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ABSTRACT: Vitrimers are polymer networks in which associative exchange reactions can take place under specific condi-
tions, thus conferring reprocessability to the insoluble materials. Recently, catalyst-free vitrimers have emerged as a new
generation of vitrimers able to overcome potential leaching, ageing and sintering issues of catalysts and to ensure the
preservation of the vitrimer properties after numerous reshaping processes. Here, a catalyst-free epoxy vitrimer featuring
a-CF;-substituted ester functions is reported. First, a new tetra-acid precursor was synthesized via a catalyst-free thia-Mi-
chael addition. A catalyst-free ring-opening polymerization was then performed on two different di-epoxy monomers
(DGEBA and BDGE) to obtain polymer networks composed of ester linkages. Curing was evaluated by rheology, DSC and
FTIR monitoring of the polymerization kinetics. A gel content of over 70 % was measured after 24 h in THF. Finally, the
accelerating effect of the a-CF; group on the transesterification reactions was highlighted by stress relaxation experiments
and analyzed computationally on a molecular model system. Reprocessability tests were carried out at 150 °C for 2 h. The
mechanical and thermal properties of the reshaped materials were similar to those of the initial ones. This study demon-
strates the potential of fluorinated groups as powerful internal activators for transesterification vitrimers.

INTRODUCTION

Thermosets are a class of polymers composed of a three-

resistance of thermosets with the reprocessability of ther-
moplastics, methods were developed to synthesize poly-

dimensional network of polymer chains linked by covalent
bonds. Such topology gives solid networks with insolubil-
ity properties and therefore this class of polymers has been
used for structure, coatings, adhesives, electronics and
composites applications. However, thermosets cannot be
reshaped nor recycled as their composing bonds are irre-
versible. In contrast, thermoplastics that are composed of
entangled linear polymer chains can be reprocessed above
their glass transition temperature. Unfortunately, thermo-
plastics cannot be used for applications involving aggres-
sive environments such as high temperature or solvents.
Following the idea to couple the mechanical and chemical

mer networks containing reversible or exchangeable links.

Covalent adaptable networks (CANs) possess covalent
bonds able to undergo exchange reactions, under photo-
or thermal-activation for example, allowing the network
structure to rearrange.’3 Dissociative and associative
mechanisms have been developed to allow this structural
rearrangement. Examples of dissociative chemistry are
Diels-Alder addition,+7 TAD chemistry,®° thia-Michael ad-
dition,”" oxime transcarbamoylation,? or alkoxyamine
bond dissociation. In dissociative CANs, a bond has to be
broken before a new cross-link can be formed, which in-



duces a temporary decrease of the cross-link density, par-
ticularly at high temperature where the bond lifetime be-
comes shorter. Vitrimers, introduced by L. Leibler in 2011,
are a class of CANs in which the exchange reaction pro-
ceeds via an associative mechanism, keeping the cross-link
content in the material constant at any reprocessing tem-
peratures. A fastly expanding range of exchange reactions
such as transesterification, transamination,’>'® transcar-
bamoylation,” transimination,’® transalkylation, trans-
acetalation,? boronate metathesis,? transamidation,* or
acid exchange®~4 have been used in vitrimer chemistry.

