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Abstract

A series of catalyst-free covalent adaptable networks (CANs) has been developed using a reversible
thia-Michael reaction activated by fluorine atom substitution and by an intramolecular tertiary amine.
The thia-Michael exchange rate was first evaluated by a preliminary molecular study coupled with DFT
calculations. This study enabled to highlight the necessity of combining fluorine and tertiary amine
activation to observe the thia-Michael exchange. Then, by modulating the structure, nature and
functionality of the thiol monomers, a wide range of mechanical properties and thermal properties
were achieved. Relationships between the monomer structure and the dynamic properties were also
highlighted through the dynamic study of these materials. Finally, the ability of the fluorinated thia-
Michael CANs to be reprocessed was assessed by thermal and mechanical analyses up to three

reshaping cycles.
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Introduction

The thia-Michael addition has been used for several decades to build C-S bonds, which are
fundamental units in organic chemistry.! They are essential linkages for a range of pharmaceuticals,
pesticides, food additives and surfactants.2™ Attracted by its high efficiency, rapidity and selectivity,
allowing its qualification as a click reaction,® researchers have also employed this synthetic tool for the

development of polymer materials.”®

In addition, the introduction of a thia-Michael step in polymer synthesis gave rise to a new kind of
dynamic covalent adaptable networks (CANs). Indeed, even though thermosets featuring thia-Michael

adducts as structural units did not initially show any dynamic behavior, it was later demonstrated that,



for specific B-thioesters and/or in the presence of certain catalysts (such as DBU),*° a certain degree
of reversibility could be achieved. Consequently, depending on the temperature or pH range, bond
exchange can occur on thia-Michael adducts, thus conferring dynamic properties to the polymeric
networks.!! For instance, high exchange rates at moderate temperature were reported at the

12714 5 quinone methide?®® systems. Michael exchange was

molecular and material levels for maleimide
even reported to occur at ambient temperature, without external catalyst, for
benzylidenecyanoacetate-derived thia-Michael adduct.'® Moreover, Rowan et al. demonstrated that
placing electron-withdrawing groups such as NO, on the B-phenyl ring of a benzylidenecyanoacetate-
derived thia-Michael adduct favored the retro-thia-Michael reaction in comparison to analogous
structures devoid of specific electronic effects.’” Allowing the equilibrium to shift towards the
dissociated state offers control on the dynamic properties since thia-Michael adducts presumably
require a reversion to the Michael acceptor to allow exchange with another function.!! D. Konkolewicz
et coll. demonstrated that changing the polymerization method from RAFT to conventional radical

polymerization in the preparation of thia-Michael CANs decreased the dynamic properties, probably

because of the higher dispersity in the second case.?

Recently, numerous catalyst-free CANs have emerged with the aim of reducing potential leaching and
accelerated ageing risks related to the presence of additives.’®2* Multiple strategies, including
neighboring group participation (NGP), have emerged to improve the exchange rate.?** For example,
transesterification in epoxy vitrimers can be accelerated via transition state stabilization either by

2631 or by the formation of a cyclic intermediate.3*3® The use of an excess of

hydrogen bonds
exchangeable functions also accelerates the exchange rate and allows the preparation of catalyst-free
vitrimers.3”*! Electron-withdrawing or electron-donating effects of neighboring groups were also
demonstrated to be of utmost importance.’®#24 This behaviour was reported for CANs based on

dioxaborolane exchange, for which electronic effects influence the pKa value of the associated boronic

acid and hence the rate of dissociation.*** The nature of the polymer matrix was also shown to be a



critical parameter for the dynamic properties of CANs*® as well as the steric hindrance of the

neighboring groups, which can also play a role on the exchange reaction rate.**

Finally, an interesting strategy is the incorporation of reactive groups (such as tertiary amine) in the
CAN structure, sometimes described as “internal catalysis”. In this case, the catalyst needed for the
exchange reaction to occur is covalently bonded to the network, preventing any leaching. This strategy
has been used to develop CANs based on transesterification,3>%%54 silyl ether exchange®>=>7 or disulfide
exchange,® where the reactions are internally catalyzed by tertiary or secondary amines. In the case
of transesterification vitrimers, the insertion of a tertiary amine was relatively simple as this
functionality is already present in commercially available multi-functional epoxides or can easily be
obtained by epoxy/amine reaction. In contrast, synthetic steps were required to introduce a tertiary
amine in dioxaborolane® or silyl ether based networks.>>™7 In addition to their catalytic effect on the
exchange reactions, tertiary amines can also promote the network formation. For instance, the
epoxy/acid reaction required to prepare certain transesterification vitrimers can be performed under

much milder conditions in the presence of tertiary amines.50%2

In the last few years, our group has evidenced the significant activating effect of fluorine for the
synthesis of a range of polymer networks. In particular, thanks to its high electronegativity,
epoxy/acid,®*® amidation® and Michael additions (including the aza- and thia- versions)®¢ % have been
shown to be strongly accelerated by proximal fluorine-atom substitution. Moreover, fluorine
activation not only enables the fast synthesis of these networks, but also promotes a series of exchange
reactions. Indeed, the use of a-difluorinated®®97° or a-CFs® esters enables the reprocessability of
catalyst-free transesterification vitrimers. In depth studies combining kinetics and DFT calculations
highlighted the specific activation by fluorine on transesterification®®® and transamidation® and
quantified its impact on the activation energy of the respective exchange reaction.%>! Finally, fluorine
activation of the recently introduced aza-Michael exchange enabled to drastically decrease the

reprocessing temperature of these CANs.%®



However, if the fluorine activating effect on this series of exchange reaction has been clearly
demonstrated, our previously reported thia-Michael thermosets exhibited no dynamic properties in
the absence of any internal or external base, despite the presence of a CFs group.®’ Indeed, the latter
clearly accelerated the thia-Michael reactions and the synthesis of the networks but failed to trigger a
reverse reaction on its own. Hence, on the basis of our recent successful development of fluorine-
activated catalyst-free CANs, we targeted a series of innovative CANs prepared from the combination
of a tertiary amine-functionalized tris-(trifluoromethyl)acrylate with a number of multivalent thiols.
This approach thus combines the fluorine activation effect and the presence of an internal tertiary
amine to promote the thia-Michael exchange. In order to assess the individual impact of each of these
activating groups, model molecular reactions were also examined and the various reactive pathways
were assessed via DFT calculations. The chemical, mechanical, thermal and dynamic properties of the

resulting CANs were also examined.

