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of Chemistry Acid-base catalysis is a common strategy to induce covalent bond exchanges in dynamic polymer
networks. Strong acids or strong bases can promote rapid network rearrangements, and are
simultaneously preferred catalysts for chemical reactions where maximum efficiency at the lowest
possible temperature is aimed for. However, within the context of dynamic polymer networks, the
incorporation of highly active catalysts can negatively affect the longer term application potential.
Network dynamicity can diminish through catalyst ageing or quenching and highly active catalysts may
prematurely activate bond exchanges, leading to dimensional instability and thus low creep resistance of
the polymer networks. Herein, we present several examples where we explicitly explored weak acids
(carboxylic acids) as catalysts for dynamic bond exchanges, using vinylogous urethanes (VU) as a well-
understood protic acid catalysed vitrimer chemistry. Surprisingly, we have found that the sought-after
long-term stability offered by a weak acid does not necessarily bring lower activity at high temperature.
In fact, the weak acids show a remarkable thermoswitchable catalytic behaviour, going from an inactive
hydrogen bonded state to an active state where the polymer matrix is protonated, with a profound
impact on the network reactivity and rheology. Carboxylic acids with different electronic or steric
environments show clear reactivity trends and their fine-tuning resulted in the most thermally responsive
VU vitrimers studied to date. Our findings point out that catalyst choice and design for vitrimers is only
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More recently, in large part fueled by the impressive progress
made in supramolecular and dynamic covalent chemistry,'>>* the

Introduction

Hydrogen bonding and proton transfers are vital processes
found in chemical and biological systems.' As a result, these
related phenomena have received extensive experimental and
theoretical recognition. For instance, the acidity of a molecule is
a widely used parameter for predicting chemical and physical
properties, designing experiments, and understanding reaction
mechanisms.®” These structure-reactivity relationships have
long been recognised, and they frequently form an important
part of the undergraduate curriculum, serving as the founda-
tion for modern organic and polymer chemistry. The seminal
work of Hammett and Taft, for example, has aided in identi-
fying and predicting the effect of substituents on the acidity of
various compounds in different media.**"* Consequently,
because many chemical reactions can be explained using
simple acid-base chemistry,"” changes in acidity/basicity play
a significant role in optimising reactivity and selectivity.'>**
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scientific community has introduced vitrimers, an intriguing new
material platform for studying and directing chemical reactions.*
Specifically, despite remaining a cross-linked polymer network,
vitrimers can flow and change structure via thermally activated
bond exchange reactions.*® During this process, two polymer
chains first associate, then form a new network bond and
subsequently fragment an existing network bond.* This allows
distinct network segments to diffuse, without losing network
connectivity, making vitrimers particularly appealing recyclable
alternatives for thermosetting materials. In particular, vitrimers
possess the potential to combine dimensional stability and
solvent resistance of thermosets with the thermal processing and
recycling abilities found in thermoplastics.

Since the introduction of vitrimers, simple acid-base catal-
ysis was shown to be an important design aspect in ensuring
that the conditions and timescale of exchange are compatible
with the intended use of the polymer material.?**”-** Therefore,
as recently highlighted by Kalow and co-workers,*® a funda-
mental understanding of acidity/basicity changes in cross-
linkers,*>** additives,***® and catalysts*"~** allows one to design
vitrimers with optimised material properties.
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Bronsted acid catalysis has received particular attention in the
field of vitrimers, for example for the design and synthesis of
polyester based dynamic networks, with proton transfer reactions
between different basic groups being an integral part of network
rearrangement pathways.”® Any acid-base equilibrium critically
depends on the relative stability of the competing proton accep-
tors and their protonated forms, as well as on the external envi-
ronment (solvent or macromolecular backbone). As such, a given
proton transfer reaction of a (neutral) acid catalyst HA to a reac-
tive bond can range from full ionisation (almost complete
formation of the AC) conjugate base, or K >> 1) to almost no
ionisation at all (K < 1) or any intermediate level of ionisation.
Weaker acids that mostly remain in their non-ionized state (HA)
can still be active as hydrogen bond donating catalysts.**** The
exact nature of protic catalysis can thus be complicated, and not
be fully captured by considering known pKj,-values.