Networks formed from epoxy-acid and epoxy-anhy-
dride curing systems and based on dynamic transesterifi-
cation are the most studied class of vitrimers.>27 A wide
range of epoxy monomers and hardeners is described in
the literature®®29 and currently used in automotive, health
and energy applications. Transesterification exchange re-
actions occur between ester bonds and hydroxyl groups
available in the network. Catalysts are generally required
to trigger these transesterification reactions and enable re-
shaping. The catalyst concentration has a direct impact on
the bond-exchange reaction rate which, in turn affects the
relaxation and reprocessing properties.3*3' Indeed, Leibler
et al. demonstrated that an epoxy/anhydride material
(with a final ester/hydroxyl group ratio of 1) containing
only 0.1% of a Zn catalyst did not have vitrimer properties
in contrast to analogous materials containing 5 or 10 mol
% of catalyst.3° Nevertheless, the use of external catalysts
has several drawbacks. Indeed, organic salts3>33 and strong
bases,3* used as catalysts in epoxy vitrimers, are usually
toxic and corrosive, and may leach from the materials or
undergo ageing, thus reducing the panel of possible appli-
cations for these materials.3> Moreover, the catalyst solu-
bility in polymer may be limited, leading to heterogeneous
systems when using high loadings. To reshape these cata-
lyst-containing transesterification vitrimers, high temper-
atures (over 150°C) are often needed. At such elevated tem-
peratures the catalysts may also accelerate the thermal
degradation of the network,3® with potential loss of me-
chanical and thermal properties after multiple reprocess-
ings.37

Catalyst-free vitrimers have been developed to address
these catalyst-induced negative effects. As described by the
team of F. Du Prez,38 two mechanisms can be distinguished
to explain the additive-free activation of exchange reac-
tions. Recently, our group highlighted the existing exam-
ples of neighbouring group participation (NGP) and inter-
nal catalysis applied to vitrimers, but also the literature de-
scribing such effect at the molecular level and that could
be implemented in materials.3® First, NGP is associated to
substituent effects that stabilize the transition state by
bonding to the reaction centre. Additional hydroxyl func-
tions#>4 or carboxylic acid4># in epoxy networks act as par-
ticipating group by facilitating dynamic exchange reac-
tions via H-bonding activation of the carbonyl groups. This
NGP effect was already potentially at play in Leibler’s first

vitrimers due to the presence of B-hydroxy ester links.'4
Amines*4 and benzenesulfonic acid4® substituents may
also act as participating group through the formation of cy-
clic intermediates. The second mechanism, often improp-
erly called internal catalysis, corresponds to the rate-en-
hancing effect caused by electronic interactions. A set of -
activated ester-based vitrimers have been reported to be
reprocessed at 150 °C under catalyst-free conditions. Dieth-
ylmalonate was used to crosslink a linear polyester, result-
ing in ester functions activated in this case by the electron-
withdrawing effect of the -C=0O group placed in B-posi-
tion.#7 Nevertheless, the stabilization by formation of a cy-
clic intermediate could also explain the rate-enhancing ef-
fect in this case.

With the objective of demonstrating the potential of
electronically activated vitrimers, networks incorporating
a-CF; esters and B-hydroxyl functions have been prepared.
Here, we report catalyst-free epoxy vitrimers prepared
from the reaction of a a-CF; tetra-acid (TTA) obtained by
thia-Michael addition onto 2-(trifluoromethyl)acrylic acid
(MAF) and a di-epoxy monomer: bisphenol A diglycidyl
ether (DGEBA) or 1,4-butanediol diglycidyl ether (BDGE).
The polyaddition reaction was evaluated by DSC and FTIR
kinetic analyses and by rheology. Insolubility, reshaping,
creep and relaxation properties have been studied for these
new internally catalysed vitrimers.

RESULTS AND DISCUSSION
Synthesis of the tetra-acid (TTA)

The thia-Michael addition has emerged as a powerful ap-
proach to build carbon-sulfur (C-S) bonds, yielding thi-
oethers in high yields under mild reaction conditions. Nu-
merous catalysts have been used to perform thia-Michael
reactions, as recently reviewed by A. Sharma et al.#® In con-
trast, A. Fokin et al.4 performed the thia-Michael reaction
under catalyst-free conditions on an activated acrylic acid.
They compared the reactivity of acrylic acids activated by
an o- or PB-trifluoromethyl substituent with thiols and
demonstrated an accelerating effect of the fluorinated
group. The inductive effect of the CF; group was also high-
lighted by J. Zhao et al.,>® who performed a catalyst-free
thia Michael addition of aryl thiols to 3-(2,2,2-trifluoro-
ethylidene)oxindoles.