Results and discussion

Model reactions

The thia-Michael addition of an aryl or alkyl thiol onto a trifluoromethylacrylate was shown to be much
faster than the addition to non-fluorinated counterparts.®’ The aim of this preliminary molecular study
was to independently determine the impact of a trifluoromethyl group and of a tertiary amine catalyst
on the thia-Michael exchange. The effects of the pKa of the amine catalyst as well as its nature (external
or internal) were evaluated. In order to complete this study, fluorinated thia-Michael acceptors and
adducts were synthesized. First, trifluoromethylacrylate esters 2 and 3 (the latter featuring a tertiary
amine function on the side chain) were synthesized via a two-step procedure (Scheme 1).
Trifluoromethylacrylic acid (MAF) was first converted, via the action of phthaloyl dichloride, to its acyl
chloride 1, which was isolated by distillation and then esterified under mild conditions with the desired
alcohol. The fluorinated thia-Michael adducts 4 and 5 were easily prepared by the reaction at room

temperature of thiophenol with tert-butyl trifluoromethacrylate (MAF-TBE) and 3 respectively



(Scheme 2). Ester 6, the non-fluorinated equivalent of 5, was synthesized by the thia-Michael addition
of thiophenol onto 2-(diethylamino)ethyl acrylate, which also occurred at 25 °C due to the “internal
catalysis” of the embedded tertiary amine. The structures of these model molecules 2, 3, 4, 5 and 6

were confirmed by 'H, 13C, °F-NMR (Figures S1-5) and HR-MS.
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Scheme 2. Synthesis of thia-Michael adducts 4, 5 and 6 from thiophenol.

The fluorine effect on the thia-Michael exchange was first evaluated. One equivalent of 4 was reacted
with 10 equivalents of 2 either under catalyst-free conditions or in the presence of tribenzylamine (1
eq.) or DBU (1 eq.) (Scheme 3A). The exchange conversions were monitored by GC-MS according to
the 4/7 peak ratio; the results are reported in Table 1. As expected from our previous work regarding
fluorinated thia-Michael thermosets, ®” no exchange was detected in the absence of catalyst at 100 °C
for 24 h, confirming the non-reversibility of the thia-Michael reaction in the absence of base and

despite the presence of an activating group. A similar result was obtained using tribenzylamine as a
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weak external base while DBU proved much more efficient as a catalyst since significant exchange
occurred after 5 h in its presence. The latter base has been previously used as a catalyst in other thia-
Michael exchange processes,%’? but its toxicity and volatility (boiling point 260 °C) could be seen as
inconvenient for CAN applications. The difference in reactivity between tribenzylamine and DBU was
attributed to their pKa difference (6.9 and 13.3 respectively). Indeed, DBU acts as a strong base and
presumably accelerates the dissociation of the thia-Michael adduct by facilitating the elimination
reaction, as well as the Michael addition step by deprotonation of the thiol.!* At 150°C, tribenzylamine
moderately promoted the thia-Michael exchange, but no exchange was detected in the absence of
catalyst even after 48 h. Following these first experiments, the influence of an embedded tertiary
amine was evaluated by reacting 5 with excess 2 (Scheme 3B). In this case, almost complete conversion
of 5 into 7 was achieved after 5 h at 100 °C. In contrast, the non-fluorinated analog 6 (Scheme 3C) did
not react even at 150 °C after 24 h. These results highlight the importance of both the amine catalyst
(its pKa but also its inter- or intramolecular action) and the role of fluorine activation on reactivity.
Indeed, the experimental results suggest that the internal tertiary amine facilitates the retro-thia-
Michael reaction. The proximity of the amine moiety with the proton a to the CF3; group might allow
the elimination reaction to proceed through a concerted, cyclic transition state. Thanks to this
intramolecular process, the weaker basicity of the tertiary amine compared to DBU seems
nevertheless sufficient to trigger the retro-thia-Michael reaction. In addition, the electron-withdrawing
CFs group clearly activates the thia-Michael exchange, presumably by increasing the acidity of the a-

proton, since no exchange occurred in the non-fluorinated series.
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Scheme 3. Exchange reactions of fluorinated and non-fluorinated thia-Michael adducts with Michael acceptors or donors.

Table 1. Quantitative results of the exchange reactions presented in Scheme 3.

Exchange reaction Temperature (°C) Time (h) Exchange ratio
A-No catalyst 100 24 100/0 (4/7)
A-No catalyst 150 48 100/0 (4/7)

A-Cat = tribenzylamine 100 24 100/0 (4/7)
A-Cat = tribenzylamine 150 10 76/24 (4/7)
A-Cat = DBU 100 5 2/98 (4/7)

B 100 5 1/99 (5/7)

C 100 24 100/0 (6/9)

C 150 24 100/0 (6/9)

D 100 5 5/95 (5/8)

Finally, an additional exchange reaction was carried out between 5 and an excess of 4-
(trifluoromethyl)thiophenol as a Michael donor (Scheme 3D). Similar conversion rates to the reaction
of 5 with an excess of Michael acceptor 2 (Scheme 3B) were obtained. These observations are

consistent with the dissociative nature of the thia-Michael exchange.

DFT calculations

The neighboring CF; effect in the thia-Michael addition of PhSH (thiophenol) to CH,=C(CX3)COOMe (X
= H, F), abbreviated respectively as MMA and MMAF, has already been the subject of a recently
reported DFT investigation.” The reaction mechanism involves the conjugate 1,4 addition of the S-H
bond via a 6-membered transition state, yielding the PhSCH,C(CX;)=C(OH)(OMe) ester enol

intermediate, which then tautomerizes to the more stable PhSCH,CH(CX3)(COOMe) ester product. The



transition state Gibbs energy, relative to the separate reagents, is decreased from 21.6 to 15.8 kcal
mol? when the methacrylate CHs group is replaced with CFs. These energy profiles are recalled for
convenience in Figure S6. For a dissociative exchange to occur, the thia-Michael addition adduct must
follow the reverse pathway to regenerate the separate methacrylate and thiol functions. Thus, in spite
of the electronic assistance of the CF; group, the process still needs to overcome an activation barrier
of 23.8 kcal mol™ for the reverse S-C cleavage and is thus substantially more difficult than the forward

process.

In order to assess the catalytic effect of an added amine, additional calculations were carried out with
the explicit inclusion of an amine molecule. For comparison purposes, the calculations were carried
out using the same DFT method and corrections as in the already published catalyst-free thia-Michael
addition (see computational details).’” The intermolecular version of the catalyzed reaction was

investigated first, using NMes as a computational model for the tribenzylamine used in the experiment.