In principle, the extent of a given proton transfer (K) can be
estimated from the difference in pK, values of the equilibrating
protic species in a relevant solvent system.*” However, for many
situations this approach will only work as a crude approximation,
as experimental pK, values - if available at all - are obtained in
pure dilute solvents (such as water, DMSO or acetonitrile), in
which ion stability is dominated by solvent-solute interactions,
while other interactions (e.g. ion-ion) are not considered.
Transferring these observations to other more complex systems
should only be done with much care. Exact solvent (or matrix)
composition, temperature and concentration, can all shift
proton exchange equilibria. For instance, it is well appreciated
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that the formation of ions is significantly less favourable in
apolar organic matrices than in aqueous media, and that most
‘strong’ acids do not even fully dissociate in organic solvents.”*®
For example, hydrochloric acid is actually a very weak acid in
acetonitrile (pK, = 10.3) and a rather weak acid in DMSO (pK, =
2.0). Also, upon changing solvents, an acid-base equilibrium can
undergo a shift. Such context-dependent shifting of acid-base
equilibria and pK,-shifts have been extensively studied inside
protein binding sites or catalytically active sites.”****® On the
other hand, the general impact of such switching proton transfer
equilibria has so far not been studied in the context of Brgnsted
catalysed vitrimers or other covalent adaptable networks (CANs),
whereas the impact can be expected to be important in the
material design and performance.

The proton transfer between carboxylic acids and basic
amines is a good example of solvent- or context-dependent acid-
base equilibrium, and has been extensively studied to deter-
mine the extent of proton transfer in various media.>”*>* In
neutral aqueous media, full proton transfer is observed between
most carboxylic acids and most amines (ApK, = 5). However,
the relative order of pK, values of carboxylic acids and proton-
ated aliphatic amines has been shown to switch order, even in
fairly polar solvents such as DMSO, resulting in an equilibrium
that favours the non-ionised forms.*>** As these equilibria
usually have a non-zero reaction enthalpy, and ionisation typi-
cally carries an entropic cost or penalty, ie. solvent dipole
ordering around ions, the general expectation is that proton
transfer equilibria can be shifted to one side as a function of
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Fig. 1

(a) Carboxylic acid—amine equilibrium resulting in either ionisation (protonation) or hydrogen bonding. (b) Transamination of vinylogous

urethane vitrimers following a protic iminium-pathway. (c) Our previous work showing that transamination can be significantly accelerated in the
presence of strong Brensted acids, but without any thermal control.*¢ (d) The thermoswitchable catalysis platform devised in this work to

accelerate or inhibit transamination.
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temperature. Yet, an open research question so far is if such
thermally responsive proton transfers could be used to control
the kinetics of bond exchange in vitrimers (Fig. 1a).

Since our introduction of vinylogous urethane chemistry as
one of the first associative chemistry platforms for the design of
vitrimers, it received a great deal of attention. We have previ-
ously demonstrated that the presence of protonated ammo-
nium species actually greatly influences the reaction rate of
a benchmark vitrimer system, based on the transamination of
vinylogous urethane (VU) cross-links (Fig. 1b and c).*®%>%*
Hence, VU-based vitrimers represent an ideal ‘case study’ for
assessing the role of proton transfer equilibria in dynamic
polymer networks. On the other hand, because proton transfer
equilibria are at the root of many vitrimer systems, such
detailed studies provide useful insights that can be extrapolated
to different types of vitrimeric materials, such as polyimine-
based networks.*>%>% It should be noted that the nitrogen
lone pair of the VU moiety is involved in a conjugated system
and is thus deactivated as a base. Therefore, the “iminium”
intermediate in acid catalysed VUs is obtained after proton
transfer onto the alkene moiety of the enamine.

By taking into account the context-dependent shifting of
acid-base equilibria, we herein present the first example of
a tailor-made vitrimer with a temperature-controlled (or “ther-
moswitchable”) Bronsted acid catalysis. The materials are
conceptually simple, consisting of VU-based vitrimers that
incorporate reactive free amines as well as an acid catalyst. Fine-
tuning of the catalyst revealed unusual dynamic behaviour,
which can be related to subtle pK, changes, and significantly
increase the thermal responsivity of the vitrimer network

o
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(Fig. 1d), by the combined effect of thermal catalyst activation at
high temperatures (>135 °C) and catalyst deactivation at lower
temperatures (<135 °C). As demonstrated herein below, this
behaviour results in an unusually high apparent activation
energy (Eafow) for VU-based vitrimers. This previously over-
looked design principle offers a fresh perspective on optimising
the use of catalysts in vitrimer materials, which allows to obtain
reprocessable materials with genuine commercial potential.

In this paper, we describe how proton transfers inside
a polymer matrix can be controlled as a function of tempera-
ture, by using different readily available substituted carboxylic
acids as weakly acidic catalysts. We will identify distinct struc-
tural trends, allowing for the development of structure-reac-
tivity relationships based on well-documented Hammett and
Taft parameters. The most performant materials were subse-
quently studied using creep experiments at lower temperatures
to identify the impact of the acid catalyst on the structural
integrity of the vitrimer material during use.

