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Latent catalysts offer a powerful means to control both the start and progress of polymerization reactions

by releasing the active species only upon exposure to a defined external stimulus, such as heat or light.

While their application is well-established in coatings and adhesives, the concept is gaining traction for

spatiotemporally controlling bond exchange reactions in dynamic polymer networks, particularly for

balancing creep and flow properties. Latent catalysis does not only enable targeted property control in

dynamic polymer networks, but also supports circular polymer strategies by allowing repair, reshaping,
and recycling without loss of performance. These capabilities can extend the materials’ lifetime, reduce

the need for energy-intensive virgin polymer production, and contribute to lowering the carbon

footprint of polymer manufacturing.

In this study, we report on the synthesis and thermal

characterization of a library of thermolatent Brensted base generators (TBGs), designed to release

catalytically active bases upon thermal activation. These TBGs consist of strong organic bases ionically

bonded to carboxylate anions derived from acetic acid derivatives and dicarboxylic acids with varying

chain length, which act both as stabilizing counterions and as thermally labile groups. This work

systematically explores the relationship between molecular structure and thermal stability of TBGs, with

particular focus on how structural variations in carboxylate anions and base cations influence the
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activation temperature. The synthesized compounds are highly stable under ambient conditions and

decompose over a broad temperature range (60 °C to 290 °C), depending on the chemical structure of
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1 Introduction

The use of latent catalysts is a well-established strategy to
ensure an extended shelf life of one-pot curing systems. Whilst
they have only slight - or in some cases no - reactivity under
storage conditions, they efficiently initiate the curing/
polymerization reaction as soon as an appropriate external
trigger is applied. Among the various external stimuli, temper-
ature and light are the most commonly applied ones, due to
lower costs and operational safety."*

The photo-induced release of Breonsted acids and bases
provides a convenient way to cure coatings, adhesives or photo-
resists under ambient conditions and in a spatially controlled
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the acid as well as the base. The cleavage events observed during thermal activation results in an
efficient and irreversible release of the base.

manner.® In particular, with his pioneering work on onium
salts, Crivello laid the foundation for the cationic curing of
epoxides and vinyl ethers with photolatent acids.* To date,
numerous photoacid generators (and appropriate photosensi-
tizers) have been introduced, which cover a wide range of
absorption characteristics, quantum yields and pK, values of
the liberated acid.®> Whilst photolatent acids are commonly
applied in technically relevant formulations, the industrial use
of photolatent bases is still in its infancy.®

As reported in the literature, the photo-induced release of
tertiary amines, tetramethylguanidines or amidine bases can be
exploited to cure thiol-epoxy, thiol-Michael and epoxy resins on
demand, while providing a decent storage stability at room
temperature.” However, light triggered reactions are limited to
thin films with a sufficiently high optical transmissivity (low
filler and/or pigment content) to ensure an efficient activation
of the catalyst over the whole cross-section of the sample.

In contrast, thermolatent bases are less affected by the
sample's geometry and can be applied even in highly filled
polymers or reinforced polymer composites. Depending on the
molecular structure, the activation temperature can be varied
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over a broad range.? Joullié et al reported on 1,3-di-
methylimidazolium iodide, releasing 1-methylimidazole at
temperatures above 200 °C.* Endo and co-workers developed
various heat triggerable systems that liberate 4-aminopyridine
or secondary and tertiary amines at temperatures between 120
and 190 °C.° In contrast, the latent aminimides, introduced by
Tomita et al., are able to release 1,1-dimethylamino-2-propanol
already at 80 °C." Generally, latent catalysts provide a versatile
approach to govern the initiation and rate of polymerization in
basic research and technical applications of polymers (e.g
preparation of ready-to-use formulations with high shelf time).
Recently, they have also gained increased attention in selec-
tively activating bond exchange reactions in dynamic polymer
networks. Dynamic polymer networks emerged as promising
materials for a circular polymer economy, enabling repair,
reshaping, and recycling without loss of performance. Latent
catalysts such as thermally activated base generators (TBGs)
allow precise control over network rearrangement, enhancing
reprocess-ability while avoiding premature degradation. By
extending service lifetimes and enabling multiple reprocessing
cycles, TBG-catalyzed vitrimers can contribute to lowering the
carbon footprint of polymer production and align with broader
carbon neutrality targets.'* As previously reported, QAS-based
systems enable one-time thermal activation, where the
released base acts as a catalyst for bond exchange reactions.'”
1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-a]pyrimidin-1-ium 2-
cyanoacetate (TBDCA) was synthesized as a thermolatent base,
efficiently releasing 1,5,7-triazabicyclo(4.4.0)dec-5-ene (TBD) at
145 °C. When incorporated into a thiol-ene network—radically
cured by either light or heat—the material behaved as
a permanent network until the decomposition temperature of
the thermolatent catalyst was reached. In contrast, fast stress
relaxation was observed at 70 °C as soon as the base was ther-
mally liberated. The thermo-activated release of the catalyst was
demonstrated by reshaping highly filled magneto-responsive
polymers and fiber-reinforced polymer composites.’> The
versatility of the thermolatent bases was further demonstrated
by printing 3D objects, in which the catalyst was thermally
activated in selected parts. In this work, a significantly expand
upon this proof-of-concept study by synthesizing a diverse and
comprehensive library of thermolatent Brensted bases tailored
for use in dynamic polymer networks undergoing base-
catalyzed bond exchange reactions, such as transesterification
or thiol-thioester exchange.’* The ideal thermolatent base
should exhibit high stability within the operation window of the
targeted application, release the catalyzing species at tempera-
tures well above the onset temperature of dynamic bond
exchange, and possess good solubility in the resin and the
resulting polymer. With this in mind, the ionic TBGs were
prepared in a straight-forward one-pot reaction following the
salt formation between guanidine-type Bronsted bases and
various carboxylic acids. To gain deeper insights into the
structure-property relationships, a systematic investigation was
conducted on how the nature of the base cation as well as the
carboxylate anion affect the release (activation) temperature of
the base. Thermal properties, including the temperature of
decomposition and subsequent base release, were analyzed

35266 | RSC Adv, 2025, 15, 35265-35280

View Article Online

Paper

using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). From these data, the activation
temperatures (Trpg.act) Was derived for each TBG, and corre-
lated with specific structural motifs and neighboring group
effects. To further elucidate the decomposition pathways,
evolved gas analysis coupled with fourier transform infrared
spectroscopy (EGA-FTIR) was performed. To verify that the
observed decomposition leads to the selective release of a base
rather than nonspecific molecular cleavage, the change in pH
value was monitored in solution. These findings demonstrate
that this class of thermolatent catalysts offers a valuable
strategy for extending the operational window of dynamic
polymer networks. Several of the newly synthesized TBGs
exhibit sufficient stability for use in high glass-transition
temperature (T,) dynamic polymer networks, such as epoxy-
anhydride systems, which require curing and Trgg.acr well
above 100 °C. These advances mark a significant step in the
transfer of dynamic covalent chemistry to technical applica-
tions such as automotive, rail, and aerospace industries.

2 Results and discussion

2.1. Concept of tailored base release

Due to their tuneable structure, catalytic efficiency in trans-
esterification reactions, and potential for thermal latency,
quaternary ammonium salts (QASs) have emerged as promising
TBG candidates. Once thermally released, the liberated base
can act as a catalyst for bond exchange reactions in dynamic
polymer networks.'” In previous work, cyanoacetate served as
the carboxylate counter-anion, leveraging its well-documented
ability to undergo thermal decarboxylation for triggering irre-
versible base release. Building upon this foundation, the
present study explores the broader concept of thermally
induced base liberation via decarboxylation of cyanoacetate-
based QASs as a function of liberated base (e.g. 1,8-
diazabicyclo[5.4.0Jundec-7-ene, DBU; N,N,N’,N'-tetra-
methylguanidine, TMG; and 1,4-diazabicyclo[2.2.2]octane,
DABCO)."»'* In a further step, TBD was used as a basic building
block whilst structurally diverse carboxylic acids were applied to
synthesize QAS-type systems. The focus was placed on identi-
fying alternative carboxylic acids with known thermal lability to
further tune the Trpg.acr and improve structural stability of the
TBGs. Five distinct cleavage mechanisms for QAS-type systems
are described in literature: decarboxylation,"*** ketonization,"®
dehydration,’*” condensation® low molecular weight
cleavage,'® and decarbonylation (Scheme S1 in SI).* Specifically,
propanedioic acid (MA) and trichloroacetic acid (TCA) were
selected in this study due to their reported varying decarboxyl-
ation temperatures of 100 °C and 80 °C, respectively.’*** By
varying the chemical structure of the carboxylate anion, the
decomposition temperature of the TBGs was tailored, thereby
enabling control over the release kinetics of the base.

