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derived from aromatic alcohols¥
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Vitrimers belong to the class of covalent adaptable networks and are cross-linked polymers, which
undergo dynamic, associative exchange reactions under thermal treatment, making these networks per-
manent as well as dynamic. In this work a feasible synthesis route for the acetoacetylation of aromatic
alcohols, which expands the selection of acetoacetate monomers for the synthesis of vitrimers, is intro-
duced. Bisphenol-A, resorcin, 2,7-naphthalenediol and 1,1,1-tris(4-hydroxyphenyl)ethane are chosen as
examples for commercially relevant di- and trifunctional alcohols used for countless applications, e.g.
epoxy resins, phenolic resins and polyester-networks, which are in general not reprocessable. In contrast,
aromatic alcohols provide the basis for the prepared vitrimers, representing a reprocessable alternative to
the established materials. Model studies are conducted to enlighten the undergoing condensation, substi-
tution and transamination reactions in the emerging vinylogous urethane/urea mixtures, investigating
solvent and catalyst effects and determining activation energies. Utilizing the findings from the model
studies for the preparation of vitrimers, 16 elastomeric and thermosetting blended poly(vinylogous
urethane/urea) networks are prepared by bulk/solvent polymerization, showing short stress-relaxation
times of up to 0.7 s at 130 °C and activation energies of ca. 45-150 kJ mol™ with a broad range of
material properties. Moreover, the materials show remarkable reprocessing, reshaping, shape-memory

rsc.li/polymers and self-healing properties.

Introduction

The outstanding properties of thermosets with respect to their
mechanical stability and chemical resistance make this class
of polymers attractive for various applications. However, ther-
mosets cannot be reprocessed or recycled due to their perma-
nent cross-linked networks.'™ For this reason, a great deal of
focus has been placed on the field of chemically and physically
robust, but still reprocessable polymer networks over the last
few decades. The use of reversible covalent bonds within
polymer networks enables a dynamic reorganization of cross-
linking points and leads to a macroscopic flow behavior of the
material without a permanent change in the physical or
chemical properties. Polymers with covalently exchangeable
bonds are assigned to the class of covalent adaptable networks
(CANSs) and classified according to the underlying associative,
dissociative, or concerted exchange mechanism.*"°
Considering CANs based on an associative exchange mecha-
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nism, the number of cross-linking points always remains con-
stant during the rearrangement process, providing permanent
and dynamic polymer networks at the same time."'*?

In 2011, Leibler and co-workers established a novel class of
CANs by adding a suitable transesterification catalyst to poly-
ester-based networks. The thermally activated, catalytic trans-
esterification reaction based on an associative exchange
mechanism resulted in permanent polyester/polyol networks
that showed an astonishing viscosity decrease upon heating,
while maintaining a cross-linked polymer network. Hence,
Leibler invented the name “vitrimers” for this novel subcate-
gory of thermosetting polymers.** " Since this initial finding,
various dynamic covalent exchange mechanisms, e.g. transcar-
bonation,"” transalkylation,'® transcarbamoylation,'®*° thiol-
disulfide exchange,”" trans-N-alkylation,> transamination®® >
and transimination reactions®® have been investigated and
applied with innumerable molecules, oligomers or modified
polymers."'**?”3! In 2014, Du Prez, Leibler and co-workers
examined vinylogous amide-type enamine-one species as a
suitable covalent dynamic bond for vitrimers, which are syn-
thesized by the condensation reaction of primary amines and
acetoacetates.”® This bond can be regarded as a vinylogous
urethane, stabilized by the vinylic bond and the conjugation
through the ester unit. In contrast to conventional urethane
bonds, the electrophilicity of vinylogous urethane bonds is
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highly increased, thus enabling thermally induced, dynamic
exchange reactions with primary amines.?*??