Results and discussion

Synthesis of vinylogous urethane vitrimers with protic acids
and hydrogen bonding additives

The primary goal of this study was to determine if proton
transfer/hydrogen bonding can show a thermal responsiveness
in VU vitrimers, which would be kinetically relevant for the acid
catalysed VU bond exchanges. To that end, a variety of dynamic
polymer networks were synthesised as described herein below
(Fig. 2). First, a non-catalysed reference material (i.e. a network
with ‘no added’ acid catalyst) was prepared by mixing
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Fig. 2 Design of vinylogous urethane based vitrimers with thermoswitchable catalysis of bond exchange. The aim is to control the tendency of
protonation or hydrogen bonding by changing the electronic and/or steric environment of the carboxylic acid additive, which results in a change

in formal pK, values.®”
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trifunctional 1,1,1-trimethyl-propane trisacetoacetate (1) and
bifunctional Priamine 1074 (2) with a theoretical stoichiometric
excess of 5 mol% amine groups (VU-ref). This formulation has
previously been shown to produce elastomeric VU vitrimer
samples with a relatively high cross-linking density and a suffi-
cient amount of pendent primary amines for fast trans-
amination under moderate heating.***>** In a next step, a range
of materials with the same formulation was prepared, but with
the addition of several different Brensted acid catalysts, at
a 4 mol% doping level, which is enough to theoretically
protonate up to 80 mol% of the free pendent amine network
defects, i.e. 4 mol% of acid for 5 mol% of reactive amines.

In previous studies of protic acid catalysed VU vitrimers, the
main focus has typically been on using strong sulfonic acids,
which would increase the concentration of available reactive
ammonium species (Fig. 1¢).****%” This ‘full’ protonation (or
ionisation of the sulfonic acid) can indeed be expected from the
large difference in pK, between sulfonic acid derivatives and
ammonium species, even in non-aqueous solvents. In order to
assure full protonation, we added 4 mol% triflic acid (TfOH, VU-
TfOH) in the reference material. This serves as an example for
“complete proton transfer”, with a catalyst species that should
be equally active and available at all temperatures. The VU-ref
and VU-TfOH material conveniently serve as a set of reference
networks to compare any changes in thermomechanical mate-
rial properties and viscoelastic behaviour (vide infra).

In contrast to the situation described for sulfonic acids, proton
transfer between carboxylic acids and amines is frequently an
unfavourable process in non-aqueous media.” Indeed, based on
the pK, values in acetonitrile shown in Fig. 2,°® the addition of
acetic acid (AcOH) or benzoic acid (BzOH) should not increase the
concentration of protonated ammonium-type species under
standard conditions at room temperature. However, we hypoth-
esised, as explained in the introduction, that small pK, differ-
ences (and differences in reaction enthalpy and entropy) between
carboxylic acids may translate into quite distinct alteration of
a catalyst's behaviour over a wide temperature range. Hence, we
theorized that by tuning the ApK,, the extent of proton transfer to
pendant amines can be shifted from protonated to non-
protonated states, as an on/off type of situation.
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To study the effect of small pK, differences between carboxylic
acids on the concentration of protonated ammonium-type species,
we investigated two series of carboxylic acid additives for the VU
vitrimers. One series of acids focuses on changes in the electronic
environment of the carboxylic acid moiety, while the other series
probes the effect of the steric environment of the acidic group.
More specifically, a ‘Hammett-based approach’ was used to
investigate the effect of a para substituent's electron-donating or
electron-withdrawing nature on the acidity of a range of benzoic
acids. The pK,-values follow a logically increasing trend in the
series -NO,, -H, -Me to -NMe,, as the para-substituent becomes
ever more electron donating and anion destabilising. The result-
ing materials are further referred to as VU-NitroBzOH, VU-BzOH,
VU-MeBzOH, and VU-AminoBzOH, respectively (Fig. 2 left). In
the second series, a ‘Taft-based approach’ was followed in which
acetic acid (AcOH) was compared to more bulky alkanoic acids.
More specifically, increasing steric hindrance from -methyl, -
pentyl, —cyclohexyl to -adamantyl is expected to result in minor
changes in pK, (trending slightly upward with degree of alkyl
substitution on the alfa-carbon) but the steric bulk can hinder
transfer and diffusivity of the ion pair, as well as impair solvation
of the ion. The ‘Taft-series’ of modified VU materials is further
referred to as VU-AcOH, VU-HexOH, VU-CycOH, and VU-AdamOH,
respectively (Fig. 2 right).