The air and water tolerant one-step synthesis provided the
TBGs with high yields ranging from 90% to 96%. NMR and FTIR
spectra were in good agreement with the proposed structures
(Fig. S1-548 in SI).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Influence of the base on the performance of
cyanoacetate-based QASs

To investigate the role of the base in the cleavage mechanism
and thermal release properties, 1-a to 1-f were synthesized
(Fig. 1a). The compounds share the same anion (cyanoacetate)
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basicity, nucleophilicity, and steric hindrance. 2-Cyanoacetic
acid (CA) was chosen as building block based on previous
studies, which demonstrated its ability to undergo thermal
decarboxylation and subsequent base release.”” Compound 1-
a was utilized as a reference to compare and benchmark the
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Influence of the base structure on the thermal properties of cyanoacetate-based QSAs. (a) Chemical structures of the synthesized TBGs 1-

ed state; schematic representation of the thermal cleavage mechanism,
) TGA analysis of the TBGs 1-a—f. (d) EGA-FTIR analysis during thermal

RSC Adv, 2025, 15, 35265-35280 | 35267


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05095b

Open Access Article. Published on 24 9 2025. Downloaded on 2026-04-04 6:23:23.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

representation of the thermal cleavage process and base release,
using 1-a as an example, along with the observed pH-shift
(ApH). TGA analysis of the synthesized compounds was
carried out to determine their Typg.acT, Which is defined as the
temperature at which the compound exhibits a mass loss higher
than 3 wt% (Fig. 1b). The trend observed for the thermal
stability of the TBGs, ranked by their Trggacr from highest to
lowest, is as follows: 1-f > 1-e > 1-a > 1-¢ > 1-b > 1-d.
Comparing the data with the pK, values of the released base,
it is obvious that Trpgact does only partially correlate with their
basicity: 1-a > 1-b > 1-¢ > 1-d > 1-f > 1-e."* Among structurally
similar compounds (1-a to 1-d), all of which contain an amidine
base in their structure, 1-b and 1-c do not follow the expected
trend. Despite having similar basicity, 1-b has a lower Trpg.acr
than 1-c. This indicates that factors beyond basicity influence
the thermal stability of the TBGs. Notably, although 1-b and 1-¢
share an amidine core, 1-b contains a seven-membered ring,
whereas 1-c features a five-membered one. The literature
suggests that this structural difference alters nucleophilicity,**
with the five-membered ring in 1-¢, leading to slightly higher
thermal stability compared to 1-b. Consequently, increased
nucleophilicity may contribute to an enhanced thermal
stability, at least in compounds with comparable basicity. The
influence of nucleophilicity may also partly explain the high
thermal stability of 1-f. In contrast to 1-a and 1-d, where the
nitrogen lone pair participates in a conjugated system, 1-f
possesses two equivalent nitrogen centers, leading to charge
delocalization.”® This unique electronic distribution is likely to
stabilize the bound complex, thereby increasing the cleavage
temperature of the corresponding TBG. Additionally, the bicy-
clic nature of the cation in 1-f introduces a rigidity, contributing
to steric effects that further enhance thermal stability.** Recent
work has shown how steric constraints interplay with disper-
sion forces to impact the spatial arrangement and therefore
stabilization in rigid, m-delocalized frameworks.* Finally, the
thermal behavior of 1-e warrants discussion. Unlike 1-d, which
features a base with two methyl groups as substituents, the
guanidine base in 1-e contains two phenyl rings. Thermal
analysis indicates that 1-e exhibits a higher Trpg.acr than 1-d.
According to literature,* 1-e has a lower basicity than 1-d and
should therefore be less thermally stable. However, despite
containing a guanidine structure, 1-e deviates from the ex-
pected trend. This suggests that the phenyl substituents exert
a more significant influence on thermal stability than basicity.
The increased stability of 1-e might be attributed to steric
hindrance, as the bulky diphenyl groups shield the active site
from undesired interactions.>® Additionally, -7 interactions
between the phenyl rings may contribute to electronic stabili-
zation, further explaining the unexpectedly high thermal
stability of this TBG.”” During thermal activation, two distinct
thermal decomposition trends can be observed in the TGA
curves, which become particularly evident in the derivative
thermogravimetric (DTG) analysis and can be further examined
using DSC (Fig. S2-S12 in SI). A two-step decomposition is
observed for compounds 1-a, 1-b, 1-c, and 1-e, whereas a one-
step decomposition is characteristic of 1-d and 1-f. For
compounds exhibiting a two-step decomposition pattern, the
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boiling of the base exceeds Trpg.acr (Fig. S13 in SI provides the
TGA curves of the pure bases used in this study). Consequently,
the second step can be attributed to the continuous evaporation
of the released base. This suggests that the first decomposition
step is driven by a chemical reaction (activation of the TBG),
whereas the second step corresponds to a purely physical
process (evaporation of the liberated base). This hypothesis is
further supported by DSC and DTG analysis, where two distinct
peaks can be observed for 1-a, 1-b, 1-¢, and 1-e. The first peak,
corresponding to the cleavage of the stabilization group, is
sharp and well-defined, indicating a sudden chemical reaction.
In contrast, the second peak appears broader, consistent with
a gradual physical evaporation process. A one-step process, on
the other hand, occurs when the Trpg.acr iS within a narrow
range close to or even exceeding the initial mass loss/boiling
point of the base. Under these conditions, the physical evapo-
ration of the base occurs immediately after the cleavage of the
carboxylate anion, preventing the distinct separation of chem-
ical activation and evaporation. This behavior is evident in both
DTG and DSC curves of 1-d and 1-f. A similar deactivation
behavior has also already been observed in a previous study on
photo-latent catalysts.”® In this scenario, after initial photo-
activation, rapid evaporation of the base resulted in the loss of
catalytic anion.

EGA-FTIR confirmed that the first cleavage step involves the
decomposition of the cyanoacetate into CO, and acetonitrile,
followed by the non-destructive evaporation of the released base
(Fig. 1d, S2-S12 in SI). This stepwise behavior was observed for
all TBGs investigated within this series. However, variations
between compounds were detected, consistent with previous
TGA results. Specifically, 1-a, 1-b, 1-c, and 1-e, which previously
exhibited a two-step decomposition pattern in TGA, displayed
a similar behavior in EGA-FTIR. In these cases, an initial CO,
signal was observed, followed by the detection of the liberated
base at higher temperatures. In contrast, for 1-d and 1-f, the
spectral signals of CO, and the base overlapped, supporting the
earlier hypothesis that, evaporation of the base occurs imme-
diately after decarboxylation. This behavior is exemplified by
the EGA-FTIR data of 1-a, where an infrared (IR) transmittance
signal appeared at 2334 cm™ ' at temperatures starting from
150 °C, consistent with literature reports on CO,.>® Upon further
temperature increase, additional peaks emerged at 3450, 2950-
2850, 1650, 1490-1440 and 1360-1325 cm ', which can be
attributed to the released TBD (FTIR of pure bases and EGA-
FTIR of pure TBD are provided in Fig. S13-S20 in SI).
Comparing the EGA-FTIR data of the TBGs in this series, it can
be concluded that the choice of base influences the Trgg.acT,
although the fundamental cleavage mechanism remains
unchanged.