In this work, a synthetic route for the acetoacetylation of
aromatic alcohols as suitable raw materials for vinylogous
urethane vitrimers was investigated using 2,2,6-trimethyl-1,3-
dioxin-4-one (TMDO) as a reactant. In particular, the acetoace-
tylation of aromatic alcohols and the use of the prepared aro-
matic acetoacetates have not been described in the literature
for vitrimers which increases the number of possible reactants
multiple times. For example, phenol, bisphenol-A, resorcin,
2,7-naphthalenediol and 1,1,1-tris(4-hydroxyphenyl)ethane
were chosen as commercially accessible and broadly estab-
lished mono-, di-, and trifunctional reactants. Nowadays, these
aromatic alcohols are used for countless applications, e.g.
epoxy  resins,>*?®  phenolic  resins  (resorcinol),’’*
polyesters,*' ¢ dyes (fluorescein and eosin),*’*® medical diag-
nostics® and other usages,’® which make them promising
candidates for the use of recyclable and reprocessable polymer
networks. Moreover, we introduce 2,7-naphthalenediol and
1,1,1-tris(4-hydroxyphenyl)ethane as less toxic alternatives to
the widely established toxic and carcinogenic bisphenol-A and
resorcin-based polymers, which are increasingly being avoided
and replaced by industry.>'™>®

The condensation and substitution reactions of the pre-
pared aromatic acetoacetates with aliphatic primary amines
lead to the formation of blended vinylogous urethane and
vinylogous urea compounds, which both undergo thermally
induced exchange reactions, thus representing the required
dynamic covalent bonds for vitrimers. Model studies are con-
ducted to enlighten the undergoing condensation, substi-
tution and exchange reactions in the emerging vinylogous
urethane/urea mixtures, investigate the solvent or catalyst
effects and compare the activation energies. Utilizing the find-
ings from the model studies for the preparation of vitrimers,
16 elastomeric and thermosetting blended poly(vinylogous
urethane/urea) networks have been prepared and characterized
in terms of their material properties and remarkable reshap-
ing, reprocessing, shape-memory and self-healing properties.

Results and discussion
Synthesis of aromatic acetoacetates

According to the literature, the established synthetic route for
the acetoacetylation of various aliphatic alcohols was carried
out with tert-butylacetoacetate (t-buacac).***>*” However,
another synthesis route using TMDO is described for mono-
functional aliphatic and aromatic alcohols (basic organic
chemistry) in the literature and turned out to proceed in a
much more efficient way for aromatic alcohols, thus enabling
aromatic acetoacetates to be used as suitable monomers for
this type of vitrimer.”® ®' In both synthetic routes the thermal
dissociation of the reactant into a highly reactive, electrophilic
acetylketene is the crucial step for acetoacetylation with the
corresponding nucleophile (Fig. S1, ESIT). TMDO undergoes a
retro-Diels Alder reaction at elevated temperatures (>110 °C),
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thus releasing the reactive acetylketene and acetone, with
acetone being removed by distillation. In comparison, the
established acetoacetylation with t-buacac proceeds by dis-
sociation into the same reactive acetylketene and ter¢-butanol.
Due to the delocalized electrons, aromatic alcohols show sig-
nificantly lower nucleophilicity in comparison to aliphatic
alcohols. Experiments showed that the acetoacetylation of aro-
matic alcohols with t-buacac proceeds slowly with low conver-
sions and emerging byproducts after a long time of stirring at
high temperatures, while the synthesis could not be signifi-
cantly improved by changing the solvent, temperature, reaction
time, and reactant concentration, or even using a catalyst.
Nevertheless, the desired di- and trifunctional acetoacetate
products may be isolated by complicated and time-consuming
purification steps. In contrast, the use of TMDO instead of
t-buacac enables a fast and selective acetoacetylation at 135 °C
in xylene after 45 min. Obviously, in the dissociation step, the
backward reaction of the byproducts or the removal of acetone
proceeds more efficiently. The synthetic route using TMDO
works for aliphatic alcohols as well but does not offer any
major advantages compared to the established synthesis route
using t-buacac. Since the reaction times are significantly
increased for aromatic alcohols, the acetoacetylation using
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Fig. 1 Representation of the synthesized acetoacetate monomers
phenyl-3-oxobutanoate (PH), 1,3-phenylene bis(3-oxobutanoate) (RE),
naphthalene-2,7-diyl bis(3-oxobutanoate) (NDO), propane-2,2-diylbis
(4,1-phenylene) bis(3-oxobutanoate) (BPA) and ethane-1,1,1-triyltris
(benzene-4,1-diyl) tris(3-oxobutanoate) (THPE).
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TMDO represents an effective synthesis route, which allows
easy access to aromatic acetoacetates (Fig. S1, ESIT).