For all prepared VU materials, the same solvent-free curing
procedure was followed (100 °C for 24 h). Subsequently, after
network formation, full conversion of the acetoacetate mono-
mers was verified via ATR-FTIR analysis (Fig. S1-S3t). Unfor-
tunately, monitoring of any proton transfer (ammonium ions)
in the network via IR-spectroscopy was not possible, as any of
the expected small changes in carboxyl C=0 or ammonium
N-H stretch vibrations were obscured by the VU matrix and
could thus not be readily identified.

Swelling experiments in THF for 24 h did reveal important
trends, as important changes in the networks' swelling capacity
and soluble fraction could be seen when compared to VU-ref
(Table 1). Interestingly, only the samples containing the rela-
tively strong acids TfOH and NitroBzOH showed a significant
increase in swelling degree with values up to ~350% as well as
a larger soluble fraction of 7-8%. In contrast, the swelling

Table 1 Overview of composition and physical properties of (modified) VU vitrimers

Vitrimer T (°C)  Tase” (°C)  Swel. rat.” (%)  Sol. frac. (%)  Eanigh” (I mol™")  Epjon’ () mol™)  Tyeoec” (S)  Tazoec” (5)
VU-ref -5 318 130 £1 3.1+0.1 150 £ 6 — 40 2800
VU-TfOH 0 278 309 + 7 7.7 £0.9 75+ 1 — 2 20
VU-AcOH -5 315 140 + 4 4.8+ 0.9 227 + 11 180 + 1 8 7100
VU-HexOH —4 317 131 £ 2 53 +0.5 307 £5 164 £ 6 17 15500
VU-CycOH -3 316 136 £ 1 5.0 £+ 0.2 295 + 16 172 + 12 13 15500
VU-AdamOH 0 315 132 £ 2 4.0+ 0.1 368 £+ 17 243 +£1 18 63 000
VU-BzOH 0 316 130 £1 4.8+ 0.4 72 +2 — 12 100
VU-NitroBzOH 0 303 350 + 8 7.1+0.7 79 +1 — 1 7
VU-MeBzOH 1 317 126 +1 5.3 +0.3 399 + 15 237 + 8 13 60 300
VU-AminoBzOH -1 317 137+ 3 42 +0.4 410 £ 6 242 + 14 20 100 300"

“ Determined from the second heating run in DSC analysis (10 C° min~"). ”

TGA onset temperature after 5% weight loss. © Obtained after swelling in

THF at room temperature for 24 h. ¢ Obtained by fitting to a stretched single exponential decay. The lower temperature region was analysed
separately if a shift in ionisation equilibrium was observed. ¢ Relaxation values obtained by fitting to a stretched single exponential decay.
Depending on the completeness of relaxation, a larger standard deviation was observed./ Extrapolated values.
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degree (~125-140%) and soluble fraction (~3-5%) of all other
materials were comparable to VU-ref. These results can be
rationalised as an indication that most carboxylic acids (except
for NitroBzOH) show a similar (low) degree of amine proton-
ation in these VU networks at room temperature.

Next to the clear trends in swelling degrees, some other
changes in material properties could be seen for the networks
with more acidic additives. First, the VU-TfOH and VU-
NitroBzOH both showed a markedly decreased thermal
stability (Table 1 and Fig. S4-S107). TGA analysis indeed
revealed a 15-40 °C decrease in degradation onset temperature
(Tas%), which could be attributed to the intrinsically higher
reactivity of these networks. Finally, small changes in T, values
could be observed in different networks, with a T, varying from
—5 to 0 °C, as determined via DSC (Fig. S11-S137). However,
these T, values did not show a clear trend. On the other hand,
much more distinct and quite interesting differences could be
seen in the next section that is highlighting the rheological
behaviour of these networks.