To confirm that the observed cleavage is not merely a result
of thermal degradation of the compound, but rather a selective
base release, pH-measurements were performed prior to and
after thermal activation 1-a—f (Tables S5-5S10 in SI). The exper-
iments were conducted in a 3 mL DMSO/19 mL deionized water
mixture at a concentration of 1 mmol L™, following a heating
protocol kept constant for all TBGs in this series. Each pH value
represents the mean of three replicate measurements, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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standard deviations were =0.05 pH units. The pH-
measurements were conducted in solution (mixture of DMSO
and water) following a heating protocol, which kept constant for
the TBGs in this series (see experimental procedure in SI). Using
compound 1-a as a reference, experiments were performed to
determine the lowest temperature at which base release
occurred and the conditions at which the largest ApH was
observed (see SI Table S5 for full protocol and reproducibility
details). The uncertainty in activation temperature in solution
(Tpm-act) values was estimated at 2 °C, based on replicate runs
and instrument calibration. Remarkably, significant base
release was already observed for 1-a even after 1 hour of heating
at 40 °C, despite both EGA-FTIR and TGA analyses indicating
thermal stability up to 150 °C. This suggests that the thermal
stability of the TBG strongly depends on whether it is measured
in solid state or in solution. A maximum shift in pH value was
obtained at 140 °C for 30 minutes, which corresponds well with
the decarboxylation temperature of CA reported in the litera-
ture.” Under these conditions, a ApH of 3.96 was achieved,
which is comparable to the ApH of 3.80 observed after activa-
tion at 200 °C for 1 hour (Fig. 1b). These results highlight the
efficient and clean activation of 1-a across a broad temperature
range. To assess the reduction in basicity over time, pH-
measurements were repeated after 36 days of storage at room
temperature using compound 1-a. Prior to storage, 1-a was
thermally activated under experimental conditions (200 °C, 1 h).
No significant difference in pH was observed between the
freshly prepared and stored samples (see SI Table S25). For
subsequent studies, thermal activation of TBG solutions were
conducted at 200 °C for 1 h. All tested TBGs (1a-f) exhibited
a significant increase in basicity upon thermal activation.
Control experiments confirmed that both DMSO and all free
bases are thermally stable at 200 °C for at least one hour,
thereby excluding their decomposition as contributing factors
to the observed ApH (see experimental procedure in SI). Once
thermally activated, the TBG solutions exhibited pH values
comparable to those of liberated bases (Table S4 in SI) at
identical concentrations. This confirms the efficiency of base
release using CA as stabilization group. After analyzing the ApH
values and the pH of the not-activated state (pHnor-act), tWo
distinct trends were observed for compounds 1-a to 1-f (see SI
Tables S5-S10). pHyor-acr follows the trend: 1-d > 1-b > 1-e > 1-
a > 1-f > 1-c. In contrast, the ApH values follow the opposite
trend: 1-c > 1-f > 1-a > 1-b > 1-e > 1-d. With the exception of
compounds 1-b and 1-e, whose ApH are minor (<0.2), these
trends are nearly inverse to each other. Importantly, they do not
align with the known basicity of the liberated bases.*
Compounds 1-a, 1-b, 1-d, and 1-e exhibit moderately basic pH
values between 7.24 and 8.96 in their non-activated state.
Notably, similarly structured compounds (1-a, 1-b, and 1-d)
demonstrate a trend of increasing pHyor-act With decreasing
basicity. Despite this, compounds 1-c and 1-f show significantly
more acidic pH values (3.95 and 5.39), but upon thermal acti-
vation exhibit the largest thermal activation ApH of 6.63 and
4.12, respectively. Here, the pH value of the activated TBGs are
in good agreement with those of the free bases, DBN and
DABCO.*** These observations reveal that the nucleophilicity of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the base governs the pH value of the not-activated TBG. Higher
nucleophilic cations generally lead to lower (more acidic) pH
values. In contrast the basicity of the cation plays a minor role.
However once thermally activated, the TBG solutions reach pH
values that closely resemble those of the corresponding free
bases. Thus, in the case of TBGs containing highly nucleophilic
cations, the activation process results in particularly large ApH.

To better understand which cation-dependent molecular
factors influence the thermal activation behavior of TBGs,
a multivariate correlation analysis was conducted using
compounds 1-a-f. The target parameter was Typgacr (solid
state) obtained from TGA experiments. Several experimentally
accessible descriptors were used as independent variables: the
base strength pKg (measured in acetonitrile),"* ApH, and pHyor-
act- Additionally, two qualitative structural parameters, nucle-
ophilicity and steric hindrance, were introduced and numeri-
cally ranked from 1 to 5 based on literature values and
structural evaluation, allowing these factors to be included in
the correlation analysis.

Nucleophilicity rankings were taken from reactivity scales
reported in literature, placing DABCO and TBD as the most
nucleophilic ones, followed by 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN), DBU, and TMG.?*** However, literature data on N,N'-di-
phenylguanidine (DPG) was lacking. It was assigned to a low
nucleophilicity score based on resonance delocalization into
aryl groups, which dampens electron availability.

Steric hindrance was ranked structurally, with compact,
symmetric bases such as DABCO receiving low scores (1), and
bulkier, branched or aromatic systems such DPG or TMG
receiving high scores (5). Only correlations between individual
descriptors and Trpg.acr are discussed in the main text for
clarity. The full Pearson correlation matrix is provided in the SI
(Table S27), allowing assessment of interdependencies between
all variables. The input parameters are shown in Table S26.

The Pearson correlation analysis revealed several key
insights into how these parameters influence Trggacr: The
strongest correlation with Trpg.acr was observed for ApH (r =
—0.99) and pHyoracr (r = —0.99). This suggests that
compounds with a higher initial pH and a smaller pH change
upon activation require lower energy input for cleavage, likely
due to a more loosely bounded base.

pKg showed a strong positive correlation (r = +0.94) with
Trec-act, indicating that stronger bases (higher pKg) form more
stable salts with cyanoacetate, requiring more energy for
cleavage. Nucleophilicity exhibited a moderate negative corre-
lation (r = —0.79). More nucleophilic bases tend to cleave at
lower temperatures, likely because their greater electron-
donating character destabilizes the ionic salt and facilitates
dissociation. This supports the idea that reactivity of the cation
is a driving factor in salt decomposition, independent of just
PKg. Steric hindrance, in contrast, exhibited negligible correla-
tion (r = +0.22). This may be due to the relatively rigid structures
of the bases studied or due to solvation and packing effects that
minimize steric impact.

These results highlight that Trpg.acr in this series is strongly
governed by acid-base equilibrium descriptors (pKs, pHnor-acT
ApH) and nucleophilic character, while steric effects play

RSC Adv, 2025, 15, 35265-35280 | 35269
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a minor role. Notably, the semi-empirical rankings of nucleo-
philicity and steric hindrance, while qualitative, aligned well
with expected trends and contributed meaningfully to the
interpretation of thermal behavior. Collectively, these findings
emphasize that cation variation is a powerful strategy for
modulating the activation behavior of TBGs. This has implica-
tions for the design of future catalytic systems, especially where
selective base release or compatibility with polymer networks is
desired.