Herein, the aromatic alcohols phenol, bisphenol-A, resorcin,
2,7-naphthalenediol and 1,1,1-tris(4-hydroxyphenyl)ethane were
used as raw materials for the mono-, di-, and trifunctional
monomers phenyl-3-oxobutanoate (PH), 1,3-phenylene-bis(3-
oxobutanoate) (RE), naphthalene-2,7-diyl-bis(3-oxobutanoate)
(NDO), propane-2,2-diylbis(4,1-phenylene)-bis(3-oxobutanoate)
(BPA) and ethane-1,1,1-triyltris(benzene-4,1-diyl)-tris(3-oxo-
butanoate) (THPE) (Fig. 1). The synthesized acetoacetate mono-
mers were characterized by Attenuated-total-reflection-Fourier-
transform infrared (ATR-FT-IR) spectroscopy (Fig. S2, ESIt),
'H/®C nuclear magnetic resonance (NMR) spectroscopy
(Fig. S3, ESIT) and mass spectrometry (MS) (Fig. S4, ESI¥).

Model studies - condensation, substitution and exchange
reactions

In order to investigate the characteristic condensation, substi-
tution and exchange reactions, model studies with monofunc-
tional reactants have been carried out. In the following text
and illustrations, the vinylogous urethane (VUT) and vinylo-
gous urea (VUA) compounds are abbreviated with the respect-
ive substituent on each side of the dynamic covalent bonds
(Phe = phenyl, Hex = hexyl, Bz = benzyl, and AcAc = acetoace-
tate, e.g.: Phe-VUT-Hex). Aliphatic acetoacetates undergo a
selective condensation reaction with primary amines to give a
vinylogous urethane.”*®> However, aromatic acetoacetates
show a different reaction behavior due to their variant electron
configuration. For the model study, phenylacetoacetate (PH)
was mixed with an excess of hexylamine (2 equivalents) in
chloroform at room temperature to give the vinylogous
urethane phenyl-3-(hexylamino)but-2-enoate (Phe-VUT-Hex)
(Fig. 2). Characterization by 'H/">C NMR spectroscopy,
ATR-FT-IR spectroscopy and MS showed the formation of the
vinylogous urethane with the characteristic chemical shifts
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(Fig. S5, ESIf), the typical conjugated C=O ester band
(1663 cm™') and C=C band (1606 cm™") (Fig. S6, ESI{) and
the molecular ion peak m/z = 262.181 (M" + 1) (Fig. S7, ESIY).
In addition, the spectra showed the temporary formation of
the acetoacetamide Hex-VUA-AcAc, since the ester group of the
aromatic acetoacetates is sufficiently electrophilic to undergo a
substitution reaction with the nucleophilic hexylamine.
Subsequently, the acetoacetamide undergoes a fast conden-
sation reaction with another hexylamine, giving the vinylogous
urea compound Hex-VUA-Hex together with Phe-VUT-Hex
("H NMR, MS, and ATR-FT-IR, Fig. $8-510, ESIf). This is
proven by individual reference measurements of the pure viny-
logous urea compound Hex-VUA-Hex ("H/’C NMR, MS, and
ATR-FT-IR, Fig. S11-14, ESIf). In this way two dynamic
covalent bonds were synthesized simultaneously with an
approximate proportion of 37% vinylogous urethane and 63%
vinylogous urea products, respectively.