Influence of catalysis on stress-relaxation of vinylogous
urethane vitrimers

Polymer networks are a challenging medium in terms of reactivity
monitoring. Indeed, a direct follow-up of the reactivity or the
protonation state of reactive intermediates at different tempera-
tures is not straightforward. In fact, the presented concept exists
of two equilibria, a first acid-base equilibrium controlling the
amount of reactive ammonium species and a second equilibrium
that determines the rearrangements in the VU networks. None-
theless, since it has been demonstrated that the presence of
protonated ammonium species has a strong influence on the rate
of bond exchange through transamination in VU vitrimers,
rheology experiments can be used as an indirect measure of the
ionisation equilibrium of each of the protic acid additives. In
other words, a network that behaves as the reference material VU-
ref, will have most of the protons residing on the carboxylic acid
moiety, with only a limited amount of catalytically active
ammonium species. On the other hand, a network that behaves
rheologically more like the VU-TfOH network, should also have
a pronounced proton transfer from the acid to the amine func-
tions. Hence, the extent of proton transfer between an acid and
amine, traditionally assessed by a ApK,, determines how fast
stresses can be relaxed by the rearranging network. In this way,
and quite interestingly, stress-relaxation experiments can be used
to monitor an acid-base equilibrium, as it is expected to alter the
molecular-level movement or diffusion of polymer chains within
the polymer network.* It should be noted that other factors can
obviously also influence the rheological behaviour.

Before measuring stress-relaxation, each (modified) VU vit-
rimer was compression moulded into the required dimensions,
which simultaneously demonstrated the possibility to reprocess
these cross-linked polymer networks. All samples were
shredded into smaller pieces of ~1 mm and subsequently
pressed at 150 °C for 5-10 min, depending on the expected rate
of material flow. Next, the obtained samples were subjected to
stress-relaxation experiments using a 0.5% deformation and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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measuring the stress decrease over time (Fig. $14-S167). The
probed temperature ranges spanned between 160 and 90 °C, as
appropriate for the observed rates of stress decay. More
specifically, rheological measurements were stopped at the
temperature at which, after 4 hours, less than 30-40% of the
stress could be decayed. Slower processes can be detected with
other rheology tests, such as creep experiments (vide infra).>*
The stress-relaxation curves shown in Fig. 3 immediately
reveal the significant and expected difference in dynamic
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Fig. 3 Normalised stress-relaxation curves of (a) VU-TfOH, (b) VU-
AcOH and (c) VU-BzOH measured from 160 to 120 °C and compared
to VU-ref (dashed lines). Different viscoelastic behaviour could be
observed depending on the acid strength of the additive.
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behaviour between the vitrimers including the sulfonic acid
(VU-TfOH, Fig. 3a) and carboxylic acid (VU-AcOH, Fig. 3b and
VU-BzOH, Fig. 3c) additives. In line with the work of Bates and
co-workers on Brensted acid catalysis of polyester vitrimers,*®
a stronger acid resulted in faster relaxation and up to a 20-fold
increase in reaction rate (TfOH > BzOH > AcOH). This is in line
with the basic expectation that a weaker acid is a less strong
proton donor, and that less reactive ammonium species are
formed subsequently. In contrast, when compared to VU-ref
(dashed lines), the different spacing between the relaxation
curves of each acid and the pronounced shifts in timescale of
exchange (see arrows) highlight a remarkable and unexpected
difference in the response of each material to temperature.
Given what is known about the molecular basis of vitrimer
rheology,'>'**** we propose that the observed peculiar dynamic
behaviour can be explained by a change in the availability of
protonated ammonium species [RNH;']. More particularly, it
can be rationalised for stronger (sulfonic) acids that the amount
of available acidic protons remains the same at each investi-
gated temperature and that the acid-base equilibrium is shifted
to the catalytic active protonated side and subsequently leads to
an Arrhenian behaviour. However, effective proton transfer is
hampered with weaker (carboxylic) acids, and the amount of
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protonated species only increases at higher temperatures, as the
proton transfer equilibrium can shift to the endothermic side,
resulting in an increasing availability of reactive ammonium
species. In the case of AcOH (Fig. 3b), this would imply that at
120 °C, the thermoreversible but unfavourable equilibrium
yields no significant additional ammonium groups, and that
the relaxation curve would be similar to that of VU-ref (i.e., the
relaxation curves should coincide). Yet, strikingly, while the
relaxation curves do cross (e.g. at a normalised relaxation
modulus of 0.35 for 130 °C), exchange for VU-AcOH actually
becomes three times slower at lower temperatures, hinting at
a pertinent inhibitory effect. Drawing from the well-examined
propensity of carboxylic acids and aliphatic amines to shift
towards a non-ionised, hydrogen-bonded state in small mole-
cules (see introduction), we attribute the observed inhibitory
effect to a comparable tendency. Specifically, we propose that
(supramolecular) hydrogen bonding factors become significant
at lower temperatures. In this scenario, the acid additive, in its
neutral form, restricts the mobility and reactivity of a partici-
pating amine chain-end.