Here, a tetra-acid (TTA) bearing CF; groups in the o po-
sitions of the acid functions was synthesized using the cat-
alyst-free thia-Michael addition of pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP) onto 2-(trifluo-
romethyl)acrylic acid (MAF). The reaction was carried out
at 9o °C for 4 h under solvent-free conditions (Scheme 1).
The high temperature was required to maintain a low vis-
cosity of the mixture and enable stirring. TTA was obtained
as a highly viscous and transparent liquid in high yields (>

99%).



Scheme 1. Synthesis of TTA via thia-Michael addition
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The FTIR spectra of the starting materials and TTA in the
1550-1850 cm™ region are presented in Figure 1. The MAF
FTIR spectrum is characterized by C=C (1630 cm™) and by
splitted carboxylic acid C=0 (1692 c¢m™) stretching vibra-
tions, while the PETMP FTIR spectrum shows the charac-
teristic absorption of the ester C=O bond at 1725 cm™. In
contrast, the FTIR spectrum of the TTA product exhibits a
band at 1732 cm™ corresponding to the C=0O of the ester
functions, overlapping with the split carboxylic acid peak.
Such splitting of the carboxylic acid FTIR signal (with two
potential maxima around 1700 cm™and 1750 cm™) was al-
ready observed on pivalic acid.>

'H, 3C and “F NMR (Figures Si-3), as well as mass spec-
trometry (Figure S4) analyses confirmed the successful
synthesis of TTA. The integration of the 'H-NMR spectrum
confirmed the molecular structure of TTA. The mass spec-
trum shows the molecular peak at m/z = 1049 correspond-
ing to the proton adduct of TTA, and a peak at m/z = 821
corresponding to the proton adduct after scission of one
ester bond.
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Figure 1. FTIR spectra of MAF (black dashed line), PETMP
(blue dotted line) and TTA (red full line) between 1550 and
1850 cm™.

These results demonstrate that the presence of a CF,
group in the a-position of the acid exerts an inductive ac-
tivation, allowing the thia Michael addition to proceed
without the use of any external catalyst, confirming the
above mentioned precedent by Zhao et al.>°

Vitrimer synthesis

Polyester synthesis by epoxide ring-opening with car-
boxylic acids generally requires high temperatures as well
as a catalyst.5>> Here, we demonstrate the formation of an
epoxy vitrimer network at go °C under catalyst-free condi-
tions by overnight reaction of TTA with DGEBA or BDGE
(Scheme 2). A transparent colorless solid (VD) was ob-
tained from the reaction of TTA with DGEBA while a yel-
low transparent solid (VB) resulted from the reaction of
TTA with BDGE. FTIR, DSC and rheological analyses were
performed on VD to monitor the curing reaction.

The curing at 9o°C of the VD polymer network was mon-
itored by FTIR (Figure Ss). Once the polyaddition reaction
between acid and epoxy groups started, the characteristic
epoxide 8coc absorption bands (903-926 cm™) decreased.
The normalized epoxy peak intensity at different curing
times is presented in Figure 3. The initial intense absorp-
tion in the 1650-1760 cm™ region corresponds to the overlap
of the TTA ester and acid functions already mentionned.
As the reaction proceeded, the acid absorption band was
expected to decrease and to be replaced by the absorption
of the newly formed hydroxy ester bond in the vitrimer
network. However, due to the close proximity of these
bands and the splitting of the carboxylic acid band, the cor-
responding peaks could not be clearly distinguished.5+ The
FTIR spectra of VB before and after curing (Figure S6)
showed the same behaviour as those of VD.