2.3. Influence of neighboring group effects in the anion on
the thermal stability of QASs

To investigate the effect of substituents on the cleavage mech-
anism and thermal release behavior a series of acetate-based
TBG derivatives (2-a-g and 1-a) were synthesized (Fig. 2a). All
compounds featured TBD as basic building block, while the
anionic counterparts were structurally derived from acetic acid
analogues with chloro, cyano, hydroxy, methyl, and oxo groups.
Additionally, the effect of multiple substituents on the thermal
behavior was explored. The parent acetate-based TBG (2-a) was
employed as a reference compound to assess the impact of each
substituent on thermal stability. The systematic variation of
anionic substituents among derivatives 2-a-g and 1-a enabled
a detailed analysis of the structure-property relationships gov-
erning the thermal decomposition profiles of the compounds.
According to TGA analysis thermal stability of the TBGs bearing
a single substituent group follows the descending order: 2-b > 2-
¢ > 2-a > 1-a (Fig. 2b and c¢). Among these, compound 2-b, which
contains a chlorine substituent, exhibits the highest thermal
stability. This enhanced stability can be attributed to the
moderate electron-withdrawing inductive effect (—I) of the
chlorine group, which stabilizes the carboxylate form and
reinforces the adjacent C-C bonds without overly activating the
system. Moreover, the absence of a nucleophilic side group
further increases its thermal stability. The second most ther-
mally stable compound is 2-¢, which features a hydroxyl group
as a substituent. Hydroxyl groups are reported to engage in
intramolecular interactions with the carboxylic acid moiety,
potentially forming cyclic intermediates at elevated tempera-
tures and thereby reducing the overall thermal stability.’**?
Although compound 2-c shows a slightly higher T'rpg.acr (>243 ©
C) compared to 2-b (>230 °C), compound 2-b demonstrates
a slower and more gradual mass loss at elevated temperatures,
indicating a more extended resistance to complete thermal
decomposition. The relatively high thermal stability of 2-c can
be attributed to the hydroxyl group at the a-position exerting an
electron-donating mesomeric effect (+M), which stabilizes both
the o-carbon and the carboxylate moiety through resonance
delocalization. Unlike cyanoacetates or trichloroacetates, which
readily undergo decarboxylation due to strong electron-
withdrawing substituents, the hydroxyl group is not a potent
electron-withdrawing group. As a result, the formation of
a carbanion intermediate is less favored at lower temperatures,
avoiding premature thermal activation due to the absence of
strong —I or —M effects.>**® Additionally, compound 2-c
contains both hydroxyl and carboxylic acid groups.
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While the -OH group can contribute to thermal stability
through intramolecular or intermolecular hydrogen bonding at
lower temperatures, it also introduces a risk of thermally
induced side reactions at elevated temperatures. These may
include intramolecular esterification or lactonization, which
compromise on structural stability.*” Finally, the acidity of the
parent acid from which the anion is derived may also influence
the thermal behavior. The corresponding acid from 2-b is
slightly more acidic than that of 2-c. In general, a more acidic
species tends to form a more stabilized conjugated acid when
structural backbones are comparable. Stronger electrostatic
attraction can delay thermal decomposition resulting in
a higher Trpg.acr Of 2-b.*® 2-a is characterized by a lower thermal
stability than 2-c. The absence of hydrogen bonding makes the
molecule more prone to cleavage at lower temperatures. On the
other hand, the methyl group is weakly electron donating via
the +I effect, leading to a lower Trpg.act-*®* Among the investi-
gated compounds, 1-a, bearing a cyano substituent, exhibits the
lowest thermal stability, as the nitrile group is a strongly
electron-withdrawing substituent. The —I effect withdraws
electron density through o-bonds, while the -M effect stabilizes
adjacent carbanionic intermediates via resonance.** These
combined electronic effects are expected to destabilize the a-
carbon and weaken the structural integrity of the compound,
thereby facilitating decarboxylation. In addition, the decarbox-
ylation reaction yields thermodynamically stable products such
as acetonitrile and CO,, which further drives the decomposition
process forward under thermal conditions. This overall effect
contributes significantly to the lower Trpg.acr Observed for
compound 1-a.* The significantly higher Trpgacr of 2-
b compared to 2-d can be related to the nature and number of
electron-withdrawing substituents.

2-b contains a single chlorine substituent, whereas 2-d bears
a trichloromethyl group, which exerts a strong -I effect.

Destabilization of the C-C bond between the o -carbon and
the adjacent carboxylic group lowers the energy barrier for
decomposition reactions, particularly decarboxylation. In
contrast, the mono-chloro substituent in 2-b exerts a compara-
tively moderate -I effect. As discussed previously, this milder
electron-withdrawing character contributes to a more balanced
stabilization of the molecule, reinforcing bond strength and
thereby enhancing Trggacr.*"** In further experiments, TBGs
were synthesized with pairs of hydroxy, oxo, and methyl groups,
and their effect on the thermal stability was analyzed. TGA
analysis revealed that Trgg.acT, follows the descending order: 2-
e > 2-f > 2-g. 2-e (Fig. 2d and e), which contains both a hydroxy
and a methyl group, exhibits the highest Trgg.acr among the
three compounds. The methyl group increases electron density
on the anionic moiety and stabilizes the structure by decreasing
its susceptibility to nucleophilic attack. In contrast, the electron
withdrawing hydroxy group further stabilizes the TBG, making
it less prone to decomposition. Together, the opposing effects of
the hydroxy and the methyl group work synergistically to
enhance the thermal stability of 2-e. The hydroxy group
contributes to the overall structural stabilization, while the
methyl group reduces the propensity for decomposition at
higher temperatures.**** In 2-f, the strong electron withdrawing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Influence of different stabilization groups from acetate derivatives on the properties of TBD releasing QASs. (a) Chemical structures of the

synthesized TBGs 2-a—g. (b and d) Summary of Trgg-act. ApH after activation, ton-act. and Tpn-acT: including a schematic representation of the
relative thermal stability of the acetate derivatives. TGA analysis of the TBGs (c) 1-a, 2-a—g and (e) 2-e—g.

oxo group decreases electron density on the anion, making it
more electrophilic and reactive. This increased electrophilicity
reduces the thermal stability of the TBG.* Similarly to
compound 2-e, the hydroxy group in 2-f also exerts an —I effect.
However, the electron-withdrawing influence of the hydroxy
group is counteracted by the strong electron-withdrawing effect
of the oxo group. This interplay results in a destabilizing effect
by increasing the electron deficiency of the anion, making it
more susceptible to nucleophilic attack and subsequent
cleavage. In contrast, the methyl group in 2-e donates electron
density via its inductive effect, which stabilizes the TBG to

© 2025 The Author(s). Published by the Royal Society of Chemistry

a certain extent and contributes to the slightly higher thermal
stability of 2-e compared to 2-f.*> Among the three compounds,
2-g containing an oxo group and a methyl group as substituents
exhibits the lowest thermal stability. Here, the stabilizing
influence of the methyl group seems to be not sufficient enough
to counteract the strong destabilizing effect imposed by the oxo
group.”® In addition, the absence of hydrogen bonding and
other stabilization effects might explain the lower thermal
stability of 2-g compared to 2-f. To further analyze the thermal
cleavage behavior. For 1-a and 2-a-g EGA-FTIR was employed
(Fig. S21-S34). Four distinct decomposition profiles were
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identified. Analogues to 1-a, 2-d, 2-f, and 2-g exhibited a step-
wise thermal activation pattern. An initial release of CO, at
2334 cm~ ' was followed by the evaporation of TBD, evident
from the characteristic IR bands at 3450, 2950-2850, 1650,
1490-1440, and 1360-1325 cm™ ', matching those of the pure
base (Fig. S20 in SI) Additionally 1-d exhibited a band at
1250 cm ! indicating the formation of chloroform and subse-
quently clean cleavage. Notably, 2-f, which released CO,
between 180 and 220 °C, showed a delayed base release
compared to pure TBD, indicating thermal stabilization of the
salt form. In contrast, compounds 2-¢ and 2-e demonstrated
a simultaneous release of CO, and TBD beginning at 240 °C,
which is significantly higher than the base's volatilization
temperature. This suggests enhanced thermal stability in the
solid state, consistent with TGA results. Additionally, both
compounds showed new bands between at 3400-3000, 1575 and
1200 cm ! and enhanced signals at 1360 and 1325 cm ™. These
spectral changes are attributed to the presence of a-hydroxy
acids in 2-c and 2-e, which upon decarboxylation release alde-
hydes*” (e.g., formaldehyde or acetaldehyde) that may condense
with TBD, explaining the sustained intensity of TBD-related
peaks up to 360 °C. 2-b also showed a distinct CO, release
between 240-280 °C. However, subsequent TBD-related signals
were partially suppressed: the 1360-1325 cm ™' region vanished
and the 1490-1440 cm ™" bands weakened. In their place, broad
peaks between 3410-3000 cm ™", along with new signals at 1315,
1285, and 1050 cm ™}, were observed. These are consistent with
N-alkylation or condensation reactions between TBD and
chlorinated side products formed after decarboxylation of the
chloroacetate.*® Finally, 2-a exhibited no detectable CO, release.
Instead, a slight-broad water band between 3000-3400 cm ™,
a new doublet between 1800-1750 cm ™' and a strong band at
1160 cm ™' were observed concurrently with the typical TBD
peaks. These features correspond to the in situ formation of
acetic anhydride,* suggesting that cleavage occurs via
a condensation mechanism between two acetate units, cata-
lyzed by the basic TBD environment.