An initial investigation probed the amine ability to deprotonate the various compounds, namely PhSH,
the enol intermediates PhSCH,C(CX5)=C(OH)(OMe) and the final products PhSCH,CH(CX3)COOMe (X =
H, F). The results of the calculations (Figure S7) indicate that thiophenol is spontaneously deprotonated
to yield the PhS"HNMes* salt, held as a contact ion pair by an N-H---S hydrogen-bond (1.933 A), with a
Gibbs energy gain of -1.4 kcal mol™. This qualitatively agrees with the stronger acidity of the thiophenol
(pKa 6.62) than the conjugate acid of trimethylamine (pK, 9.8), although those values refer to the
aqueous medium while the calculations were done in a polarizable medium with € = 4.5. Note that
tribenzylamine, though less basic that trimethylamine (pK, of the conjugate ammonium salt = 6.90) is
still sufficiently basic to undergo a deprotonation equilibrium with PhSH in water. The enol molecules
are even more favorably deprotonated, with Gibbs energy gains of -11.6 (X = H) and -13.1 (X = F) kcal
mol™. Thus, there is greater stabilization of the enolate in the presence of the electron-withdrawing
CFs group, as expected. The H-bonding interaction, however, is stronger in the non-fluorinated

derivative (N-H---0 = 1.451 A) than in the fluorinated one (1.604 A), which is also expected. Finally, the



interaction of the thia-Michael product with NMes shows a stark difference for the two derivatives:
when X = F, the compound can transfer the C-H proton to the amine to yield the ammonium enolate
as a contact ion pair (N-H---C = 1.853 A), although this proton transfer is endoergic (+10.0 kcal mol?).
When X = H, on the other hand, no stable minimum for a corresponding enolate salt could be located,
the structure optimizing as the thia-Michael ester adduct with a rather loose H-bond between the a-
CH atom and the amine (C-H---N = 2.122 A). This van der Waals adduct is located at +4.6 kcal mol™
from the two separate molecules. Incidentally, while reoptimizing the two thia-Michael adducts,
PhSCH,C(CX3)COOMe (X = H, F) in the course of the present investigation, new minima were located at

lower G than those reported in our previous publication (cf. Figure 1 and Figure S6).%”

The full pathway of C-S bond formation and breaking has subsequently been explored in detail for the
combination of PhASH/MMAF/NMejs, as shown in Figure 1. In the bond breaking direction (from right
to left), the first step is the endoergic a-CH deprotonation already analyzed above, which brings the
system from the product (P) plus catalyst at -14.3 kcal mol?! to the the (PhSCH,)(CFs;)(COOMe)C
---HNMes* contact ion pair at -2.2 kcal mol (D), via an optimized transition state TSpp that has a barely
higher electronic energy, but a lower Gibbs energy (-4.3 kcal mol™) than the contact ion pair, indicating
that the C-H bond formation from the salt is an essentially barrier-less process. A shift of the cation
from the negatively charged C atom to the O atom of the enolate anion yields the
(PhSCH,)(CF3)C(COMe)O™*--HNMejs* contact ion pair (C) at -0.6 kcal mol™ and proceeds via a very low
barrier (TScp at 1.4 kcal mol?). Next, to prepare for the C-S bond breaking, the ammonium cation is
further shifted from the enolate O atom to the S atom to yield (MesNH*:--PhS'CH,)(CF;)C(COOMe) (B)
at -1.1 kcal mol? via another quite low transition state (TSec at 0.7 kcal mol?). The final step is the
ammonium-assisted retro-1,4-conjugate addition, producing MMAF and the PhS--HNMes" contact
ion pair (A). This occurs via the highest energy (rate-determining) transition state TSas at 3.2 kcal mol’
! which is however still quite low relative to the TS of the uncatalyzed pathway (15.8 kcal mol?). Thus,
the key action of the amine for both the thia-Michael addition and its reverse is to generate stronger

nucleophiles in situ, facilitating the C-S bond formation and its microscopic reverse.
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Figure 1. Gibbs energy profile of the thia-Michael addition of PhSH to CH,=C(CF3)COOMe, at 298 K in a polarizable
continuum with € = 4.5, with and without the catalytic action of NMes.

The investigation of the corresponding pathway for the non-fluorinated analog was less detailed,
analyzing only the local minima. The inability of NMes to deprotonate the ester product is an
immediate hint of the greater difficulty for the retro thia-Michael addition in the regular methacrylate
system. The relative energy of the ammonium enolate contact ion pair, (PhSCH;)(CH3)C(OMe)O
---HNMes*, places this compound at +10.0 kcal mol™ relative to the separate MMA and PhSH reagents
plus NMej; catalyst and at +20.0 kcal mol™ relative to the thia-Michael addition product (see Figure S8).
Therefore, obtaining the ammonium enolate intermediate by deprotonation of the ester product,
though less difficult than tautomerizing in the absence of amine, remains much less favorable than the
corresponding process for the fluorinated analogue. To complete the retro-thia-Michael addition, a
shift of the ammonium cation from the O to the S atom yields, in this case, direct C-S bond cleavage to
generate a van der Waals adduct of MMA with the PhS - --HNMes* contact ion pair, located at +2.9 kcal
mol? (Figure S8). The calculations therefore clearly show how the external NMes catalyst promotes

the retro-thia-Michael addition much more favorably for the CFs-activated system.
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Since it has been shown that a stronger base (e.g. DBU) is able to activate the reversible thia-Michael
addition to regular acrylates,”® the intermediates along the thia-Michael addition pathway for the
PhSH/MMA system have also been calculated in the presence of DBU. The results are also shown in
Figure S8. In this case, a local minimum could indeed be optimized for the (PhSCH,)(CH3)(COOMe)C
---HDBU"* contact ion pair (2.0 kcal mol™ higher than PhSH + MMA + DBU and 12.0 kcal mol™? higher
than the final thia-Michael adduct PhSCH,C(CH3)COOMe + DBU). The cation migration from C to O
yields a contact ion pair (PhSCH,)(CH3)C(OMe)O™--HDBU* of nearly identical energy (2.1 kcal mol?),
much lower than the free enol (the enol deprotonation is exoergic by -16.7 kcal mol?). Therefore, all
intermediates along the thia-Michael C-S bond formation and reverse bond cleavage are greatly
stabilized (Figure S8), though not as much as those of the corresponding fluorinated system in the

presence of the weaker NMej base.