Due to the significantly lower electrophilicity of the conju-
gated C=0O ester bond of the vinylogous urethane, this bond is
resistant to further substitution reactions with free hexyla-
mine, while the C=C bond enables dynamic covalent
exchange reactions. Thus, mixtures of vinylogous urethane/
urea compounds and pendant free amines could be obtained.
In general, the nucleophilicity of the amines highly depends
on solvation, steric hindrance or coordinating effects and can
be adjusted by solvents, catalysts or other additives.®*® For
example, the aromatic amine aniline undergoes a more selec-
tive condensation reaction, producing mainly the vinylogous
urethane compound Phe-VUT-Phe (67%)(Fig. S15, ESIf),
proved by reference measurements ("H/MS and ATR-FT-IR,
Fig. S16-21, ESI{).

Moreover, experiments showed that the ratio of the emerging
vinylogous urethane and vinylogous urea products can be
adjusted by the solvent (dimethyl sulfoxide (DMSO), benzene,
and chloroform) (*H NMR, Fig. S22, ESI{) and/or acetic acid as a
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Fig. 2 Schematic representation of the condensation and substitution reactions of aromatic acetoacetates and aliphatic primary amines. The
nucleophilic attack can either occur at the keto group, producing a vinylogous urethane, or at the ester unit, producing an acetoacetamide and viny-
logous urea. Both types represent dynamic covalent bonds, which undergo fast exchange reactions with free primary amines at elevated tempera-
tures in the absence of a catalyst. For the model studies phenylacetoacetate, hexylamine and benzylamine have been used.
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Fig. 3 Ratio of the vinylogous urethane and vinylogous urea com-
pounds resulting from the condensation and substitution reactions of
phenylacetoacetate and hexylamine in different solvents/bulk and with
different amounts of acetic acid. The ratio can be shifted to a selective
formation of either the vinylogous urethane or the vinylogous urea
compound.

catalyst (Fig. 3) ("H NMR, Fig. S23, ESI}). Available protons pro-
tonate the keto group of the acetoacetate and increase the elec-
trophilicity, which shifts the ratio to the vinylogous urethane
products and allows a selective conversion by using a sufficient
amount of acetic acid. Furthermore, the conversion rates are
highly increased by the addition of some acetic acid, while a
higher amount of acetic acid slowed down the reaction and
finally totally inhibited it due to the protonation of all nucleo-
philic amines (Fig. S24, ESIT). In comparison, the condensation
reaction of the aliphatic methylacetoacetate and hexylamine
selectively yields the vinylogous urethane compound in all con-
sidered solvents and acetic acid as a catalyst.®” In addition, the
characteristic exchange reactions of the vinylogous urethane and
vinylogous urea compounds with pendant free amines were
investigated and compared in terms of their activation energies
(Fig. 4). For this, an excess of four equivalents of a different
amine-type were added to the vinylogous urethane/vinylogous
urea mixture to ensure a pseudo first order decay during the
beginning of the exchange reaction (eqn (S1), ESIt). The vinylo-
gous urethane exchange was monitored at 70, 90 and 110 °C,
while the vinylogous urea exchange was monitored at 12, 22 and
32 °C (schematic overview of the used compounds, Fig. S25,
ESI}). By plotting the rate constant (In k) against the reciprocal
temperature (1/K), the activation energies can be calculated from
the slope of the linear fit. "H NMR spectra show the exchange of
benzyl- and hexylamine during the exchange reaction. Regarding
the vinylogous urethanes the spectra show a shift of the charac-
teristic vinylic proton at 4.68 ppm (Phe-VUT-Bz) to 4.58 ppm
(Phe-VUT-Hex) (Fig. S26, ESIt). The vinylogous urea compounds
show a shift of the characteristic NH protons at 8.93 ppm (Hex-
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Fig. 4 Calculation of the activation energies from the slope of the linear
fit by plotting In k against the reciprocal temperature. The activation ener-
gies of aromatic and aliphatic vinylogous urethanes show comparable
values of 64.5 + 10.3 kJ mol™* and 64.7 + 8.1 kJ mol™ . The vinylogous
urea compounds show an activation energy of 52.2 + 4.8 kJ mol™%.