To further quantify the base release of the TBGs, the
temperature (Tpu-acr) and time (¢,p-act), defined as the condi-
tions under which the highest ApH (i.e. maximum base release)
was observed, were determined by pH-measurements in 3 mL
DMSO/19 mL deionized water solution at a concentration of
1 mmol L™ (full protocol in SI). Measurements were performed
in triplicate, and the uncertainty in Tpi.acr values is £ 2 °C. The
samples were thermally treated at a defined temperature for
a fixed time (or vice versa), and the ApH was calculated by
subtracting the pH of the non-activated solution from the pH of
the activated solution (see SI Tables S11-S17). Interestingly, all
TBGs in this series demonstrated a distinct, non-linear pH
activation profile, characterized by a narrow thermal window
where the ApH was maximized. This suggests that base release
is governed by a delicate interplay of thermally triggered
cleavage (e.g., decarboxylation) and the onset of competing side
reactions that deactivate the liberated base or yield phenolic
byproducts.*® Each compound exhibited a Tpy.acr and tpp-act
directly correlating with its structural features and inherent
thermal stability (see Fig. 2b and d). These results highlight the
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critical role of acid selection in maintaining pH stability post-
activation. Specifically, CA as stabilization group showed clean
cleavage, without further side reactions, and therefore a sus-
tained basicity with negligible decomposition of the released
base over time. Recent studies have further revealed that
guanidine-based cations, are able to undergo ring-opening
reactions in aqueous environments, leading to a significant
reduction in the observed ApH upon thermal activation.** This
observation is consistent with the experimental conditions, as
all pH-measurements were conducted in water-containing
media. In particular, the thermal activation process involves
two concurrent reactions: the intended, thermally triggered
base release and a competing ring-opening side reaction, which
is accelerated under elevated temperatures and in the presence
of water. The extent of pH suppression is further affected by the
decomposition behavior of the carboxylate itself. CA, which
follows clean and well-defined cleavage pathways, do not show
evidence of this ring-opening behavior. This can be attributed to
its rapid and selective decomposition, which occurs prior to any
significant ring-opening of the guanidinium species. As a result,
the thermally liberated base remains stable in the DMSO/H,0
solution, and the overall ApH is preserved. Across the examined
compounds, four distinct activation behaviors emerge. For 1-a,
the pH activation begins already at 80 °C after 30 min, after
which the ApH remains stable and constant with only small
changes in pH even after 5 hours at 200 °C (see SI Table S5). Its
relatively high ApH (3.96) suggests that most of the released
base is pH-active and not sequestered or decomposed as already
discussed in the previous section. In contrast compounds
having dual substituents (2-e, 2-f, and 2-g) show a clean and
moderate base release after reaching their ¢,act and Tppacr-
Increasing T > Tp.acr has only limited impact on the basicity.
Slight ApH can also occur before reaching Tpy.-acr. However,
extending the duration of activation at increased temperatures
(e.g- 200 °C) leads to a clear decrease in basicity. Mono-
substituted acetic acid derivatives (2-a, 2-b, and 2-¢) exhibit
low or even ApH toward higher acidity. For example, 2-
b becomes more acidic upon activation, which may be due to
the formation of acidic decomposition products (e.g. HCI).
Similarly, 2-c shows a reduction in pH upon extended heating,
suggesting base decomposition or capture. In contrast 2-
d demonstrates efficient base release and reaches a moderate
ApH of 1.58 at its f,act and Tp.act- However, upon prolonged
thermal treatment, 2-d shows a significant reduction in basicity,
indicating possible decomposition of the released base or
buffering by decomposition products. Furthermore, in this
series, 2-a, 2-¢, and 2-e exhibited significant ApH at tempera-
tures far below Trpg.acr (Fig. 2b and d), which aligns well with
the in the previous chapter discussed results for 1-a. For
example, compound 2-e starts to activate in solution already at
temperatures as low as 100 °C, despite its Trpg.act at 215 °C in
the solid state. Also share 2-c and 2-e structurally both a free
hydroxy group, which may support this behavior. In contrast 2-
d and 2-f show activation in solution at temperatures at or above
Treg-act (Fig- 2b and d). This further supports the idea, that the
thermal stability of the TBGs is highly dependent on if they are
in solid state or solution. Furthermore, the chemical structure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the anion of the TBG and interactions with solvents might
also have impact on the thermal stability of the compound in
solution. For example, 2-a, 2-e, and 2-g feature a methyl-
substituted anion, which may contribute to a reduced thermal
stability in DMSO/water mixtures due to structural similarities
that favor premature activation or decomposition under these
conditions. A behavior that has also been reported in previous
studies for electron-poor, nucleophilic anions in polar aprotic
solvents.> These findings emphasize the importance of ther-
molysis stability, anion design, and base-product compatibility
when tailoring TBGs for pH-controlled applications. Further-
more, it should be noted that Trpg.acr and Tp-acr can differ
significantly. This highlights that the thermal stability of TBGs
in solution can vary markedly from that of their solid-state
counterparts. Consequently, in future applications involving
polymeric systems, the Trpg.acr of embedded TBGs may be
influenced by the polymer network used.

To better understand which molecular factors influence the
thermal activation behavior of TBGs, a multivariate correlation
analysis was conducted for 1-a and 2-a-g. The target parameter
was the experimentally determined Trpg.acr (solid state).
Several experimentally accessible and semi-quantitative
descriptors were used as independent variables: pK, (taken
from literature)® of the acetate derivatives, molecular weight
(Mw) of the salt, ApH, and pHyor.acr- Additionally, three
qualitative structural parameters were introduced and ranked
numerically from 1 to 5 to enable correlation. In the first step,
the decarboxylation behavior, based on EGA-FTIR profiles was
taken: A value of 5 represents clean, two-step decomposition
with separate CO, and base release; 3 indicates overlapping
CO,/base release and the formation of side products whilst 1
reflects a non-decarboxylative cleavage pathway.

In addition, inductive effects of substituents on the acid were
ranked from 1 (strong -1, e.g., -CCl;) to 5 (strong +1, e.g., alkyl or
hydroxyl groups), reflecting electron withdrawal/donation at the
cleavage site.

Finally, steric hindrance, reflecting spatial bulk around the
anionic center was ranked from 1 (minimal hindrance, e.g.,
acetate) to 5 (bulky groups like trichloromethyl), based on size
and substitution pattern.

Only correlations between individual descriptors and Trgg-
act are discussed in the main text for clarity. The full Pearson
correlation matrix is provided in the SI (Table S29), allowing
assessment of interdependencies between all variables. The
input parameters are shown in Table S28.

The Pearson correlation analysis revealed several clear and
mechanistically consistent relationships between Trpg.acr and
the molecular descriptors. Among the strongest correlations
was pK, (r = —0.94), showing that more acidic anions (lower
PK,) are associated with significantly lower Trpg.acr- Notably,
My of the TBGs exhibited a strong negative correlation (r =
—0.93) with Trpg.act, indicating that smaller molecules tend to
decompose more readily, likely due to reduced thermal stability
and more facile diffusion.