Finally, the DFT tool was also used to assess the greater ability of the internal amine function, relative
to an external one, to catalyze the retro-thia-Michael reaction. A simplified model was again used, with
the -CH,CH,NEt; acrylate substituent replaced by -CH,CH,NMe,. The basicity of this internal amine
function is similar to that of the external NMes used as model for the above calculations. The
interaction between the CH,=C(CF3;)COOCH,CH;NMe; acrylate (named MMAF-NMe;) and PhSH leads,
once again, to deprotonation and formation of the CH,=C(CF3;)COOCH,CH,NHMe,*SPh™ contact ion pair
(E), with a Gibbs energy gain of -3.2 kcal mol™? (Figure 2). This intermediate then leads to a facile
nucleophilic addition of the thiolate to the acrylate C atom, via the transition state TSgr located only at
0.6 kcal mol? relative to the separate reagents. The lower energy of this transition state with respect
to that of the intermolecular addition of PhSSTHNMes* can be ascribed to the lower entropy penalty
associated to the reorganization leading to the C-S bond formation. Indeed, according to the
calculation, the AS¥ygs for this transition state (relative to the separate reagents) is -50.6 cal mol™* K (-
TAS¥ 208 = 15.1 kcal mol?), whereas the AS*,93 for the corresponding transition state of the C-S bond
formation catalyzed by external NMes is -81.6 cal mol™? K (-TAS¥,0s = 24.3 kcal mol?). The enthalpic

activation, on the other hand, is greater for the internal amine, given the strain associated to the
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needed reorganization of the aminoethyl arm. The step leads directly to the ammonium enolate F,
with the ammonium function establishing an intramolecular H-bond to the enolate O atom, located at
-4.8 kcal mol? relative to the separate reagents and -1.6 kcal mol™? relative to the intermediate thiolate

salt.

AGZ98K,MTBE
(kcal/mol)

10 ¢

-10

MMAF-NMe,
+ PhSH

Figure 2. Gibbs energy profile of the thia-Michael addition of PhSH to CH,=C(CF3)COOCH,CH,NMe,, at 298 K in a polarizable
continuum with € = 4.5.

From the enolate intermediate, the final thia-Michael adduct G is obtained by shift of the NH bond
from the O atom to the C atom and concerted proton transfer, via the rate-determining transition state
TSk6 at 2.4 kcal mol™ from the separate reagents. The thermodynamic gain associated to the C-S bond
formation (-14.5 kcal mol?) is essentially identical to that of the NMes-catalyzed addition of PhSH to
MMAF, as expected. Along the reverse C-S bond breaking process, the action of the internal amine is
thus a lowering of the overall activation barrier, from 17.5 kcal mol? for the catalytic action of the
external amine (from the thia-Michael adduct to the C-S bond breaking transition state, Figure 1), to

17.0 kcal mol?, the rate-determining step now becoming the deprotonation step.
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Thia-Michael networks synthesis

Once the dynamic character of the thia-Michael adduct under the dual activation by fluorine and
tertiary amine was demonstrated, seven CANs based on this exchangeable bond were synthesized.
First, a trifunctional (trifluoromethyl)acrylate incorporating a tertiary amine (NMAF;) was synthesized
from triethanolamine as previously reported.® Reacting NMAFs with 1,3-propanedithiol, 1,4-
butanedithiol, 1,5-pentanedithiol, 1,6-hexanedithiol, 2,2'-(ethylenedioxy)diethanethiol,
pentaerythritol tetrakis(3-mercaptopropionate) and 4,4'-thiobisbenzenethiol, led to the
corresponding thia-Michael CANs (TMCANSs): Prop-, But-, Pent-, Hex-, EDT-, PETMP- and TBT-TMCAN,
respectively (Figure 3). This network formation reaction was carried out in solution (50 wt% in DCM)
as the thia-Michael addition was extremely fast and exothermic at 25 °C in the absence of solvent.
Indeed, the presence of the tertiary amine drastically accelerated the addition compared to the
previously reported non-catalyzed fluorinated system (curing at 50 °C for 10 h).®” The TMCANs were
obtained via a solvent casting process (24 h at 25°C and then under vacuum at 50 °C for 10 h). However,
the shape of the resulting materials could not be easily controlled by this method. Hence, a last curing
step consisted of the shaping of the materials using a hot press. All TMICANs were treated at 150 °C for
1 h under 3 t, excepted for TBT-TMCAN, which could be shaped at 120 °C under otherwise identical

conditions.
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Figure 3. Structure of the monomers employed for the synthesis of TMCANs (associated to their acronyms). Figure

In order to confirm the formation of a cross-linked network for all TMCANs and compare their
mechanical and chemical properties, several analyses were performed (Table 2). The high gel contents
in THF (> 80%) measured for all the samples confirmed the 3D structure. Swelling indexes were not
significantly different between Prop, But, Pent, Hex and EDT-TMCANSs as their structure were relatively
similar. However, PETMP and TBT-TMCANs showed lower swelling indexes and slightly higher gel
contents compared to the other TMCANS. In the case of PETMP-TMCAN, this probably results from
the higher PETMP functionality, yielding a more densely crosslinked network, whereas the results for
TBT-TMCAN may be ascribed to the fact that the measurements were carried out below its glass
transition (Tg=30 °C). The specific chemical composition of these two networks may also be one reason
to explain this difference of solvent affinity. The FTIR analysis (Figures $9-10) confirmed the
quantitative incorporation of the (trifluoromethyl)acrylate functions, since the characteristic C=C
stretching band of NMAF; (1651 cm®) and the S-H stretching band (2556 cm™) of the thiol monomers
were no longer detected in the FTIR spectra of the cured materials, as shown in Figure S9. Critical

degradation (5 % weight loss) occurred above 230 °C for all the samples. The TMCANSs thus offer a wide
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range of operating temperatures (Figure S11). The lower thermal stabilities observed for EDT-TMCAN
and PETMP-TMCAN can be due to the presence of ether and ester functions in EDT and PETMP
respectively. The lower Td>” for the degradation of TBT-TMCAN compared to the other materials may
indicate a faster dissociation of thia-Michael adducts based on thiophenols. The DSC analysis
performed from -100 °C to 150 °C confirmed that all the TMCANs were fully cured as no residual
exothermic peaks were observed (Figure S12). Such a wide range of thiophenol monomers allowed to
tune the Tg of the resulting TMCANSs from -19 °C to 30 °C. Finally, temperature sweeps performed on
a DMA instrument allowed the determination of the glassy and rubbery storage moduli as well as the

alpha transition temperatures (T) (Table 2 and Figure S13).

Table 2. Results of the TGA, DSC, DMA and insolubility test analyses.

Material | GC (%) SI(%) | Td™*(°C)* | Te(°C)° | Ta(°C) E(Gg'PaV) E(MbI:a;f
T';;‘éz'N 80+3 | 13335 275 9 2 4.4 2.7
But- 85+2 | 106+25 272 15 9 1.8 2.2
TMCAN
Tﬁé‘;’N 80+3 | 13720 282 17 12 1.3 1.9
T;‘Z’XN 81+1 | 18032 281 19 16 3.3 1.3
TII\EIIIZI;N 85+3 1709 229 15 7 2.7 13
zﬂx\'; 87+3 82 + 10 240 17 25 1.9 10.1
TI-\rIIIZI;N 25+7 9242 237 30 39 2.3 7.2

aGel content and swelling indexes measured after a 24 h immersion in THF at 25 °C; bTemperature of degradation
corresponding to 5 % weight loss determined by TGA; Glass transition temperature determined by DSC, “a transition

temperature determined by DMA at E” maxima; ¢Determined at T, — 50 °C; fDetermined at T, + 50 °C.