VUA-Hex) and 9.39 ppm (Hex-VUA-Bz) after the exchange reac-
tion (Fig. S27, ESI{). ATR-FT-IR spectra did not show significant
shifts of the characteristic C—=0O ester, C—=0 amide or C=C
bands after the exchange reaction (Fig. S28, ESIT). An activation
energy of 64.7 = 8.1 k] mol™" was calculated for the aromatic
vinylogous urethane exchange, while 52.2 + 4.8 k] mol ™" was cal-
culated for the vinylogous urea exchange (Fig. 4). In addition,
the activation energy for the exchange of aliphatic vinylogous
urethanes synthesized by methylacetoacetate and hexylamine
was determined and a similar activation energy of 64.5 + 10.3
k] mol™" was obtained (Fig. S29, ESIf). The results were sup-
ported by comparing the expected exchange products with indi-
vidual reference compounds (*H/**C NMR, MS, and ATR-FT-IR,
Fig. S30-S32, ESIf). Furthermore, the calculated values are in
good agreement with the values reported in the literature and
point out that aromatic and aliphatic vinylogous urethanes show
similar activation energies.>**

Blended poly(vinylogous urethane/urea) networks

In this work four different di- and trifunctional acetoacetate
monomers, used for the condensation/substitution reactions
with trifunctional primary amines, are introduced. Jeffamine-
T403 (JA) and tris(2-aminoethyl)amine (TREN) have been used
as trifunctional cross-linking agents (Fig. 5). TREN has already
been established as a suitable cross-linker for vinylogous
urethane vitrimers and other vitrimer-types.>**”%%¢
Furthermore, JA is a commercial, trifunctional amine based on
poly(propylene oxide), which is used as a cross-linker in
several industrial applications, especially epoxy resins.
Moreover, JA has been of interest to scientific basic research
in terms of epoxy chemistry, composite materials, and other
applications, serving as an alternative as a less toxic cross-
linker than the highly toxic TREN.®®*7® The monomers were

Polym. Chem., 2022,13, 946-958 | 949
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Fig. 5 Representation of the used di- and trifunctional acetoacetate and amine monomers and the resulting network structure, containing vinylo-
gous urethane bonds, vinylogous urea bonds, and free aliphatic amine- and aromatic hydroxy groups.

mixed at 80 °C in a bulk reaction (with and without acetic
acid) until an opaque, homogeneous mass was obtained. A
solvent-based polymerization was carried out in chloroform.
Herein, the solvent was slowly evaporated at room temperature
until gelation of the vitrimers occurred. Next, the vitrimers
were cured in vacuo for 20 h at 100 °C to complete the curing
process and to remove excess water/acetic acid from the con-
densation reaction. Afterwards, the vitrimers were post-cured
at 150 °C for 1 h and hot-pressed at 150 °C to obtain 1 mm
thick films. The stoichiometry of the functional groups and
the degree of cross-linking are important factors in the pre-
pared poly(vinylogous urethane/urea) networks. The avail-
ability of free primary amine groups accelerates the reorganiz-
ation process due to exchange reactions within the network.
Nevertheless, the network topology is affected by synthesizing
a material with an excess of amines, which implies working
under non-stoichiometric conditions. Therefore, a compro-
mise between the rearrangement rate and resilient network
integrity must be made. In addition, the ratio of the emerging
vinylogous urethane/urea compounds determines the required
amount of amines (R) and can be estimated from the results of
the model study. Furthermore, the choice of the monomer
backbone is a decisive factor, since it determines the spatial
arrangement of the polymer network and thus has a strong
influence on the exchange rate and mechanical properties.***’
As discussed in the model study, blended poly(vinylogous
urethane/urea) networks were synthesized simultaneously,
containing two dynamic covalent bond types at the same time
(Fig. 5). Because of that, acetoacetate to amine ratios (R) with
an excess of amines (R = 0.5, 0.7, and 0.9) were set to ensure
sufficient amine groups for the condensation, substitution,
and exchange reactions depending on the polymerization con-
ditions (with or without acetic acid). By performing that, 16
vitrimers were polymerized, providing new materials with a
broad range of properties. The used monomers, compositions
and the measurement results of differential scanning calori-
metry (DSC), thermogravimetric analysis (TGA), dynamic
mechanical analysis (DMA), and tensile tests as well as the cal-
culated activation energies (E,) are summarized in Table 1.

