the slope of the linear region
of the stress—strain curves. At least three measurements per sample were
taken.

Synthesis of N-Diol:  32.6 mL HEA (310 mmol, 36 g, 1.106 g mL~") was
added to a three-necked round bottom flask along 30 mL dried THF. Over
the course of 45 min, 16.9 mL DMEA (155 mmol, 13.7 g, 0.807 g mL™")
was added dropwise using an addition funnel at room temperature. The
reaction was heated to 45 °C after complete addition and was stirred for
24 h. Excess solvent was removed by distillation. Following preparation,
the product was extracted eight times in 60 mL diethyl ether. Alternatively,
the monomer could also be obtained in good purity by evaporating ex-
cess solvent without further extraction. The monomer was obtained as
a sticky slightly yellow viscous liquid in 90% yield. "H-NMR (300 MHz,
CDCly): & = 4.24-4.17 (m, 4H, O—CH,—CH,—OH), 3.75-3.65 (m, 4H,
O—CH,—CH,—OH), 2.76 (t, J = 6 Hz, 4H, N—CH,—CH,—CO), 2.54 (¢, |
=6 Hz, 2H, N—CH,—CH,—N), 2.46 (£, ] = 6 Hz, 4H, N—CH,—CH,—CO),
236 (t J = 6 Hz, 2H, N—CH,—CH,—N), 2.19 (s, 6H, N—CH5) ppm.
BC.NMR (75 MHz, CDCly): § = 173.0 (C=0), 66.3 (CH,—OH), 60.6
(O—CH,), 57.1 ((CH3),—N—CH,), 52.0 ((CH3),—N—CH,—CH,—N), 50.2
(N—CH,—CH,—CO), 45.9 (CH5), 33.1 (CH,—CO) ppm.

Preparation of NDPUVs:  2.83 g of N-diol (8.82 mmol, 26 mol%) was
dissolved in 60 mLdry THF in a thoroughly dried round bottom flask under
Ar. Then 4.92 g of MDI (19.14 mmol) was added and stirred for 30 min at
room temperature. 1.49 g of DTMP (5.94 mmol) was added and dissolved
at 45 °C water bath temperature. The reaction was driven to completion
until gel formation. The gel was then cut into small pieces allowing to
dry under room conditions for 3 days in a Teflon dish. Further drying was
done for 24 h at 60 °C in vacuo. The dried polymer was further crushed
by an electrical mixer together with dry ice to obtain smaller and more
homogeneous polymer particles. The polymer was dried again at 60 °C at
reduced pressure. NDPUVO was obtained as a colorless powder in 95%
yield.

Preparation of CoPUV: 8.44 g of MDI (33.7 mmol) was dissolved in
60 mL dry THF in a thoroughly dried round bottom flask under Ar. 1.99 g
of N-diol (6.2 mmol, 10 mol%) was pre dissolved in 40 mL THF and slowly
added to the MDI solution over the course of 25 min using an addition fun-
nel. Afterward, dry PTHF (6.80 mmol) was dissolved in 40 mL THF and
added over the course of 35 min using an addition funnel. 2.66 g of finely
mortared DTMP (10.6 mmol) was added, and the reaction was heated on
a 45 °C water bath. To enhance the reaction rate, one droplet of Sn(Oct),
was added after the complete dissolution of DTMP. Gelation took place
after ~40 min, indicating the completion of the reaction. The resultant gel
was then cut into smaller pieces, and a volume of 100 mL dry toluene was
introduced to extract any remaining unreacted monomers and the Sn cat-
alyst. The mixture was allowed to stir at room temperature for 24 h. Excess
solvent was removed, and the polymer was dried under room conditions
for 48 h. Thorough drying was done for 24 h at 60 °C in vacuo. The dried
polymer was crushed by an electrical mixer together with dry ice to ob-
tain smaller and more homogeneous polymer particles. The polymer was
dried again for 24 h at 60 °C in vacuo. The resulting CoPUV was obtained
as colorless soft and rubbery polymer particles in 95% yield.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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