Scheme 2. Synthesis of VD from TTA and DGEBA, and of VB from TTA and BDGE
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Figure 2a shows the DSC thermograms of the first heat-
ing ramp of the DGEBA/TTA mixture at different heating
rates. The reaction exhibited an exothermic peak in the 30-
130°C range. By integration of the peak area, the enthalpy
value was estimated at 140 J g This value did not vary
much depending on the heating rates used, indicating
complete curing under all the assessed conditions. Using
Ozawa’s method,5 the activation energy E, of the epoxy
ring-opening reaction was calculated at 87 kJ mol* for VD
(Figure 2b). This value is close to those of other epoxy sys-
tems; for example, the reported E, of a hexahydrophthalic
anhydride-cured TGDDM epoxy (4,4"-methylenebis(N,N-
diglycidylaniline)) and of a 4,4'-methylenedianiline-cured
BPA epoxy are 74 and 129 k] mol”, respectively.5¢57 A simi-
lar E, value (74 k] mol™) was reported for catalyst-free vit-
rimers prepared by curing a vegetable oil-derived diacid
and a tetrafunctional glycidylamine epoxy (TGDDM).58

Isothermal DSC analyses at go °C were also performed
on the reaction mixture of VD (Figure S7). An exothermic
peak was observed with an enthalpy value close to the one
obtained during non-isothermal DSC analyses (143 ] g* for
VD). In addition, no residual exothermic peak was ob-
served on the further non-isothermal DSC analyses per-
formed after the isothermal curing at 9o °C. This confirmed
the complete curing at go °C. Figure 3 shows the reaction
progress versus time for VD determined by integration of
the DSC exothermic peak and by integration of the epoxy
absorption band from the FTIR kinetics. The DSC and FTIR
data are in good agreement. The polyaddition reaction
yielding VD seemed to be almost complete after 30
minutes at 9o °C. However, to ensure full conversion of the
epoxy functions and to permit the network self-arrange-
ment, the product was left overnight at go °C. A relatively
high temperature is required to provide network mobility
and allow reaching high conversions, due to the high vis-
cosity.
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Figure 2. (a) DSC thermograms of non-isothermal curing of
the DGEBA/TTA mixture with heating rate ranging from 2 to
10 K.min™. (b) Determination of the activation energy by lin-
ear fitting 1/Tp and In(¢) using Ozawa equation (Equation Su).
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Figure 3. Reaction progress versus time for the VD formation
at 9o°C calculated from DSC (full blue curve) and FTIR
(dashed red curve) data.

Rheological analyses were performed on the VD reaction
mixture to study the network formation. First, a tempera-
ture ramp (1 °C min™) analysis was carried out to determine
the required curing temperature (Figure S8). The reaction
seemed to start at 45 °C, which is consistent with the non-
isothermal DSC analyses. The gel point was reached at 75
°C and the reaction seemed to speed up above go °C. The
decrease of G’ and G” around go °C was systematically ob-
served and is likely due to the dominance of the tempera-
ture-induced viscosity drop with respect to the expected
acceleration of the crosslinking reaction in this specific
temperature range.

Figure 4 shows the time evolution of the viscoelastic
properties during the curing at 9o °C. The epoxy network
formation occurred quickly with a transition associated
with a tan(§) maximum after 400 s. As the reaction is par-
ticularly fast, there is a pre-reticulation of the material be-
fore the analysis, which explained why G’ is already supe-
rior to G” at the beginning of the experiment. After 15 min
the system reached a stable state as the epoxy-ring opening
reaction is complete.
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Figure 4. Evolutions of G’ (full red line), G” (dashed blue line)
and tan(8) (dotted black line) with curing time for the VD for-
mation at a curing temperature of go °C.

