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Recently, fluorine neighboring group activation emerged as a new way of promoting acid—epoxy reaction
and transesterification in vitrimer materials. Pursuing this idea, the effect of a CFz group on aza-Michael
addition and aza-Michael exchange was examined and confirmed on model molecules. Following these
positive results, a CAN incorporating aza-Michael bonds and CFz-activated ester functions was
synthesized and compared to analogous materials deprived of any CFs groups on the one hand, or of
any hydroxyl groups on the other hand. The study of the mechanical properties of these materials
highlighted the synergistic effect of the two exchange reactions and the accelerating effect of the
fluorinated group. The fluorinated and hydroxylated material was shown to be reprocessable at 100 °C in
1 h under 3 tons whereas the fluorinated only and the hydroxylated only materials were respectively
reprocessed at 120 °C and 150 °C. These catalyst-free CANs were synthesized from natural resources
further enhancing the sustainability of these materials. This study demonstrates the potential of biobased

rsc.li/materials-a

Introduction

Covalent Adaptable Networks (CANs) have emerged in the last
two decades as a new polymer family, bridging the gap between
the two historical groups of polymers: thermoplastics and
thermosets. CANs refer to polymer networks possessing
reversible covalent bonds, hence coupling the reshaping capa-
bility of thermoplastics with the thermal and chemical resis-
tance of thermosets. The development of CANs is going in the
same direction as the current environmental trend of reducing
waste and improving the sustainability of materials. Indeed,
cross-linked polymers, whose recycling is particularly complex,*
can gain the possibility of being reused instead of only being
incinerated if they are converted into CANs. Their recycling
through the dynamic character of CANs can then be triggered by
different stimuli such as heat,> pH® or light.*

The area of CANSs is in constant development and multiple
exchangeable functions have emerged and have been reviewed
by several research team.>® They have been generally classified
according to their mechanism: dissociative or associative.’
Theoretically, in opposition to dissociative CANs, only vitrimers
(associative CANs) maintain a constant crosslink density with
temperature and can therefore demonstrate an Arrhenius
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CANSs featuring fluorinated esters as low environmental impact and easily reprocessable materials.

behaviour.'*™** However, numerous dissociative CANs have
recently demonstrated Arrhenius behavior in specific ranges of
temperature.’®> Moreover, Dichtel and Elling have been
wondering whether the use of associative exchange mechanism
alone in cross-link polymer networks was desirable to meet
current processing challenges.”” Indeed, as dissociative and
associative CANs demonstrated to behave similarly in temper-
ature range usually used for reprocessing, the postulated
superiority of vitrimers on dissociative CANs should be recon-
sidered. Especially since the use of dissociative chemistries
could enable to respond to some current CAN challenges
(synthesis of high activation energy CANs, adaptation of current
thermoplastics reprocessing techniques to CANs, broad CANs
application range via the development of new exchange
reactions,...).”

Many of the dynamic chemistries mentioned above require
catalysts to be activated under thermal stimulus.”*** However,
the use of external catalysts is limiting the panel of applications
of CAN . For instance, organic salts**® and strong bases,*” used
as catalysts in epoxy vitrimers, are usually toxic and corrosive,
and may leach out from the materials or undergo ageing.*®
Therefore, the concepts of neighbouring group participation
(NGP) or internal catalysis inspired from development in
organic synthesis have been implemented in CANs.>*?*° Several
modes of activation have been reported in the literature such as
H-bonding,**-** formation of cyclic intermediate®**** or tertiary
amine catalyst.***” Recently, the introduction of fluorinated
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groups near an ester function allowed to significantly increase
the transesterification reaction rate via inductive effects.?**

Based on these precedents, we wished to explore the possibility
of designing a CAN that could relax according to two possible
exchange reactions, both sufficiently accelerated by a single acti-
vating group to avoid the presence of any external catalyst. This
dual mechanism could lead to a network with strong dynamical
properties and, coupled to a biosourcing of the monomer and the
absence of any additive, it would reinforce the durability and
recyclability of such material. We already reported that catalyst-
free transesterification vitrimers could be prepared and exhibit
vitrimer properties thanks to the presence of vicinal fluorinated
groups that accelerate the exchange reaction.*® We wish to present
herein a material that associates this transesterification to a much
less studied reaction, namely the aza-Michael exchange.*>* In
this synergistic system, both reactions are activated by the same
CF; group positioned on the a-position to the ester. The effect of
the CF; group was first highlighted on the aza-Michael addition
and aza-Michael exchange reactions on model compounds. Then,
a set of CANs constituted of f-amino esters was synthesized by
aza-Michael polyaddition. Bio-based bis-hydroxylated amine and
bis-trifluoromethylacrylate were used to synthesize a CAN
coupling synergistic and fluorine accelerating effect with a high
renewable carbon content. Its non-fluorinated analogue, as well
as the one devoid of hydroxy groups were also prepared in order to
assess the influence of each group on the mechanical behaviour
of the materials. The thermal and stress relaxation behaviours of
these materials were evaluated by mechanical and chemical
analyses. Finally, these materials were reshaped three times
under different conditions and the influence of the reprocessing
conditions on the materials was studied. This study highlights
how the incorporation of fluorine exchange activator, and syner-
gistic exchange reactions in cross-linked networks, enables to
easily synthesize and recycle sustainable materials.