The maximum ApH observed upon heating in DMSO also
correlated positively with Trpgacr (© = +0.77), suggesting that
compounds showing strong base release effects may require

© 2025 The Author(s). Published by the Royal Society of Chemistry
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slightly higher energy input, possibly due to slower or more
complete deprotonation. Similarly, pHyxor-act Showed a moder-
ately strong positive correlation (r = +0.90), implying that TBGs,
which already exhibiting basic character in their unactivated
form, tend to release the base only at higher temperatures. This
could reflect increased ion pairing or residual basicity delaying
full cleavage. Among the ranked structural parameters, the
decarboxylation score revealed a highly negative correlation (r =
—0.94) with Trgg.acr- This supports the hypothesis that clean,
well-defined CO,-releasing mechanisms are favorable for
achieving low activation temperatures. In contrast, the induc-
tive effect (I effect) of substituents correlated positively (r =
+0.64) with Trpg.act, indicating that electron-donating groups
slightly stabilize the salt structure, delaying thermal decompo-
sition. Steric hindrance, despite being qualitatively assessed
and ranked, showed minimal correlation (r = +0.06) and
appears to play a minor role in influencing thermal cleavage
within this specific series.

In summary, the analysis reveals that electronic factors (pK,,
I effect, pHnoracr), mechanistic behavior (decarboxylation),
and M,y are key contributors to thermal activation behavior. The
high consistency between qualitative descriptors and experi-
mental data supports their use in predictive modeling and
rational TBG design.

To further substantiate the observed discrepancy between
Trea-act in the solid state and Tpg.acr in solution, activation
energies by Kissinger analysis from variable heating rate
experiments were determined.** Compounds 1-a (cyanoacetate-
based) and 2-d (trichloroacetate-based) were selected for this
study because they exhibited clean decarboxylation and strong
base release (ApH), as previously confirmed by EGA-FTIR and
pH experiments. This ensures that the measured thermal events
can be directly attributed to the intended decomposition
pathway, without interference from competing side reactions.

For the solution-state measurements, 100 mg of TBG were
dissolved in 0.5 mL of DMSO and subjected to thermal analysis
at heating rates between 5 and 35 K min ™" (in 10 K increments).
Solid-state experiments were performed for TBG powders under
otherwise identical heating protocols. Onset temperatures for
Kissinger analysis were determined from the TGA curves at the
respective heating rates (see experimental part and Fig. S49-S54
in SI).

The results show a consistent and pronounced difference
between the two environments for both 1-a and 2-d. For 1-a, the
activation energy (E,) in solution (DMSO) was determined as 52
+ 29 kJ mol ™', whereas in the solid state a significantly higher
value of 140 + 21 k] mol ™" was obtained. Similarly, 2-d exhibited
a solution-phase activation energy of only 28 + 9 kJ mol ,
compared to 143 + 7 k] mol " in the solid state. Importantly,
the error ranges of solution and solid-state values do not over-
lap, confirming that these differences are statistically signifi-
cant (Fig. S55-S58, Tables S32-S35 in SI).

These findings provide quantitative evidence for the mech-
anistic divergence of activation in the two environments. In
DMSO solution, the apparent activation barrier is reduced due
to solvation effects, stabilization of transition states, and facil-
itated proton transfer pathways.*® As a result, decomposition
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can occur at lower apparent onset temperatures, which is re-
flected in the experimentally determined Tpy.act- By contrast, in
the solid state no such stabilization is available, and decom-
position must proceed via direct bond scission in a constrained
matrix, leading to a substantially higher activation energy and
a correspondingly higher onset temperature Trpg.acr- The clear
distinction in E, values thus substantiates that the discrepancy
between Trgg.act and Tpp-act is not a methodological effect, but
rather an intrinsic property of the activation mechanism in
different phases. This quantitative analysis extends our earlier
qualitative interpretation and provides a solid framework to
understand why activation in solution (DMSO) and in the solid
state follow different thermal thresholds.

2.4. Effects of degree of neutralization and carbon spacer
length on the anion on the thermal stability of QASs

To investigate the effect of chain length and degree of neutral-
ization on the cleavage mechanism and thermal release
behavior of QASs, a series of dicarboxylate-based TBG deriva-
tives were synthesized (Fig. 3a). All compounds featured TBD as
basic building block, while the anionic counterparts were
structurally derived from dicarboxylic acids with varying chain
lengths. Depending on the stoichiometry, the dicarboxylic acids
were either partly (2-f, 2-h-j) or fully neutralized (2-k-n).

With the exception of 2-h, the thermal stability of the partly
neutralized TBGs rises with increasing chain length of the
dicarboxylic acids: 2-j > 2-i > 2-f > 2-h (Fig. 3b and c). The higher
thermal stability can be explained by lower electrostatic repul-
sion between the acid and the base moieties, lower conforma-
tional strain, enhanced flexibility in the longer-chain mono
substituted acetic acid derivatives, and an increased entropic
cost for cyclization or decomposition, thus raising the activa-
tion barrier for thermal cleavage.*®>”

The low stability of the MA-based TBG (2-h) might be related
to a different decomposition mechanism. MA is a beta-keto acid
which facilitates beta-decarboxylation through carbanion
stabilization of the transition state.*® Furthermore, the TGA-
curve of 2-i (succinate) shows a minor mass loss event begin-
ning at around 135 °C. This is either due to the loss of physi-
osorbed or loosely bound water, or a minor initial
decarboxylation reaction.> Whilst the partly neutralized TBGs
show one major weight loss in the TGA curves the fully
neutralized ones exhibit a distinct two-step weight loss.

The first mass loss occurs below 80 °C for all compounds,
while the second step takes place above 230 °C. The exception is
again the malonic acid derived 2-1, which decomposes at
significantly lower temperatures. This two-step decomposition
is consistent with the structural composition of these TBGs
containing two equivalent carboxylate groups, each associated
with one TBD counterion. The observation of two separate
decomposition events suggests that the initial base release from
one anionic site does not trigger immediate cleavage of the
second. Instead, the system appears to reach a temporarily
stabilized intermediate state before the second activation
occurs. No clear trend is evident for the first activation
temperature (Trpg-acr-1), Which lies within a narrow range
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between 63 °C and 76 °C for all compounds. In contrast, the
second activation temperature (Trpg.acrs) reveals a notable
structure-property relationship. As with the partially neutral-
ized analogues, the thermal stability at this stage increases with
the chain length, following the order: 2-n > 2-m > 2-k > 2-1
(Fig. 3d and e). This indicates that, with the exception of 2-1, an
increased number of ~-CH,-moieties between carboxylate groups
enhances thermal stability.*® A notable phenomenon observed
is the lack of immediate mass loss following the first activation
event, even when the temperature exceeds the known thermal
threshold of free TBD (~200 °C). In its pure form, TBD exhibits
rapid evaporation and decomposition above this temperature as
confirmed by TGA (see SI Fig. S13). However, in the solid TBG,
the system remains thermally stable up to significantly higher
temperatures, often beyond 250 °C, before a second, more
pronounced weight loss step is observed. This pattern strongly
suggests that the initial thermally triggered cleavage of the salt
linkage, expected to release one of the two TBD units, does not
result in full liberation of the free, volatile base. Instead, the
data supports the formation of a thermally stabilized interme-
diate, in which the base remains sequestered in the solid
matrix. One possible mechanism might be the formation of ion
pair or zwitterionic intermediates with the remaining carbox-
ylate.®* This interaction reduces volatility and prevent prema-
ture desorption of TBD from the matrix. Another explanation
might be residual proton donors or neighboring polar groups
that form hydrogen bonds with the released TBD, further
impeding its escape from the matrix until higher thermal
energy is applied.®* An exception to this behavior is again clearly
observed with 2-1, derived from malonic acid. Instead of
exhibiting delayed mass loss, 2-1 undergoes rapid decomposi-
tion above ~200 °C, coinciding precisely with the expected
volatilization of pure TBD. In contrast to its homologues, no
intermediate stabilization is evident. Upon heating, a fast
cleavage occurs, likely through a concerted decarboxylation or
fragmentation pathway, liberating TBD without the formation
of a stabilizing intermediate. Moreover, due to the limited
number of —CH,- units, steric confinement of TBD is less
effective, making free diffusion and evaporation of TBD more
favorable.® As a result, 2-1 shows early and efficient base release.