The thermal curing of VD has been studied in details, the
observed effect of the CF; can be extrapolated to VB for-
mation as the same curing reaction was used for both sys-
tems. This fast curing at a relatively low temperature is
consistent with an activation by the a-CF; group of the
epoxy-acid ring opening reaction. This remarkable cata-
lyst-free epoxide-acid ring opening is likely due to the in-
ductive effect of the CF; group that decreases the pK, of the
acid, ensuring an efficient activation of the acid. Compara-
tively, in the absence of catalyst, non-activated acids re-
quire higher temperatures and longer times to open the
epoxide rings.5>5

The DSC analyses of the polymer networks obtained af-
ter curing revealed T, values of 35 °C and - 3 °C for VD (Fig-
ure 5) and VB (Figure Sg), respectively. This difference is
likely caused by the more rigid structure of the aromatic
DGEBA compared to the aliphatic BDGE. VD and VB were
not soluble after 24 h immersion in THF, which confirmed
the network formation. The moderately high insoluble
fraction values (>70%) may be caused by the formation of
soluble oligomers during the curing process, due to trans-
esterification reactions.’ Finally, according to the TGA
analyses, VD (Figure 6) and VB (Figure S10) were thermally
stable up to 210 °C (less than 5 wt% loss).

U_

.2_
3
< —_

44 ~ - VD

~ - - = VD-Reshaped
= ~
N
6 \
N\
-8 g T ' T . T g
-50 0 50 100 150

Temperature (°C)

Figure 5. DSC thermograms of the second heating ramp show-
ing the glass transition of cured (full black curve) and re-
shaped (dashed red curve) VD.
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Figure 6. TGA thermograms for the monomers (DGEBA: dot-
ted blue curve, TTA: dashed green curve) and cured (full black
curve) and reshaped (dash-dot red curve) VD.

[t is important to mention here that a direct comparison
between CF;- and CH;-bearing analogs was not possible.
Indeed the CH;-containing material could not be prepared
because a) the thia Michael addition on methacrylic acid
which would have produced the non-fluorinated equiva-
lent of TTA did not proceed, and b) the non catalyzed
epoxy-acid reaction using non-fluorinated acids requires
high temperature and may lead to non-negligible side re-
actions.®® Indeed, high temperatures trigger dehydration
and formation of ether linkages which are not exchangea-
ble.®> Therefore, the resulting non-fluorinated material
may not be strictly comparable to the fluorinated one. Nev-
ertheless, the fact that the epoxy-acid reaction readily oc-
curred at low temperature indicates that the fluorine at-
oms strongly affect the reactivity of the acid. This is a first
hint that the strong electron-withdrawing effect of the flu-
orine may also affect the reactivity of the ester and pro-
motes the transesterification, as demonstrated in the fol-
lowing section. In adition ,as mentionned in the introduc-
tion, the polyester network prepared by Leibler et al with
only 0.1 mol% of Zn catalyst dis not bahave as a vitrimer.3>®

Network dynamics

The flow properties of the epoxy networks were studied
by stress-relaxation and creep experiments. For the stress-
relaxation tests, a 1% torsional strain was applied and the
relaxation modulus (G(t)) was monitored as a function of
time. Relaxation experiments were performed at tempera-
tures ranging from 130 to 190 °C for VD (Figure 7a) and
from 110 to 150 °C for VB (Figure 7b). The non-normalized
relaxation analysis of VD and VB are respectively repre-
sented in Figure Su1 and S12.

For VD, these relaxation times ranged from 104 s at 130
°C to 708 s at 190 °C and for VB 12800 s at 110 °C to 1400 s
at 150 °C, and were similar to those of other vitrimers re-
ported so far.3 The Kohlrausch-Williams-Watts (KWW)
values were of 0.56 + 0.02 and 0.53 + 0.03 for VD and VB
and were independent of temperature, indicating that the
material flow behaviour is associated with a distribution of