Several considerations can be made on the results shown in Table 2. First, the transition temperature
from the glassy to the rubbery state and the value of E’ruspery increase as the number of carbon atoms
in the dithiol precursor chain decreases. Indeed, as the length of this carbon chain decreases, the

crosslink density rises, leading to a rise of the mechanical properties as well as a reduction of the chain
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mobility. The glassy storage modulus did not seem to follow a specific trend, indicating that the thiol
crosslinker has a lower impact on the glass mechanical properties. Especially high rubbery storage
modulus (10.1 MPa) and T, (17 °C) values were observed for PETMP-TMCAN. In this case, the
tetravalence of PETMP led to the formation of a highly crosslinked network with limited chain mobility
compared to the other materials. Regarding TBT-TMCAN, the presence of the two aromatic groups in
the monomer structure induced the formation of a network with an even higher glass transition

temperature (Tg = 30 °C) and a high storage modulus (E’rypbery = 7.2 MPa).

Dynamic properties

The CAN dynamic properties have been shown to depend not only on the exchange reaction but also
on other factors such as the polymer matrix, the catalyst employed and its concentration, or the
concentration of the exchangeable functions.?* In the present study, seven CANs based on a range of
dithiols were evaluated by stress relaxation analyses. The temperature window was adapted to each
TMCAN to maintain the relaxation time in the 10%-10*s range. The temperature-dependent relaxation
curves of EDT-TMCAN are presented as an example in Figure 4A (for those of the other materials, see
Figure S14). Fitting with an extended exponential law (G/Go = exp(-t/t)) provided the relaxation times,

which were then analyzed in an Arrhenius plot (Figure 4B and Table S2).
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Figure 4. A) Normalized stress relaxations for EDT-TMCAN and B) Arrhenius plot of TMICANSs.

All TMCAN:s followed an Arrhenius law in the examined temperature ranges, despite the dissociative

nature of the thia-Michael exchange. Although this Arrhenius behavior, typical of vitrimers, was
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originally considered as an exclusive feature of associative CANs, it has also been demonstrated for
several dissociative CANs.”* Indeed, an Arrhenius behaviour was also reported for CANs involving a
Diels-Alder exchange,”>’® trans-N-alkylation”” or aza-Michael exchange,’®”® all occurring through a
dissociative mechanism. The highest relaxation times were obtained for PETMP-TMCAN, as expected
given the higher cross-link density observed for this material compared to the other TMCANSs. An
increase of cross-link density induces a gain of viscosity due to the reduction of the chain mobility,
translating into a rise of relaxation time. A similar impact of the crosslink density had already been

observed on materials based on dioxaborolane exchange,®® transesterification®%-2

or vinylogous
urethane exchange.* The temperature influence on the material viscosity, represented by the flow
activation energy value (E.), was proven to depend on a multitude of factors and is thus difficult to
control. Nevertheless, a trend emerges from the comparison of Prop-, But-, Pent- and Hex-TMCANs.
An increase of the carbon chain length leads to a decrease of the flow activation energy (Table S2). The
addition of CH,in the dithiol monomer backbone implies a decrease of the resulting material crosslink

density, which in the present study has a measurable impact on the flow activation energy. This

observation highlights a possible control of the flow activation energies via network design.

Recyclability

Once the dynamic character of the TMCANs was demonstrated by the stress relaxation analyses, the
reprocessing capability of the materials was assessed. After visual optimization trials, all TMCANs were
reprocessed by hot press at 150 °C for 1 h under 3 t, except for TBT-TMCAN, which could be
reprocessed at 120 °C in 1 h under 3 t. Figure S15 shows EDT-TMCAN after 1, 2 and 3 reprocessing
cycles. No color difference or imperfect reprocessing was detected on the materials under these
reshaping conditions. The possibility to recycle TBT-TMCAN at a lower temperature was anticipated,
as this material showed fast stress relaxation compared to the other TMICANSs. Moreover, thiophenols

have already demonstrated higher addition rates than alkylthiols in a previous study®” and are
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expected, due to their lower basicity, to undergo a faster elimination reaction as well. The acceleration

of both reactions should result in a global faster exchange than with their alkanethiol analogues.

The chemical and mechanical properties of the pristine TMCANs (R0O) were compared to those
measured after one, two and three cycles (R1, R2 and R3 respectively). The results of TGA, DSC,
insolubility tests, DMA and tensile tests are reported in Table S3 and tensile tests results are
represented in Figure 5. The FTIR analyses (Figure $10) of the R0-3 TMCANSs indicated that the chemical
integrity of the network was maintained during reprocessing and that no major side reactions occurred
during the hot press treatment. No significant changes of the gel contents and swelling ratios were
noticed, further indicating that the network structure of the reshaped materials was not significantly
affected by the reprocessing protocol. The TGA traces of the reprocessed TMCANs (Figure S11) were
almost identical to the initial ones, and the same is true for the 5% degradation temperatures (Table
S3). The thermal stability of the materials was preserved after reprocessing. In addition, DMA analyses
did not highlight any trends in the evolution of the glassy and rubbery storage moduli upon
reprocessing (Figure S13). A slight T, increase (2-7 °C), however, is observed between RO and R3. The
same evolution is also noticeable for the T, on the DSC thermograms (Figure S12). These trends may
be ascribed to structure modifications (such as thioester formation) that could occur after several
hours at 150 °C. For TBT-TMCAN, the T, and T, were less affected by the reprocessing, probably
because this sample was reshaped at a lower temperature (120 °C), thus probably limiting the extent

of the phenomena causing the increase of the transition temperatures observed on the other TMICANS.
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Figure 5. Tensile tests results and Tg of the initial TMICANSs and after one, two and three reprocessing cycles.

The tensile tests results (Figure 5) for Prop, But, Pent, Hex and EDT-TMCAN followed a similar trend,
with a slight increase of the Young modulus and of the stress at break, whereas the strain at break did
not significantly change after reprocessing. These slight changes may be caused by some network
modification (possible formation of thioesters,® for instance) during the heat treatment or by some

minor thermal degradation, not detected by the FTIR analysis. In the case of PETMP-TMCAN, the
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changes were more pronounced, particularly between R1 and R2. This observation is mainly due to
the fact that the glass transition is raised above 25 °C (temperature of the tensile analysis) after the
second reprocessing cycle. In consequence, R2 and R3 were not tested in their rubbery state but rather
in their glassy state, which strongly impacts the mechanical properties. The T, increase detected for
PETMP-CAN was slightly higher than for the other TMCANS, potentially because this material is more
prone to thermal degradation, because of the presence of ester groups. For TBT-TMCAN, better
mechanical properties were measured as the material was in its glassy state during the tensile analysis
(25 °C). The precision of the tensile test was thus significantly reduced as this analysis is more suitable
to analyze polymers in their rubbery state. However, according to the collected data, no clear trend
was detected for the mechanical properties between the subsequently reprocessed samples of TBT-
TMCAN. Once again, the lower temperature required to reshape this material likely limited the
phenomena potentially responsible for the property changes and allowed the preservation of a very

high reprocessability.