To better understand the effect of structural modification on
the thermal release behavior of TBGs, the activation tempera-
tures of partly neutralized TBGs (2-f and 2-h-j) were compared
with their fully neutralized analogues (2-k-n). These pairs are
based on the same dicarboxylic acid backbone but differ in the
number of coordinated TBD equivalents—either one (partial
neutralization) or two (full neutralization). For 2-k (oxalate) and
2-m (succinate), full neutralization increases the activation
temperature, likely due to stronger electrostatic stabilization
and reduced reactivity of the intermediate.®* The increase in
chain length (C2 — C4) appears to enhance thermal resilience
when both acid groups are blocked. 2-1 (malonate) cleaves
earlier than 2-h, likely due to intrinsic decarboxylation
tendencies of the malonate structure (B-keto acid analogue),
leading to early fragmentation irrespective of the degree of
neutralization.*® 2-n (adipate) surprisingly activates earlier than
2-j, despite having both groups neutralized. A plausible
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Influence of stabilization groups varying in spacer length and degree of neutralization on the properties of TBD releasing QASs. (a)

Chemical structures of the synthesized TBGs 2-f and 2-h—n. (b and d) Summary of Trgg-acT, ApH after activation, to-act, and Top-acT: including
a schematic representation of the relative thermal stability, base release efficiency, and initial activation of the carboxylic acids. TGA analysis of

the TBGs (c) 2-f and 2-h—j and (e) 2-h—-n.

explanation lies in long-chain flexibility, which may facilitate
internal diffusion and release of one TBD even before the
second activation, effectively This
proposed two-step release mechanism is supported by later pH-
measurements, which indicate base release during the first
thermal event observed in the TGA (see SI, Table S24). In some
fully neutralized TBGs (e.g., 2-k, 2-m), the second activation
temperature is higher than in their partly neutralized counter-
parts, which indicates that the first cleavage step forms a stable
intermediate, potentially stabilized by internal hydrogen

IOWering TTBG»ACTZ-GS

© 2025 The Author(s). Published by the Royal Society of Chemistry

bonding or charge delocalization. Conversely, where T'rpgacrz <
Treg-acr (6.2, 271, 2-n), the second cleavage may be structurally
favored or entropically driven, especially when chain flexibility
or unstable intermediates (such as malonate) are involved.*®
EGA-FTIR was employed to investigate the thermal activation
behavior of compounds 2-f and 2-h-2-m (Fig. $35-S48). The
partly neutralized TBGs (2-f, 2-h, and 2-i) all exhibited an initial,
clean release of CO,, followed, upon further heating, by
a simultaneous release of CO,, base (TBD), and other side
products. In contrast, the fully neutralized derivatives (2-k, 2-1,

RSC Adv, 2025, 15, 35265-35280 | 35275
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and 2-m) did not show this early CO, release, but with otherwise
comparable spectral features to their partly neutralized coun-
terparts. These observations support the conclusion that the
initial CO, release in partly neutralized TBGs arises from free
(unblocked) carboxylate groups.”” After this first decarboxyl-
ation step, the cleavage behavior of the partly neutralized
compounds mirrors that of the fully neutralized analogues. An
exception to this trend is observed in the adipic acid-based
TBGs (2-j and 2-n). Both compounds show identical gas evolu-
tion profiles, with no early CO, release in the partly neutralized
compound 2-j. Instead, both begin releasing CO, and base
simultaneously starting at around 280 °C, suggesting a distinct
cleavage mechanism independent of neutralization degree. For
the oxalate-based derivatives, the partly neutralized 2-f shows an
initial CO, release between 180-220 °C. Subsequently, both 2-f
and its fully neutralized analogue 2-k begin releasing CO, and
TBD simultaneously at 240 °C. Notably, no side products are
detected, and only the characteristic peaks of CO, and TBD are
observed. These results strongly suggest a clean decarboxylation
mechanism, without evidence of condensation or secondary
side reactions. The malonate derivatives show subtler differ-
ences. Compound 2-h exhibits initial CO, release between 120-
160 °C. From 180 °C onward, no further CO, is observed, but
strong signals corresponding to TBD evolution appear. Addi-
tionally, starting at 200 °C, new peaks arise at 3400-3000, 1800-
1750 em ™" and 1175 ecm ™, consistent with dehydration upon
anhydride formation.*” For 2-1, cleavage begins between 140-
160 °C with CO, evolution. At 180 °C, a simultaneous release of
CO, and TBD is observed, followed by exclusive base evolution
and the emergence of the same anhydride-associated IR peaks
from 200 °C onward. These observations support the following
cleavage mechanism for 2-h and 2-I: the first step is thermal
decarboxylation, favored due to the intrinsic reactivity of mal-
onate derivatives (beta-keto acid).”® In 2-h, this results in CO,
release alone; in 2-1, both CO, and TBD are released. The
remaining acetate species (bound to TBD) subsequently
undergo cleavage via anhydride formation, analogous to previ-
ously studied compound 2-a, with closely matching thermal
profiles. In the succinate-based systems, 2-i (partly neutralized)
shows an initial CO, release between 200-220 °C, followed by
simultaneous evolution of CO, and TBD between 240-280 °C,
without detectable side products. At 300 °C, new peaks again
appear between 3400-3000, 1800-1750 cm ™' and at 1175 cm ™ *,
indicating secondary anhydride formation. The fully neutral-
ized 2-m follows the same behavior, except without the early
CO, release. Thus, both compounds likely undergo decarbox-
ylation upon base release, followed by side reactions at higher
temperatures. Finally, both 2-j and 2-n (adipate-based) are
thermally stable up to 280 °C, after which a sharp release of CO,
and TBD is observed. Interestingly, several lower-frequency TBD
peaks (1490-1440 and 1360-1325 cm™ ') are either missing or
strongly overlapped. Instead, new bands appear at 3400-3000,
1575-1525, 1425, 1375, and 1310 cm™ ', which can be attributed
to anhydride formation® (linear or cyclic) or ketonization'®
reactions. These spectral features suggest that the cleavage
mechanism involves CO, release followed by either anhydride
formation or ketonization.
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Subsequently, the temperature-dependent ApH of selected
compounds was measured in DMSO/water mixtures (see SI
Tables S18-524). Compounds 2-h, 2-k, and 2-1 exhibit a pH
activation profile similar to that of 2-f, as discussed in the prior
chapter. Each shows the most pronounced ApH at its respective
tou-acr and Tpyacr values. For 2-h and 2-1 initial ApH are
already observed starting at temperatures as low as 120 °C.
Notably, these activation profiles in solution align well with
their Trgc-act values observed in the solid state. However, pro-
longed heating at 200 °C results in a noticeable decline in
basicity, indicating the onset of secondary reactions. A
comparison of partially versus fully neutralized analogues, 2-f vs.
2-k and 2-h vs. 2-1, reveals that full neutralization leads to
a significantly greater base release. While a twofold increase in
ApH is expected based on stoichiometry, the observed ApH
values exceed this, suggesting that fully neutralized compounds
undergo a more complete and cleaner activation. In contrast,
partially neutralized species may undergo side reactions that
reduce the effective basicity and consume portions of the
released base. Compounds 2-i and 2-j showed no measurable
pH increase, consistent with their high Trgg.acr values (215 °C
and 288 °C, respectively). These results suggest that under the
experimental conditions, these derivatives are thermally too
stable to undergo significant base release. Their increased
stability is likely due to longer aliphatic chains or steric
hindrance, which inhibit decarboxylation. Moreover, at the
required activation temperatures, side reactions are more likely
to occur than selective base release. Interestingly, compounds 2-
m and 2-n displayed a unique biphasic activation profile not
observed in other derivatives. Upon heating to relatively low
temperatures, 140 °C for 2-m and 100 °C for 2-n, a modest but
distinct pH increase was observed (ApH = 0.57 and 0.27,
respectively), corresponding to an initial activation step (Trpg.
act1)- After this first shift, the pH plateaued or even declined,
with no further increase observed, indicating that full base
release was not achieved. TGA data strongly support this two-
step activation mechanism. This behavior correlates with the
carbon spacer length of the anionic moiety: 2-n, with the longest
spacer, begins to cleave at the lowest temperature (100 °C),
followed by 2-m at 140 °C. In contrast, 2-1 also activates at 140 °C
but undergoes full cleavage, while 2-k, with the shortest chain,
requires 200 °C for complete activation. This trend suggests that
in solution, longer spacer lengths reduce the thermal threshold
for the initial cleavage (Tyeg acri1), While shorter chains increase
it. For 2-m and 2-n, the temperature gap between Trgg.act1 and
Trec-act2 is sufficiently large to allow the formation of stable
intermediates, effectively halting full activation under the given
thermal conditions. In contrast, for 2-1 and 2-k, these two steps
overlap, preventing intermediate stabilization and leading to
rapid, complete decarboxylation in a single thermal event. The
high ApH values observed for 2-1 and 2-k further confirm this
clean and efficient release. As discussed in previous chapters,
these findings underscore the differing behaviors of TBGs in
solid versus solution states. Importantly, they highlight a key
consideration for future applications: TGA-derived activation
temperatures may not directly translate to performance in real
systems, particularly when TBGs are dissolved in polymeric

© 2025 The Author(s). Published by the Royal Society of Chemistry
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matrices. Interactions with the matrix can either stabilize or
destabilize the active species. Therefore, careful assessment of
the activation environment is essential for designing and pre-
dicting the performance of TBGs in functional materials.