950 | Polym. Chem., 2022, 13, 946-958

ATR-FT-IR spectra show the disappearance of the character-
istic C=0 ester and C=O ketone bands of the acetoacetate
monomers after the polymerization (Fig. 6) (Fig. S33, ESIT).
The vitrimers show the characteristic C=C band (1610 cm™")
and C=0 ester band (1664 cm™") of the vinylogous urethane
bonds as well as the C=C band (1593 cm™') and C=0 amide
band (1616 cm™") of the vinylogous urea bonds, proving the
formation of the blended poly(vinylogous urethane/urea) net-
works (all spectra, Fig. S34, ESIf). Nevertheless, the spectra
show several overlapping bands, which lead back to the aro-
matic C=C stretching bands of the conjugated phenylic rings
(1587-1605 cm™") and free primary amine groups (1591 cm™")
in the same area. The reference spectra of the individual
model compounds support these findings by measuring
similar bands (Fig. S6-S12, ESIf). Furthermore, a qualitative
shift regarding the vinylogous urethane/urea bond ratios could
be observed, using acetic acid as an additional catalyst and/or
carrying out a controlled polymerization in chloroform. As
shown in the model study, this shifts the ratio towards the
vinylogous urethane bonds. IR spectra support this finding by
measuring the increased C=0 ester band (1664 cm™") (Fig. 6).
Nevertheless, it is not possible to determine exact ratios from
the spectra.

Thermogravimetric analysis of the materials showed
thermal degradation temperatures of 222-290 °C (5% mass
loss) at ambient atmosphere (Fig. S35, ESIT). Relating the
results to the values of vinylogous urethane vitrimers
described in the literature (230-280 °C), the prepared blended
The
glass transition temperatures of the vitrimers have differed sig-

vitrimers showed similar degradation temperatures.””

nificantly by using various acetoacetate to amine ratios, cross-
linking agents or acetoacetate backbones. With this, elasto-
meric and thermosetting vitrimers with T, values between 11
and 73 °C could be prepared. In particular, the use of JA
enabled low Ty, partially elastomeric vitrimers, while the use
of TREN led exclusively to thermosetting vitrimers. By using
additional acetic acid (ratio shifted to vinylogous urethane
bonds) the materials show higher glass transition tempera-
tures (Fig. S36, ESIT). Temperature-dependent DMA measure-

This journal is © The Royal Society of Chemistry 2022
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Table 1 Overview of the synthesized vitrimer compositions and characteristic properties measured by DSC, TGA, DMA and tensile test
measurements

Vitrimer Tg[°C]  Tos06 [°C]  Tiz0ec[s] Ea[KIMOI™]  G'aooc[GPa]  G'i50ec [MPa]  Epgre [MPa]  Omg re. [MPa]  &mg e [%]
Bulk

VU-REj4, 0.5 27 244 79 43.8+2.6 0.70 2.00 290 14.6 7.4
VU-RE},, 0.7 11 237 343 47.3 +2.5 0.10 0.43 5.0 5.60 340
VUH+-REJA’ 0.9 32 222 686 55.5+2.6 0.33 0.64 260 10.1 9.6
VU-NDOy, 0.5 39 262 44 48.9+2.4 0.42 1.70 1270 52.9 5.4
VU-NDOyy, 0.7 30 241 65 54.8+5.9 0.77 0.80 350 31.1 6.5
VUH+-NDOJA’ 0.9 43 253 36 79.6 £ 3.8 0.78 0.70 1150 50.0 5.4
VU-THPEyy, o.5 45 290 133 46.4+1.4 0.81 1.40 870 62.8 6.7
VU-THPE4, 0.7 42 267 136 44.6 + 2.8 0.33 0.42 1240 30.9 2.5
VUH'-THPE, o 68 279 3193 149.7 +41.3  0.74 0.82 1540 20.3 1.8
VU-BPAy,, o5 33 260 58 52.2 +6.7 0.67 2.05 850 35.0 4.9
VU-BPAy, 0.7 20 250 133 43.9 + 10.6 0.47 0.25 320 12.5 5.9
VUH'-BPAj, 0.0 48 258 275 97.9+2.6 0.78 0.12 1160 5.20 0.5
VU-BPArren, 0.5 68 244 0.7 50.2+2.2 0.78 1.04 1100 33.6 2.7
VU-BPArron, 0.5 73 242 1.2 59.9 + 2.4 0.67 1.57 1450 12.7 1.2
Solvent-based