For BzOH (Fig. 3c), the catalytic effect is obvious at all
temperatures, and here a ‘thermoswitchable catalyst’ behaviour
cannot be observed in the range of 120 to 160 °C. Nonetheless,
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Fig. 4 Normalised stress-relaxation curves of (a) VU-HexOH, (b) VU-AdamOH, (c) VU-NitroBzOH and (d) VU-AminoBzOH measured from 160
to 120 °C and compared to VU-ref (dashed lines), highlighting the effect of the steric and electronic environment of the additive on the

accelerating and inhibiting behaviour.
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also in this system a pronounced decrease in reactivity could be
detected in lower temperature measurements from 110 to 90 °C
(Fig. S167). These results align with the anticipated trends
derived from the pKj, values of BZOH and AcOH. Benzoic acid is
a slightly stronger acid compared to acetic acid, resulting in
a less endergonic equilibration to its deprotonated state and
therefore occurs at lower temperatures.

The investigation of the Taft-based series (i.e. including
sterically hindered alkanoic acids) also revealed a clear trend
(Fig. 4). The increase in bulkiness of the counterion from VU-
HexOH (Fig. 4a) to VU-AdamOH (Fig. 4b) further slows down
stress-relaxation at lower temperatures, and prevents full stress-
relaxation within the normal temperature window (all stress-
relaxation curves are shown in the ESIt). One explanation that
can be put forward here is that the actual availability and
mobility of free amines is further hampered by hydrogen
bonding to the bulky acid group (Scheme S17). As this effect is
much more pronounced at lower temperatures than at higher
temperatures, a much stronger temperature response (and
apparent activation energy) is observed in these systems
(Table 1).

In the Hammett-series of benzoic acids with different elec-
tron donating and withdrawing groups, again a clear trend
could be observed. As expected, for the electron-withdrawing —
NO, substituent at the para position of the aromatic ring
(Fig. 4c), the rheological curves further shift towards those
observed for VU-TfOH, even in the 90 to 110 °C temperature
range. Actually, and somewhat surprisingly, stress-relaxation
induced in VU-NitroBzOH becomes even faster than that in
VU-TfOH, which cannot be explained by a higher concentration
of ammonium species. This could be ascribed to the improved
diffusivity of the organic para-NO,-benzoate counter ion,
compared to the mostly inorganic triflate counter ion. Indeed,
nitro-benzoate anions can be expected to show better ‘solubility’
in organic media. Moving to the less acidic benzoic acid deriv-
atives in the Hammett series, we observe an expected drop in
catalytic activity at lower temperatures, while the stress-
relaxation remains fast at higher temperatures. For the para-
NMe,-BzOH network, the rheology profile starts to coincide
with that of the less acidic aliphatic carboxylic acids in the Taft-
series, as expected based on trends in the pK, values. In fact,
VU-AminoBzOH most closely resembles the VU-AdamOH
network for its rheological profile (Fig. 4d). This can be
rationalised by the fact that VU-AminoBzOH and VU-AdamOH
have a comparable acidity and steric bulkiness or mobility of
the hydrogen bonded amine-acid pair.

Investigation of the rheology curves revealed that the relax-
ation data did not follow a simple single exponential stress
decay, especially at lower temperatures (Fig. S17 and S187). This
could be explained by the fact that the modified VU vitrimer's
composing network segments will be made up of faster relaxing
acid rich and slower relaxing acid poor domains. A quantitative
analysis of this “chemical heterogeneity” was expected to yield
further mechanistic insights into the network rheology. In
a first assumption, a stretched exponential fit was used to
determine the rate of bond exchange via a characteristic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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relaxation time (T,,,.cneqs Table 1), which covered the distribu-
tion or dispersity in relaxation behaviour (eqn (1)).>*”°

G(t) = Goe (TStr;Zhed)‘ (1)

To model the temperature variation of 7., ...4.q, Arrhenius
curves were constructed by plotting In(t, ..peq) 2g2iNSt 1000/T
(Fig. 5 and S197). A first observation was that each curve for
which a shift in the ionisation equilibrium is expected in the
investigated temperature window, showed a clear deviation
from linearity (Fig. 5b). Based on the involvement of an
ammonium species in the rate determining step for the VU
exchange, such a sudden decrease in viscosity is expected as
soon as sufficient protonated ammonium species are generated
at elevated temperatures (Fig. 5a). This explains why two
viscoelastic regimes appear with different slopes and a transi-
tion point between faster and slower relaxation than the one of
VU-ref. Based on the Arrhenius plots in Fig. 5b and c, this
transition point can be seen to shift based on the acidity and
steric hindrance of the protic acid.