relaxations rather than with a single relaxation time kinet-
ics. The relaxation time vs. temperature data of both sys-
tems followed an Arrhenius law (Figure 8), yielding E, val-
ues of 67 and 71 k] mol™ for VD and VB, respectively. These
E, values are close to each other as the two systems are
based on the same activated transesterification reaction.
Although comparing E, values of different systems is diffi-
cult due to the influence of the polymer matrix,® the E, de-
termined for VD and VB are comparable to those reported
for other epoxy vitrimers based on catalyzed transesterifi-
cation reactions.?®
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Figure 7. Normalized stress-relaxation curves (dot curves) at
different temperatures for VD fitted with the Kohlrausch-Wil-
liams-Watts (KWW) model equation (dashed curves) for a 1%
deformation a) for VD and b) for VB
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Creep experiments were also performed to evaluate the
flow properties of the materials. This method provides in-
teresting results for the characterization of vitrimers with
very slow dynamics and avoids the shortcoming of low
force measurements.% Creep and recovery data at temper-
ature ranging from 100 °C to 200 °C are presented in Figure
9a (VD) and Figure gb (VB).

B-Hydroxy ester links are particularly well suited for
transesterifications, as the proximity of the hydroxyl group
will facilitate the exchange reaction.'3°3 Here, the pres-
ence of a CF; and of an hydroxyl group on the a- and B-
carbons of'the ester respectively promotes the exchange re-
actions. The hydroxyl group probably accelerates the
transesterification reaction via formation of H-bonds,
while the fluorinated group renders the ester function
more electrophilic thanks to its inductive effect. These
combined effects dramatically increase the transesterifica-
tion rates and enable the polymer network reprocessing in
the absence of catalysts.
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Figure 9. Creep and recovery behaviour at different tempera-
tures for an applied stress of 104 Pa a) for VD and b) for VB. A
steady-state is observed after 200 s during creep for each sam-

ple.

During creep-recovery analysis, the elastic deformation
was observed during the initial seconds of the experiments.
The initial elastic deformation appeared to be independent
of the temperature and corresponded to a deformation of
approximately 4-5 % and 2.5 % for VD and VB respectively.
After creep, the elastic deformation was recovered. In the
plastic deformation region, the compliance J(t) reached a
steady-state flow scaling of one at all temperatures for VD
and VB after 200 s. These results confirmed the capacity of
these systems to flow under stress and are in good agree-
ment with the reshaping properties presented in the fol-
lowing section.

Reprocessing

VD and VB were cut into small pieces and submitted to
the reprocessing protocol described in the experimental
section (150 °C, 50 bar, 2 h). This thermal and pressure
treatment resulted in the reshaping of the materials small
fragments into homogeneous ribbons (Figure 10). The re-
shaped materials were compared to the initial vitrimers us-
ing thermo-mechanical analyses. Figure 6 shows the TGA
thermograms of the cured and reshaped VD samples, as
well as those of the monomers, from room temperature
(ca. 20 °C) to 500 °C. The initial and reshaped materials
feature a nearly identical mass loss profile, indicating that
the reshaping process did not significantly affect the mate-
rial. The same behaviour was observed for VB (Figure S10),
further confirming that the reshaping process did not alter
the thermal degradation behaviour of the network.

The chemical integrity of both VD and VB after repro-
cessing was also confirmed by ATR-FTIR spectroscopy
(Figure S13-14). Moreover, Figure 5 and Figure Sg show that
the DSC thermograms of VD and VB before and after re-
shaping are nearly identical and that the reshaping did not
affect the T, of the materials. Finally, the swelling indexes
and gel contents of the initial and reshaped materials were
evaluated by immersion in THF at 25 °C for 24 h (Table 1).



The insoluble fraction values (>70%) were not affected by
the reshaping process. The difference of swelling ratios be-
tween initial and reshaped samples could be explained by
a rearrangement of the network structure during the re-
shaping process leading to a more relaxed state. The
Young’s moduli of the materials before and after reshaping
remained within the same order of magnitude and were
similar to what was observed in other vitrimer systems.47:65
Moreover, the alpha transition observed by DMA was not
particularly broad, confirming the formation of a homoge-
neous network.
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Figure 10. Visual aspect of VD before (left) and after (right) reshaping protocol. The middle picture shows the fragments of VD

prior to reshaping.