CFVUH'-BPAy, o, 45 266 355 90.2 + 6.9 0.63 0.32 920 7.8 1.3
CFVUH"-BPAj, 09 57 269 814 149.5+81  0.54 0.59 1170 53.0 4.6

The table shows the respective compositions of the vitrimers with the used acetoacetate monomers (RE, NDO, BPA or THPE), the used amine
monomers (JA or TREN), the acetoacetate to amine ratio R and H' for the use of acetic acid (template: VUH -acetoacetate,mine, r)- Poly(vinylogous
urethane/urea) networks are abbreviated with VU. The glass transition temperatures (T on-sec), thermal degradation temperatures at 5% mass loss
under an ambient atmosphere (Tos0,), Stress-relaxation times at 130 °C (7130 oc), activation energies (E,), storage moduli at 20 °C (G, @ = 10 rad
s7', y = 0.1%), rubbery plateaus at 150 °C (G';50 oc), average Young’s moduli (E; ), maximum tensile strengths (6,mg) and strains (em,g) at room

temperature are shown.

Moreover, the cross-linking agents JA and TREN, polymer-
ized with BPA (R = 0.5), were compared in terms of the
_ CF_VUH"-BPA, A 07 material properties. Interestingly, VU-BPArggn, o5 shows
=] significantly shorter stress-relaxation times of 0.7 s at 130 °C
‘% VUH+_BPAJA,0.9 i compared to VU-BPAj, o5 with 58 s at 130 °C, even if
é VU-BPA M VU-BPArgrgn, 0.5 showed a significantly higher T, (JA: 33 °C and
e} TREN, 0.5 b TREN: 68 °C) (Fig. 7). Reasons for this might be the closer
g P spatial arrangement of the functional groups regarding

& | VU-BPA, o5 JM i i i
' the network with the small molecule TREN in comparison to
E E the bulkier molecule JA as well as a higher nucleophilicity of
BPA, cetoacetate J\‘/\L.L\__J\_N the terminal primary amine groups of TREN in comparison to
T T — 1T T the sterically hindered isopropyl-terminated primary amine

2100 1950 1800 1650 1500

wavenumber [cm™]

Fig. 6 Exemplary ATR-FT-IR spectra of the vitrimers cured with BPA
and JA/TREN by different synthetic routes. The blue line marks the
characteristic C=O ester band of the vinylogous urethane bond
(1664 cm™), while the red line marks the characteristic C=0O amide
band of the vinylogous urea bond (1623 cm™). The vitrimers polymer-
ized with additional acetic acid show a significantly higher intensity of
the ester band (blue), while the vitrimers show a higher intensity of the
amide band (red).

ments showed maximum storage moduli (G’) of 0.10-0.81 GPA
at 20 °C and rubbery plateaus of 0.12-2.05 MPA at 150 °C,
measured within the linear viscoelastic regime, so that the
storage modulus G’ and the loss modulus G” were independent
of strain (w = 10 rad s™' and y = 0.1%) (Fig. S37, ESI{). In
addition, the materials displayed stress-relaxation times of
0.7-3193 s at 130 °C, measured by a torsional deformation of
1% (Fig. S38, ESIY).

This journal is © The Royal Society of Chemistry 2022

groups of JA. The activation energies were calculated by using
Maxwell’s model for viscoelastic fluids and an Arrhenius law
(eqn (S2), ESIt). Therefore, stress-relaxation curves at different
temperatures (110-150 °C) were measured and normalized
(Fig. S38, ESIY).