The comparison of the mechanical properties of the different TMCANSs reveals a decrease of the strain
at break as the carbon chain of the dithiol monomers is shortened (from Hex- to Prop-TMCANSs). This
is again likely caused by the above-mentioned increase of the crosslink density, which limits the
maximal network deformation. Nevertheless, this change did not significantly affect the Young
modulus or the strain at break of these TMCANs. As expected, the PETMP-TMCAN mechanical
properties (for comparable analyses, RO and R1) were better than those of the other TMCANSs, due to

its higher crosslink density.

Conclusion

The cumulative effects of combining the strong electron-withdrawing properties of fluorine and the
basicity of the tertiary amine to activate the thia-Michael exchange was demonstrated first on
molecular model reactions and then in crosslinked materials. The molecular study highlighted, on one

hand, the effect of an amine promoter on the thia-Michael exchange rate (using either an
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intramolecular or an external amine such as tribenzylamine or DBU) and, on the other hand, the need
to activate the acrylate function with a CFs; group to observe an efficient thia-Michael exchange. DFT
calculations confirmed the strong catalytic role of the tertiary amine and the suspected dual activation.
These calculations also provided insight on the exchange mechanism. Seven thia-Michael CANs were
synthesized from a tris-(trifluoromethyl)acrylate molecule containing a covalently bonded tertiary
amine by reaction with a series of dithiols. The structure of the dithiols was shown to influence the
chemical, thermal and mechanical properties of the resulting organic networks. CANs with T and
storage modulus ranging from -19 °C to 25 °C and from 1.3 to 10.1 MPa, respectively, were thus
prepared. The dynamic character of the thia-Michael networks was highlighted by stress relaxation
and reprocessing tests. The crosslinking density and the reactivity of the thiol functions were shown to
influence both the relaxation time and the flow activation energy. In particular, increasing the chain
length of the crosslinker structure led to an E, decrease. Hence, CANs with different mechanical but
also dynamic properties (different reprocessing temperature) were obtained. Finally, the
reprocessability of each material was examined. Lower temperatures (120 °C) were required for the
reprocessing of the thiophenol-based CAN compared to the alkylthiol-based ones, which were
reprocessed at 150 °C under otherwise identical conditions (1 h, 3 t). Globally, no significant change of

the chemical, mechanical and thermal properties were detected as a consequence of reprocessing.

The present study highlights how the association of two different neighboring group participations
provides catalyst-free thia-Michael exchange CANs. The availability of many different dithiol structures
allows access to a large range of material properties. In addition, the trend relating monomer structure
and flow activation energy discovered in the course of this study may be translated to other kinds of

CANSs.

Materials

1,3-propanedithiol (> 97%) was purchased from Fisher Scientific (Belgium, Anvers). Phthaloyl chloride

(> 90%), 1-hexanol (> 99%), 2-diethylaminoethanol (> 99.5%), thiophenol (> 99%), triethanolamine
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(> 98%), 4-(trifluoromethyl)thiophenol (> 95%), 1,4-butanedithiol (> 97%), 1,5-pentanedithiol (> 97%),
1,6-hexanedithiol (> 96%), 2,2'-(ethylenedioxy)diethanethiol (> 95%), pentaerythritol tetrakis(3-
mercaptopropionate) (> 95%) and 4,4'-thiobisbenzenethiol (> 98%) were purchased from Sigma-
Aldrich  (Darmstadt Germany). 2-trifluoromethylacrylic acid (MAF) and tert-butyl 2-
trifluoromethacrylate (MAF-TBE) were purchased form SynQuest Labs (Alachua, FL, USA). CDCls3 (99.5%

D) was provided by Eurisotop (Saint-Aubin, France). All materials were used as received.

Characterizations

Nuclear Magnetic Resonance

The H, 13C and **F NMR analyses were carried out in CDCl3 using a Bruker Avance IIl 400 MHz NMR
spectrometer at 25 °C. For 'H NMR (400 MHz), 3C NMR (101 MHz) and *F NMR (377 MHz), CHCls
served as internal standard (6 = 7.26 ppm). Data are reported as follows: chemical shift (in ppm),
multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), coupling constant (in Hz), and number
of nuclei from the integration. For *C and °F NMR (100 MHz), spectra were obtained with complete

proton decoupling.

'H chemical shifts are reported in delta (8) units in parts per million (ppm) relative to the singlet at 7.26
ppm for CDCl; (residual CHCIs). 3C chemical shifts are reported in ppm relative to the central line of

the triplet at 77.16 ppm for CDCls. *°F chemical shifts are calibrated using CsFs as an external standard.

Gas Chromatography — Mass spectroscopy

Gas chromatography—mass spectra (GC-MS) were recorded on a Shimadzu QP2012-SE with a Zebron
ZB-5MS (20 m x 0.18 mm), capillary apolar column (stationary phase: 0.18 um film). GC-MS method:
Initial temperature: 50 °C; initial time: 2 min; ramp: 22 °C/min; final temperature: 280 °C; final time:

15 min.

High Resolution Mass Spectroscopy (HR-MS)
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Mass spectroscopy (MS) analyses were recorded on a Bruker Daltonics micrOTOF-Q with an ESI source

and a positive ion polarity.

Fourier Transform Infrared Spectroscopy

The IR spectra were recorded on a Nicolet 210 spectrometer, equipped with an ATR accessory. The

characteristic absorptions mentioned in the text are reported in cm™.

Thermogravimetric Analyses

The thermogravimetric analyses (TGA) were carried out using a TG 209F1 apparatus (Netzch).
Approximately 10 mg of sample were placed in an aluminum crucible and heated from room

temperature to 580 °C at a heating rate of 20 °C/min under a nitrogen atmosphere (60 mL/min).

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) analyses were carried out using a Netzsch DSC200F3
calorimeter, which was calibrated using indium, n-octadecane and n-octane standards. Nitrogen was
used as purge gas. Approximately 10 mg of sample were placed in a perforated aluminum pan and the
thermal properties were recorded between -100 °C and 150 °C at 20 °C/min heating/cooling rates to
observe the glass transition temperature. The T, values were measured on the second heating ramp

to erase the thermal history of the polymer.

Dynamic mechanical analyses

The dynamic mechanical analyses (DMA) were carried out on Metravib DMA 25 with Dynatest 6.8
software. The samples were tested in the uniaxial tension mode at a frequency of 1 Hz with a fixed
strain of 10> m, while applying a temperature ramp at a rate of 3 °C/min from -100 °C to +150 °C. The

To was determined as the maximum of the loss modulus E”.