Table 1. Properties of cured and reshaped vitrimer

Sample Tas5% (°C) T, (°C) Ty (°C) E5ec E’ssec Swelling index Insoluble fraction
(GPa) (MPa) (%)= (%) =
VD 215 35 54 3.89 2.60 358+ 23 72+ 2.1
VD-Reshaped 205 37 57 1.88 2.26 565+ 13 70 £ 1.9
VB 257 -3.2 8.9 4.00 3.44 165+ 18 78 £1.3
VB-Reshaped 262 -2.2 71 4.63 9.49 315+ 24 78 2.2

a Test perfomed in THF at 25 °C for 24h.

Finally, the dynamic mechanical analyses (Figure 11 for
VD and Figure Si5 for VB) showed that the vitrimer storage
moduli were not significantly impacted by reprocessing.
The values on the rubbery plateaux before and after the re-
shaping process are similar. This indicates that the cross-
linking density did not significantly change during the re-
processing process, as expected for an associative CAN.
The T, of VD slightly shifted to higher temperatures after
reshaping while that of VB slightly decreased after reshap-
ing. This can be correlated to network rearrangements that
occurred during reshaping. In conclusion, the reshaped
material retained similar mechanical properties to the ini-
tial one.

Storage modulus (MPa)
tan(8)

Temperature (°C)

Figure 1. Storage modulus (E’) and tan(8) of VD before (full
black line and dotted black line) and after reshaping (red
dashed line and red dot-dash line).

DFT investigation on a model system

In order to support the hypothesis that the electronic ef-
fect of the o-CF; substituent contributes to accelerate the
transesterification process, DFT calculations were carried
out on a model system, consisting of the degenerate trans-
esterification of the propionate esters CX;CH,COOMe (X =
H, F) with methanol. This model is much simpler than the
ester linkages in the VB and VD vitrimers but should cap-
ture the essential electronic effect introduced by the o-CF;
group. The effect of the B-OH group in the VB and VD ma-
terials has been previously investigated by the DFT ap-
proach for a related process, namely the amination reac-
tion of carbonate esters,% which follows the same mecha-
nism as the transesterification reaction. It was shown to
originate from the OH assistance in proton relay through
H-bonding. Therefore, the contribution of this substituent
is not further considered here.

Transesterification can in principle follow two different
pathways (see Scheme 3): a direct one with a single transi-
tion state (path a) and a two-step one with formation of a
tetrahedral intermediate (path b). Both have been exten-
sively investigated in previous computational contribu-
tions.®”7 In addition, a comparative investigation of the re-
lated carbonate ester amination has concluded that both
pathways occur competitively and also highlights how the
barrier for each pathway is strongly affected by the number
of proton relay molecules in the H-bond chain.”> We have
opted to limit the investigation to the two step-pathway
and to just one additional alcohol molecule in the H-bond
chain, as illustrated in Scheme 3. Given that the tetrahedral
intermediate is symmetric (the alcohol elimination of the
second step is the microscopic reverse of the alcohol addi-
tion of the first step), only one transition state is of interest.




Scheme 3. Possible transesterification pathways (de-
generative exchange).
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(b) Two-step pathway

The starting point of the reaction is the combination of
the separate ester and MeOH dimer, (MeOH),. The adduct
formation from the two partners is nearly thermoneutral
for both systems (Gibbs energy change, AG, near zero), alt-
hough it is slightly more favorable for the 3,3,3-trifluoro-
propionate system, Figure 12. This is counterintuitive, be-
cause the most important interaction, namely the C=O---H-
OMe H bond, should be rendered weaker by the a-CF;
group electron withdrawing effect. Indeed, the CF; system
features a less negative Mulliken charge for the carbonyl O
atom (-0.392 vs. -0.421 for the CH; system) and a longer H-
bond (1.882 A vs. 1.814 A for the CH, system). However, the
electronic energy change, AE, associated to the H-bond
formation is essentially the same for the two systems (-12.2
and -12.1 kcal mol” for the CH; and CF; systems, respec-
tively). Thus, the slightly more favourable AG for the CF,
system must be assigned to subtle thermal and entropic ef-
fects. In these H-bonded adducts, the O atom of the attack-
ing MeOH molecule is suitably placed for the subsequent
nucleophilic addition to the carbonyl C atom.