To investigate how the degree of neutralization affects the
thermal activation behavior of TBGs a multivariate correlation
analysis was conducted using Trgg-acr as the main descriptor of
interest. A set of independent variables was chosen to capture
both electronic and structural properties: pK,; and pK,, values
from literature,* pHyoracr and ApH. In addition, three semi-
quantitative structural descriptors were ranked to enable
correlation: decarboxylation behavior (1 = no decarboxylation; 5
= clean decarboxylation with base release, based on EGA data),
carbon spacer length (number of carbon atoms between the two
carboxylic groups), and the neutralization degree (1 = partially
neutralized, 2 = fully neutralized). A low-temperature mass loss
event observed in the fully neutralized samples (Trgg.acri) Was
interpreted as physical water desorption, not chemical cleavage,
and therefore excluded from the analysis. Only Trgg.acre (With
observed base release, based on EGA data) was used for corre-
lation. The full Pearson correlation matrix is provided in the SI
(Table S31), allowing assessment of interdependencies between
all variables. The input parameters are shown in Table S30.

Notably, pK,; showed a strong negative correlation with
Trec-act2 (r = —1.00), suggesting that higher acidic dicarboxylic
acids form salts that require higher thermal energy to dissociate
in the first degradation step. In contrast, pK,, was positively
correlated (r = +1.00), reflecting that the second deprotonation
step plays an opposite role in stabilizing the fully neutralized
species. Likewise, pHyor.acr correlated strongly and positively
(r =+0.99), confirming that less acidic salts in the pre-activated
state are easier to activate thermally. ApH showed a strong
negative correlation (r = —0.94), indicating that systems capable
of large pH changes tend to require lower Trpg.acr-

Decarboxylation behavior, as expected, exhibited a perfect
negative correlation (r = —1.00) with Trpgacr, confirming that
systems with clean CO, release undergo activation at lower
temperatures. Spacer length, correlated positively (r = +1.00),
highlighting that longer, more flexible acids lead to more
thermally stable salts. Finally, the neutralization parameter was
strongly negatively correlated (r = —0.97), meaning that fully
neutralized systems dissociate at higher temperatures, likely
due to the absence of free acidic protons that might promote
cleavage or destabilize the salt.

Taken together, these results underscore how electronic
acidity (pKa1/pKaz), structural flexibility (spacer length), and the
degree of neutralization cooperate to govern thermal decom-
position. Moreover, the strong correlations validate the
approach of combining experimental values with semi-
quantitative descriptors in predictive analysis and point to
decarboxylation efficiency and salt topology as key design
parameters for tunable TBGs.

3 Conclusions

A comprehensive library of TBGs with tunable cleavage
temperatures ranging from 60 °C to 290 °C was successfully

© 2025 The Author(s). Published by the Royal Society of Chemistry
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synthesized and characterized for potential application in
dynamic polymer networks. TGA enabled the determination of
Trec-act across all compounds in the solid state, with initial
decarboxylation steps contributing to the mass loss. EGA-FTIR
provided mechanistic insights into the cleavage pathways and
confirmed the release of the base. pH-measurements in solu-
tion further demonstrated activation upon base release,
consistent with the TGA and EGA-FTIR results. Systematic
variation of either the cationic base or the anionic leaving group
revealed that the cleavage temperature was significantly influ-
enced by the nature of the base, while the cleavage mechanism
remained consistent across different bases with a common
cyanoacetate anion (1-a-e). All TBGs underwent clean decar-
boxylation, as expected from cyanoacetic acid derivatives. Two
distinct trends were observed among guanidine-based TBGs: (1)
higher basicity generally correlated with increased thermal
stability, and (2) bases with higher nucleophilicity, despite
lower basicity, also showed enhanced thermal stability. Addi-
tionally, a correlation between the nucleophilicity of base (1-c
and 1-f) and pH value in the not-activated state of the TBG was
found. These findings suggest that nucleophilicity has a more
pronounced impact on thermal stability than basicity alone
when designing TBG systems. Bases with boiling/degradation
temperatures close to the Trpgacr (6.8, 1-d, 1-f) exhibited
a single-step mass loss, while thermally stable bases, with
boiling/degradation far above Trggacr (.8, 1-a, 1-b, 1-c, 1-€)
showed a two-step process: initial base release followed by
subsequent evaporation at elevated temperatures. Further
investigations focused on TBGs containing the same basic
building block (TBD) and selected acetic and dicarboxylic acid
derivatives as anions. For acetate mono substituted acetic acid
derivatives-based TBGs, clear structure-stability relationships
were identified. Electron-withdrawing substituents did not
inherently lower thermal stability; rather, stability was governed
by the ability to form stabilized carbanions. For example, TBGs
bearing cyano groups (1-a) or trichloro substituents (2-d)
demonstrated clean release and full base liberation, confirmed
via pH-measurements and EGA-FTIR. In contrast, high Trggacr
led to undesired side reactions and decomposition, as evi-
denced by a slight shift of the pH value (or even a shift to lower
more acidic pH values). The comparison of partially versus fully
neutralized dicarboxylic acid-based TBGs revealed that partially
neutralized compounds (e.g., 2-f, 2-h to 2-j) showed increasing
thermal stability with longer aliphatic chains, particularly when
B-keto structures were absent. Fully neutralized TBGs displayed
two distinct activation events, not always visible in TGA (solid
state) but detectable in solution via pH-measurements and EGA-
FTIR analysis. Short-chain mono substituted acetic acid deriv-
atives (2-k, 2-1) exhibited overlapping activation steps, resulting
in a single cleavage event and complete base release. In
contrast, longer-chain analogues (2-m, 2-n) showed an initial
activation event followed by thermal stabilization, with only the
first cleavage step occurring and no further decomposition.
Additionally, it was observable that the medium in which the
TBGs were activated (DMSO/water) has a high influence on the
thermal stability of the TBGs and can reduce the thermal
stability significantly compared with the undissolved solid-state
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counterparts (e.g. 1-a and 2-e). Finally, during this study
decarboxylation, condensation, dehydration and ketonization
have been observed as cleavage mechanisms for selective base
release. These findings provide a robust framework for the
design of TBGs with predictable thermal behavior. In follow-up
studies, the synthesized TBGs will be incorporated into dynamic
polymer networks to evaluate their performance as thermally
switchable catalysts. In follow-up studies, the synthesized TBGs
will be incorporated into dynamic polymer networks to evaluate
their performance as thermally latent catalysts. Beyond their
technical performance, the integration of TBGs into dynamic
polymer networks systems offers notable sustainability benefits.
The ability to reshape and reuse polymeric materials without
loss of performance directly supports circular material strate-
gies by extending service lifetimes, minimizing waste genera-
tion, and reducing reliance on energy- and resource-intensive
virgin production. By enabling controlled reprocessing, TBG-
based vitrimers can help lower energy consumption, decrease
greenhouse gas emissions, and contribute to carbon neutrality
objectives within the polymer industry.
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