As a result of the combined effects of shifting acid/base
equilibria and steric factors, some of the newly developed VU
vitrimers showed unprecedented apparent activation energies
(Eafiow) from 150 up to 410 k] mol™" in a relatively narrow
temperature range, amounting to the most thermally respon-
sive VU vitrimers studied to our knowledge.

In order to verify the applicability of this strategy for recy-
clable thermosets, the VU-AcOH sample was shredded and
remoulded three times and stress-relaxation experiments were
repeated (Fig. S207). The Arrhenius plots of these experiments
clearly show that the enhanced thermal responsiveness and
dual stress-relaxation behaviour persists and that similar
sethed VAlues can be extracted within error (Fig. S217).
Conveniently, these reprocessing and an additional heat treat-
ment (3 hours at 150 °C) trials provided additional evidence that
no other factors, such as acid evaporation or amidation side
reactions (as evidenced by FT-IR, Fig. S227), could be at the root
of the observed viscoelastic behaviour, but that the observed
effects are intrinsically related to the specific material design.
On the other hand, a small deviation can be observed in the
lower temperature region (140-120 °C), that can be attributed to
a certain extent of oxidation of the free amine chain-ends due to
longer exposure to elevated temperatures.” Importantly, these
longer exposure times are needed to have full relaxation of
a slower relaxing material, which becomes increasingly worse
for more creep-resistant materials. While less reactive chains
are available for transamination/network rearrangements, both
the pristine and reprocessed network showed similar relaxation
behaviour between 160 and 140 °C, which proves that both
materials could relax fast at elevated temperatures because of
the acid catalyst.

The concept of a thermoswitchable catalyst is new to the field
of vitrimers and therefore merits further investigation. Thus, we
wanted to verify which “components” of the polymer network
actively contribute to the observed stress-relaxation behaviour.
In previous studies, we have found that analysing the same

T
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(a) General scheme illustrating the proposed effect of the thermoswitchable carboxylic acid catalyst on the rate of VU transamination.

Arrhenius plot of (b) the Taft series (c) the Hammett series after fitting the relaxation data to a stretched exponential decay. (d) Arrhenius plot after
fitting the relaxation data to a double exponential decay (fast and slow). The depicted data originates from the fastest relaxing element, which can

be attributed to acid-rich polymer segments.

relaxation data with a double exponential fit allows to associate
faster and slower exchanging chain segments (e.g. acid rich or
poor domains) to a distinct relaxation time (eqn (2) and
Fig. $23-525%).”° As a result, when the amount of acid rich
domains start to deplete as a function of temperature, it should
significantly decrease the contribution of the fast segments to
the overall relaxation process. Indeed, as indicated in the
Arrhenius plot for the fast Maxwell element in Fig. 5d, at
temperatures beyond the transition point (as observed in Fig. 5b
and c), the fast exchanging segments became significantly less
important, further supporting our findings (Table S17).

t 4

G(t) = G(),faslem + GO.slowem (2)

According to our analysis and rationalisation of the data, the
carboxylic acid additives work as rheological inhibitors at lower
temperatures (ascribed to hydrogen bonding) and as rheolog-
ical promotors (transamination catalysts) at high temperatures.
Therefore, one might expect to see more pronounced effects in
formulations that have more of this additive, as it will both

7068 | Chem. Sci, 2024, 15, 7061-7071

inhibit and catalyse more. Thus, a new set of materials was
prepared using the same VU curing formulation (with 5 mol%
excess pendent primary amines) but this time with 6 mol% of
AcOH, BzOH or AdamOH (Fig. $26-S29%). According to Le
Chatelier's principle, protonation can be shifted more to the
endothermic side with an excess of acid, and mobility or
availability of amines should also be maximally quenched by an
excess of acid. The stress-relaxation measurements are gathered
in the ESI (Fig. S307). Arrhenius plots of the corresponding
networks  (VU-AcOHexcess, VU-BzOHexcess and VU-
AdamOHexcess) revealed that the excess acid did not gener-
ally result in a significant improvement of high temperature
network exchange reactions (in the case of AdamOH, even some
inhibition could be seen), but rather shifted the transition point
between the two viscoelastic regimes (Fig. 6a and S317).

Both the VU-AcOHexcess and VU-BzOHexcess networks
showed a significant slowing down of stress-relaxation at low
temperatures. The most remarkable effect was observed for
BzOH. Here, a much sharper temperature response could be
observed with a strongly inhibited stress-relaxation below 140 °©

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C, and even a 10-fold faster relaxation at 160 °C, with a shift in
the transition point from ~90 to ~135 °C. Furthermore, the
transition point between each regime differed only by 5 °C
between VU-AcOHexcess and VU-AdamOHexcess but by around
20 °C between VU-AcOHexcess and VU-BzOHexcess (Table S21),
which was consistent with the expected difference in pK,
between each acid.