The transition state energy for the CF; system is located
at 21.7 kcal mol™ relative to the separate fragments, or 22.6
kcal mol™ relative to the H-bonded complex. These values
are 1.3 and o.5 kcal mol™ lower than those of the CH; system
(23.0 and 23.1 kcal mol™), respectively. The tetrahedral in-
termediates are located at a relatively high energy, the CF;
system being more stabilized by 2.8 kcal mol™ relatively to
the separate fragments (or by 1.8 kcal mol” relative to the
complex). The difference of reaction barrier between the
CH; and CF,; systems is rather small, but should definitely
contribute to accelerate the transesterification reaction for
the fluorinated system. From the Eyring equation, AAG*
values of 1.3-0.5 kcal mol® yield acceleration factors
(kCF;/kCHj;) of 9.0-2.3 at 25 °C and of 6.0-2.0 at 90 °C. In
comparison, the introduction of the B-OH group was
shown to lower the rate-determining barrier for the eth-
ylene carbonate amination (i.e. ethanolamine vs. ethyla-
mine) by 4.9 kcal mol™ relative to the separate reagents.®
A comparative assistance by the B-OH groups (not in-
cluded in the model system selected for our calculations)

may also be expected for the present transesterification re-
action. Thus, the calculations suggest that, although the
electron-withdrawing effect of the «-CF; group contributes
to lower the transesterification activation barrier, this ac-
celerating effect is probably not as important as that of a -
OH substituent on the leaving alcohol moiety. Neverthe-
less, materials using only the effect of B-OH substituent
still requires the use of catalysts to be reprocessed. Here,
the innovative incorporation of a a-CF; group enables the
transesterification to proceed without use of catalysts.
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Figure 12. Gibbs energy profile (relative G.gsxm values in kcal
mol-1) for the MeOH addition to CX;CH,COOCH; (X = H, F).

CONCLUSION

A new multifunctional acid (TTA) was synthesized by
catalyst-free thia-Michael addition on the double bond of
MAF and fully characterized. MAF proved to be a very re-
active Michael acceptor thanks to the presence of a a-CF;
group and allowed the production of TTA in 4 h under neat
conditions.

Catalyst-free vitrimers were then synthesized by the re-
action of TTA with DGEBA or BDGE. Thanks to the induc-
tive effect of the a-CF; group, the curing reaction took
place at go °C, and was complete after one hour for the
DGEBA system. The resulting products showed high ther-
mostability and insolubility contents over 70 %, confirm-
ing the epoxy network formation. These materials were
then demonstrated to be vitrimers. The stress-relaxation
analyses revealed relatively fast relaxation time (t = 708 s
at 190 °C for VD and t = 1400 s at 150 °C for VB). An Arrhe-
nius behaviour was observed for materials based on
DGEBA and BDGE and activation energy of 67 and 71 kJ
mol? were respectively determined for these materials.
Both the epoxy-acid ring opening reaction and the trans-
esterification were vastly accelerated by the CF; group in-
ductive effect in the o position of the carbonyl group. The
storage modulus, the glass transitions and the insoluble
fractions of the vitrimers before and after reshaping were
almost identical, demonstrating that the reshaping process
did not adversely affect the networks integrity.



This study demonstrates the potential of fluorinated
groups as accelerating substituents for transesterification
vitrimers. This original approach to catalyst-free trans-
esterification vitrimers offers opportunities to design and
prepare novel vitrimer materials based on other exchange
reactions.
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