Rheology
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The rheology measurements were carried out on a ThermoScientific Haake Mars 60 rheometer
equipped with a lower electrical temperature module and an active upper heating system, with a
textured 8-mm plane-plane geometry. For all rheology experiments, the applied stress was comprised
in the linear viscoelastic region. A 1 N axial force was applied to ensure proper contact between the
plates and the samples for all experiments. For the stress-relaxation experiments, a 1 % torsional strain
was applied on the samples, and the rubbery modulus evolution with time was monitored at different
temperatures. The obtained characteristic relaxation time (t) was used to calculate the activation

energy.

Swelling index

Three samples from the same batch of the material, of ca. 20 mg each, were separately immersed in
THF for 24 h. The swelling index (SI) was calculated using Equation 2, where m; is the mass of the

swollen material and m; is the initial mass. Reported swelling index are average values of the three

samples.

Equation 2 S = 22" %100
my

Gel content

Three samples from the same material, of around 20 mg each, were separately immersed in THF for
24 h. The samples were then dried in a ventilated oven at 70 °C for 24 h. The gel content (GC) was
calculated using Equation 3, where m; is the mass of the dried material and m; is the initial mass.

Reported gel content are average values of the three samples.

Equation 3 GC = 2% 100
mq

Tensile tests

The material tensile tests were executed on an Instron 3366L5885 mechanical tester. Dog-bone sample

of 10 x 2 x 1 mm were used for these analyses. The tensile speed was set at 0.1 mm.s* with a 100 ms
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sampling time. The Young modulus and the stress and strain at break were measured on at least five

samples.

Preparation of model molecules and monomers

Trifluoromethylacryloyl! chloride 1

2-Trifluoromethylacryloyl chloride (MAF-CI) was synthesized by the reaction of trifluoromethylacrylic
acid (MAF) (29.1 g, 208 mmol) with phthaloyl dichloride (63.2 g, 311.3 mmol) at 150 °C for 2 h and then
190 °C for 30 min. The product was collected by distillation during reaction. Yield: 72 %, 23.8 g. Boiling

point: 82 °C.

Hexyl (trifluoromethyl)acrylate 2

Hexanol (1.02 g, 10 mmol, 1 eq) was dissolved in 50 mL of dichloromethane in the presence of
triethylamine (1.52 g, 15 mmol, 1.5 eq). MAF-CI (2.06 g, 13 mmol, 1.3 eq) was added dropwise at 0 °C
for 10 min and the reactive mixture was stirred for 1 h at 0 °C and 4 h at 25 °C. The reaction mixture
was filtered, washed once with a saturated aqueous sodium hydrogen carbonate solution, three times
with distilled water and twice with brine, dried over MgS0,, filtered and evaporated under reduced

pressure to afford the pure hexyl (trifluoromethyl)acrylate (2) as a brown liquid. Yield: 75 %, 1.68 g.

'H NMR (400 MHz, CDCls): 6 (ppm) 6.64 (q, *J = 1.7 Hz, 1H, CH,-C-CF3), 6.35 (g, */ = 1.3 Hz, 1H, CH»-C-
CFs), 4.18 (t, ¥ = 6.7 Hz, 2H, O-CH-CHa), 1.63 (m, 2H, O-CH,-CH,-CH,), 1.22-1.33 (m, 6H, CHa-(CH,)3-

CHs), 0.82 (t, 3/ = 7.0 Hz , 3H, CH,-CHs).

F NMR (377 MHz, CDCl3): 6 (ppm) -66.7 (s).

13C NMR (101 MHz, CDCls): 6 (ppm) 161.4 (C=0), 132.5 (q, 3 = 5.0 Hz, CH,-C-CF3), 131.2-132.1 (q, %/ =
32.0 Hz, C-CFs), 117.3-125.4 (g, % = 273 Hz, CF3), 66.0 (O-CH,-CH>), 31.3 (O-CH,-CH>), 28.3 (O-CH,-CH,-

CH,), 25.4 (CHo-CHa-CHs), 22.5 (CH2-CH,-CHs), 13.9 (CHa-CHa-CH).

HRMS (ESI+): theoretical m/z for [M+CsH1oN]*: 298.1988, measured: 298.1989.
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2-(Diethylamino)ethyl (trifluoromethyl)acrylate 3

2-(Diethylamino)ethanol (1.17 g, 10 mmol, 1 eq) was dissolved in 50 mL of dichloromethane in the
presence of triethylamine (1.52 g, 15 mmol, 1.5 eq). MAF-CI (2.06 g, 13 mmol, 1.3 eq) was added
dropwise at 0 °C for 10 min and the reactive mixture was stirred for 1 h at 0 °Cand 4 h at 25 °C. The
reaction mixture was filtered, washed three times with distilled water and twice with brine, dried over
MgSO,, filtered and evaporated under reduced pressure to afford the pure 2-(diethylamino)ethyl

(trifluoromethyl)acrylate (3) as a brown liquid. Yield: 68 %, 1.63 g.

IH NMR (400 MHz, CDCl3): & (ppm) 6.64 (g, *J = 1.7 Hz, 1H, CH,-C-CF3), 6.36 (q, %/ = 1.3 Hz, 1H, CH,-C-
CFs), 4.25 (t, 3 = 6.2 Hz, 2H O-CH,-CH,), 2.71 (t, ®/ = 6.2 Hz, 2H CH,-CH,-N), 2.51 (q, */ = 7.1 Hz, 4H, N-

CH,-CHs), 0.96 (t, 3/ = 7.2 Hz, 6H, N-CH,-CHs)

19F NMR (377 MHz, CDCl3): & (ppm) -66.7 (s).

13C NMR (101 MHz, CDCl3): 6 (ppm) 161.2 (C=0), 132.6 (q, 3/ = 5.0 Hz, CH,-C-CFs), 131.0-132.0 (q, ¥ =
32.0 Hz, C-CF3), 117.2-125.3 (g, *J = 273 Hz, CF3), 64.2 (O-CH»-CH,), 50.7 (CH,-CH>-N), 47.7 (N-CH,-CHs),

11.9 (N-CH,-CHs)

HRMS (ESI+): theoretical m/z for [M+H]*: 240.1206, measured: 240.1208.

tert-Butyl 3,3,3-trifluoro-2-((phenylthio)methyl) propanoate 4

In a flame-dried round-bottom flask, MAF-TBE (981 mg, 5 mmol, 1 eq.) was dissolved in DCM (10 ml).
Thiophenol (551 mg, 5 mmol, 1eq.) was then added dropwise at room temperature, and the reaction
was stirred for 15 min. The solvent was removed under reduced pressure and tert-butyl 3,3,3-trifluoro-

2-((phenylthio)methyl) propanoate (4) was obtained as a transparent liquid. Yield > 99 %, 1.53 g.