Next, the logarithm of the stress-relaxation time at 37% of
the normalized stress-relaxation was plotted against 1000/T to
calculate the activation energy from the slope. Even if the
stress-relaxation times and T, values differ significantly, the
calculated activation energies of the vitrimers BPArrgy, 0.5 and
VU-BPAj,, o5 showed comparable values, which were 50.2
k] mol™" and 52.2 k] mol™", respectively (Fig. 8). The different
acetoacetate monomers RE, NDO, BPA and THPE were equally
cured with JA and compared in terms of the stress relaxation
times and calculated activation energies (E,). The activation
energies were calculated in the range of 43.8-54.8 k] mol™,
while higher activation energies of 55.5-149.7 kJ mol™" were
determined when acetic acid was used during the synthesis.
This is reasonable because the catalyst shifts the ratio of

Polym. Chem., 2022,13, 946-958 | 951
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Fig. 7 Exemplary temperature-dependent DMA and stress-relaxation
measurements in comparison with the vitrimers VU-BPArren, 05 and
VU-BPA;a 05 Temperature-dependent DMA measurements show
cross-linked networks with the corresponding glass transition tempera-
tures and the characteristic rubbery plateaus (top). Stress-relaxation
measurements at 110, 130 and 150 °C show short stress-relaxation times
(TREN notably shorter than JA) with an Arrhenius dependence (bottom).

vinylogous urethane and vinylogous urea bonds towards the
side of the vinylogous urethanes, which show higher activation
energies (Fig. 8). Comparing these results with activation ener-
gies reported for pure vinylogous urethane vitrimers
(68-149 kJ mol™") and pure vinylogous urea vitrimers (49-53
k] mol™"), the calculated activation energies in this work
reflect the results in good accordance.”>?”*”

For further investigations of the mechanical properties of
the materials, several stress-strain measurements have been
carried out at room temperature for each vitrimer and showed
significantly different resilience with averaged tensile strengths
(6mg) of 5.2-62.8 MPa, elongation in tensile strengths (&) of
0.5-340% and Young’s moduli of 5-1540 MPa (Table 1)
(Fig. S39, ESIt). For comparison, one representative curve of
each vitrimer is shown in Fig. 9. As expected, the elastomeric
vitrimer VU-RE, ; shows the highest elongation of 340%, with
a low tensile strength of 5.6 MPa and a Young’s modulus of 5
MPA. The vitrimer with the highest tensile strength turned out
to be VU-THPE,, 5 with a ¢, of 6.7%, a o4 Of 62.8 MPa and a
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Fig. 8 Plot of Inz against 1000/T to calculate the activation energies
from the slope of the linear fit. The stress relaxation times 7 (37%) were
determined by different stress-relaxation experiments in the tempera-
ture range of 110-150 °C. The calculated activation energies of all 16
prepared vitrimers were calculated as summarized in Table 1.

Young’s modulus of 870 MPA. The highest Young’s modulus
was measured for VUH'-THPE, ., with a value of 1540 MPa.

Reprocessing and reshaping properties

Experiments were carried out to determine the reshaping,
reprocessing and self-healing properties of the vitrimers. Two
exemplary cycles of successive grinding and compression
molding of the elastomeric vitrimer VU-RE,; demonstrated a
good reprocessability of the material, proven by repetitively
measured ATR-FT-IR spectra and tensile tests. The reproces-
sing cycles produced always homogeneous, transparent, and
bubble-free specimens (Fig. 10). Besides, the ATR-FT-IR
spectra are rather similar (if not the same), while the stress-
strain measurements show comparable results with slightly
decreasing stress and strain at break after the first cycle
(Fig. S40, ESIY).

Furthermore, the materials present reshaping and shape-
memory properties using different temperature protocols
(Fig. 11). Polymers with shape-memory properties are smart
materials that are capable of memorizing their temporary
shape and recovering the permanent shape due to entropic
elasticity under an external stimulus,”"”> while traditionally,
the refinement of permanent shapes is limited by molding
and processing methods.”® However, the investigation of
dynamic bonds with polymer networks provides an elegant
solution to overcome this limitation. Vitrimers can be

This journal is © The Royal Society of Chemistry 2022
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