An important aspect of vitrimer design is finding approaches
to balance fast bond exchange at (re)processing temperatures
with a high throughput while avoiding degradation, and at the
same time very slow exchanges at service temperatures to
guarantee creep resistance.**** Thus, the thermoswitchable
catalysis approach presented here provides a new tool for
controlling the cold flow of vitrimers. To demonstrate the extent
of creep resistance of these modified VU vitrimers, viscosity
changes can be conveniently evaluated below 100 °C via creep
experiments. A selection of materials (see Fig. S32 and S3371) was
investigated using a constant shear stress of 2 kPa for 5000 s in
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Fig. 6 (a) Arrhenius plot obtained after fitting the relaxation data of the

VU materials with an excess of acid additives to a stretched exponential
decay. (b) Creep curves at 80 °C, highlighting creep reduction for
weaker acids (VU-AcOH, VU-BzOH and VU-AdamOHexcess) and
creep increase for more potent acids (VU-NitroBzOH).
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the range of 30 to 80 °C while monitoring the shear strain (¢)
(Fig. 6b). Next, from the slope of the strain curve in the steady-
state regime (above 4500 s), creep rate (e€) values could be
calculated and compared to VU-ref (Fig. S347). Except for VU-
NitroBzOH, in which protonated ammonium species were
readily available at all investigated temperatures, all modified
materials demonstrated a relative decrease in creep rate in
comparison to the reference sample (between 10% and 65% at
80 °C). It should be noted that based on the measurements and
the observed differences, the main reason for the observed cold
flow could be ascribed to the presence of non-elastic (reactive)
chain-ends rather than bond exchange.®*”>

Conclusion

In summary, we have reported a straightforward thermos-
witchable Brgnsted acid catalyst system, exemplified for VU-
based vitrimers and widely applicable to other dynamic poly-
mer network types. The acid additives can be thermally
switched between activation and inhibition of bond exchange in
the presented vitrimers, which is related to an endothermic
proton transfer reaction that generates a catalytic species. Here,
the transamination of vinylogous urethanes was chosen as the
dynamic covalent chemistry because of the ease of synthesis of
the polymer networks and the well-known influence of
protonated ammonium species on the rate of dynamicity.
Specifically, the generally endothermic carboxylic acid-amine
ionization equilibrium was thermally forced to generate
protonated intermediates and activate bond exchange.
Furthermore, the tendency of the carboxylic acid to transfer
a proton to an amine chain-end could be modulated by
changing the electronic (Hammett parameters) or steric (Taft
parameters) environment, which allows for a rational design of
rheological parameters.

Rheology experiments revealed that the strong thermal
control of the amount of protonated species resulted in
a double relaxation behaviour with extremely high apparent
activation energies of up to 400 kJ mol . This approach is
attractive in vitrimer design as the implementation does not
present the classical trade-off between enhanced network
dynamics and reduced network stability. In other words, the
dynamic behaviour at higher temperatures can be significantly
accelerated, while being inhibited by the same species at lower
temperatures. In addition, when changing the concentration of
the acid additive with respect to the calculated number of
dangling primary amines, this effect becomes even more
pronounced.

Based on additional rheology experiments and previous
literature on carboxylic acid-amine equilibria in various solid,
liquid, or gaseous media,>"**7 it was hypothesised that this
unusual behaviour resulted from the transition from a proton-
ated (charged) to a hydrogen-bonded (neutral) state of the acid-
amine complex, which significantly influenced both chemical
kinetics and physical chain diffusion.

In short, the carboxylic acid-amine thermoswitchable cata-
lyst system described herein presents a promising example of
achieving precise control of dynamic behaviour in vitrimers.
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The strategy may be applicable more generally in vitrimer
design, and once again points out the need to fundamentally
understand the chemical mechanisms that are operating in
a reactive polymer network, which are by no means captured by
small molecule kinetic model studies. One remarkable
conclusion from this study is that ‘weaker’ catalysts may actu-
ally be much better suited for the activation of polymer network
rearrangements than ‘stronger’ catalysts. In fact, classical
catalysts from organic chemistry are generally not optimized for
poor performance at lower temperatures. The design of catalyst
systems for vitrimers can thus be hampered by an overreliance
on classical catalyst species.
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