'H NMR (400 MHz, CDCls): & (ppm) 7.18-7.35 (m, 5H, phenyl protons), 3.05-3.24 (m, 3H, S-CH»-CH),

1.42 (s, 9H, C-(CHs)s)

F NMR (377 MHz, CDCl3): & (ppm) -69.1 (d, 3/ = 8.1 Hz)
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13C NMR (101 MHz, CDCls): & (ppm) 164.9 (C=0), 127.5/129.3/131.1/133.8 (phenyl carbons), 119.8-
128.2 (q, IJ = 281 Hz, CFs), 83.4 (C-(CHs)s), 51.1-51.9 (g, & = 26.7 Hz, CH-CF3), 30.6 (S-CHa), 27.8 (C-

(CHs)s).

HRMS (ESI+): theoretical m/z for [M+H]*: 307.0974, measured: 307.0974.

2-(diethylamino)ethyl 3,3,3-trifluoro-2-((phenylthio)methyl) propanoate 5

In a flame-dried round-bottom flask, compound 3 (1.19 g, 5 mmol, 1 eq.) was dissolved in DCM (10
ml). Thiophenol (551 mg, 5 mmol, leq.) was then added dropwise at room temperature, and the
reaction was stirred for 15 min. The solvent was removed under reduced pressure and tert-butyl 3,3,3-
trifluoro-2-((phenylthio)methyl) propanoate (4) was obtained as a transparent liquid. Yield > 99 %,

1.53¢g.

'H NMR (400 MHz, CDCl5): 6 (ppm) 7.16-7.35 (m, 5H, phenyl protons), 4.16-4.20 (t, 3J = 6.3 Hz, 2H, O-
CHy-CH,), 3.18-3.26 (m, 3H, S-CH,-CH), 2.66 (t, J = 6.3 Hz, 2H CH2-CH-N), 2.51 (g, ¥ = 7.3 Hz, 2H, N-

CH2-CHs), 0.96 (t, *J = 7.1 Hz, 6H, N-CH,-CH3).

1F NMR (377 MHz, CDCl3): & (ppm) -68.9 (d, 3J = 7.2 Hz).

13C NMR (101 MHz, CDCls): & (ppm) 165.9 (C=0), 133.4/131.3/129.3/127.7 (phenyl carbons), 119.6-
127.2 (g, Y = 282 Hz, CFs), 64.0 (0-CH,-CH,), 50.6 (CH,-CH,-N), 50.4-51.2 (q, 2J =27.1 Hz, CH-CF3), 47.4

(N-CH,-CHs), 30.5 (S-CHs), 11.5 (N-CH,-CH).

HRMS (ESI+): theoretical m/z for [M+H]*: 350.1396, measured: 350.1394.

2-(diethylamino)ethyl 3-(phenylthio)propanoate 6

In a flame-dried round-bottom flask, 2-(diethylamino)ethyl acrylate (856 mg, 5 mmol, 1 eq.) was
reacted with thiophenol (551 mg, 5 mmol, 1 eq.). The mixture was stirred for 2 h at 25 °C and 2-
(diethylamino)ethyl 3-(phenylthio)propanoate (6) was obtained as a transparent liquid. Yield > 99 %,

1.40g.
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'H NMR (400 MHz, CDCl3): 6 (ppm) 7.18-7.38 (m, 5H, phenyl protons), 4.15 (t, 3/ = 6.2 Hz, O-CH,-CH,),
3.16 (t, 3/ = 7.2 Hz, 2H, S-CH,-CH,), 2.68 (t, 3)=6.2 Hz, CH,-CH»>-N), 2.64 (t, 3)=7.2 Hz, 2H, S-CH,-CH,),

2.55(q, 3/ = 7.1 Hz, 4H, N-CH,-CHs), 1.02 (t, 3/ = 7.1 Hz, 6H, N-CH»-CHjs).

13C NMR (101 MHz, CDCl3): & (ppm) 171.7 (C=0), 135.3/130.0/129.0/126.5 (phenyl carbons), 63.1 (O-

CH»-CHa), 51.0 (CH2-CH,-N), 47.7 (N-CH2-CHs), 34.4 (S-CH,-CHs), 29.0 (S-CH,-CH,), 12.0 (N-CH,-CHs).

HRMS (ESI+): theoretical m/z for [M+H]*: 282.1522, measured: 282.1522.

Procedure of TMCANSs synthesis

Reacting NMAF; with 1,3-propanedithiol, 1,4-butanedithiol, 1,5-pentanedithiol, 1,6-hexanedithiol,
2,2'-(ethylenedioxy)diethanethiol, pentaerythritol tetrakis(3-mercaptopropionate) and 4,4'-
thiobisbenzenethiol, led to the corresponding thia-Michael CANs (TMCANSs): Prop-, But-, Pent-, Hex-,
EDT-, PETMP- and TBT-TMCAN. This network formation reaction was carried out in solution (50 wt%
in DCM). The TMCANs were obtained via a solvent casting process (24 h at 25°C and then under
vacuum at 50 °C for 10 h). The shape of the resulting materials could not be easily controlled by this
method. Hence, a last curing step consisted of the shaping of the materials using a hot press. All
TMCANSs were treated at 150 °C for 1 h under 3 t, excepted for TBT-TMCAN, which could be shaped at

120 °C under otherwise identical conditions.

Reshaping procedure

The reprocessing behavior of the materials was examined using a Carver 3960 manual heating press.
TMCANSs were pressed at 150 °C (except for TBT-TMCAN which was pressed at 120 °C) for 1 h under

3 t, and then were cooled to room temperature (ca. 25°C) before removing from the hot press.
Computational details

The computational work was carried out using the Gaussian09 suite of programs.® The geometry
optimizations were performed without any symmetry constraint using the BP86 functional and the 6-
311G(d,p) basis functions for all atoms. The effects of dispersion forces (Grimme’s D3 empirical
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method?®’) and solvation (SMD,® e = 4.5) were included during the optimization. The ZPVE, PV, and TS

corrections at 298 K were obtained with Gaussian09 from the solution of the nuclear equation using

the standard ideal gas and harmonic approximations at T = 298.15 K, which also verified the nature of

all optimized geometries as local minima or first-order saddle points. A correction of 1.95 kcal/mol was

applied to all G values to change the standard state from the gas phase (1 atm) to solution (1 M).¥’

Supporting information

'H, °F and 1*C-NMR of 2, 3, 4 and 5; H and *C-NMR of 6; Gibbs energy profiles; Cartesian coordinates;

FTIR, TGA, DSC, DMA of initial and reshaped TMCANSs; stress relaxations; tensile test results; reshaping

pictures.
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