Materials & methods

Materials

Butanediol diglycidyl ether (BDGE), 4,9-dioxadodecanediamine
(BDA), 2-methyltetrahydrofurane (Me-THF) and N-benzylme-
thylamine (BMA) were purchased Sigma-Aldrich Merck (Darm-
stadt, Germany). Aqueous ammonia (25% NHj3) were purchased
from VWR International S. A. S (Fontenay-sous-Bois, France).
Pripol™ 2033 was kindly provided by Croda (East Cowick,
United Kingdom). 2-(Trifluoromethyl)acrylic acid (MAF) (>98%),
tert-butyl 2-(Trifluoromethyl)acrylate (MAF-TBE) and methyl 2-
(trifluoromethyl)acrylate (MAF-Me) were purchased from Syn-
Quest Labs (Alachua, FL, USA). All materials were used as
received. The deuterated NMR solvents (CDCl; (99.5% isotopic
purity), MeOD (99.5% isotopic purity) and DMF-d, (99.5%
isotopic purity)) and were purchased from Eurisotop (Saint-
Aubin, France).

Characterizations

Nuclear magnetic resonance. Nuclear Magnetic Resonance
(*H, C, "’F-NMR) experiments were carried out in deuterated
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solvents using a Bruker Avance III 400 MHz NMR spectrometer
at 25 °C.

Titration of the amine equivalent weight of Priamine™1071
by "H-NMR. The Amine Equivalent Weight (AEW) is the amount
of product needed for one equivalent of reactive amine func-
tion. It was determined by "H-NMR using an internal standard
(benzophenone). A known mass of product and benzophenone
was poured into an NMR tube and 500 puL of CDCl; were added.
The AEW was determined using eqn (1) by comparing the value
of the integral of the signals assigned to the benzophenone
protons (7.5-7.8 ppm) with the value of the integral of the
signals arising from the CH protons in B position to the primary
(3.72 ppm) and secondary (3.88 ppm) amine groups. The
measurement of the AEW was performed in triplicate.

AEW = [ PhCOPh X Haminel [ PhCOPh X HamineII
- faminel X HPhCOPh 2 X famineII X HPhCOPh
Mamine
————— X Mpicopn (1)
MphcoPh

jphcoph: integral of the signal from benzophenone protons;
Jaminer: integral of the signals from protons in o of the primary
amine function; _[amineII: integral of the signals from protons in
a position of the secondary amine function; Hyminer: number of
protons in a position of the primary amine function; Haminen:
number of protons in o position of the secondary amine func-
tion Hppcopn: Number of benzophenone protons; #,mine: Mass
of amine; mppcopn: Mass of benzophenone; Mphcopn: benzo-
phenone molar mass.

Fourier transform infrared spectroscopy. Infrared (IR)
spectra were recorded on a Nicolet 210 Fourier transform
infrared (FTIR) spectrometer. The characteristic IR absorptions
mentioned in the text are reported in cm™'. Materials analyses
were recorded using an ATR accessory.

Thermogravimetric analyses. Thermogravimetric analyses
(TGA) were carried out using 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 nitrogen atmosphere (60
mL min™ ).

Differential scanning calorimetry. 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 heat exchanges were recorded between
—150 °C and 150 °C at 20 °C min ™' to observe the glass tran-
sition temperature. The T, values were measured on the second
heating ramp to erase the thermal history of the polymer. All the
reported characteristic temperatures are average values of three
measurements.

Dynamic mechanical analyses. Dynamic mechanical anal-
yses (DMA) were carried out on Metravib DMA 25 with Dynatest
6.8 software. 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

This journal is © The Royal Society of Chemistry 2022
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—100 °C to +150 °C. The alpha transition temperature (7,) was
determined as the maximum of the loss modulus E”.

Rheology experiments. Rheology experiments were per-
formed 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 stress-
relaxation experiments, a 1% shear strain was applied on
samples, and the rubbery modulus evolution with time was
monitored at different isotherms. The obtained characteristic
relaxation time (t) was used to calculate the activation energy.
The reproducibility of the analysis has been verified for at least
one temperature for each sample for the stress-relaxation
measurements.

Creep recovery experiments were performed at 80 °C and
50 °C by applying 2 kPa shear stress for a duration of 1200 s
followed by a recovery period of 1200 s.

Swelling index. Three samples from the same material, of
around 20 mg each, were separately immersed in THF for 24 h.
The swelling index (SI) was calculated using eqn (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.

mp; — niy

SI = x 100 )

m

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 eqn (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.

Ge= "y
m

100 (3)

Synthesis

Synthesis of BMA-MAF-TBE. N-Benzylmethylamine (BMA)
(0.93 g, 7.70 mmol, 1 equiv.) was dissolved in dichloromethane
(3 mL) and tert-butyl 2-(trifluoromethyl)acrylate (MAF-TBE)
(1.51 g, 7.70 mmol, 1 equiv.) was slowly added to the solution
at room temperature and stirred for 10 min. The pure product
was obtained as a transparent liquid without any purification
step. Yield: 99%, 2.44 g.

'H-NMR (400 MHz, CDCl,): 1.52 s, O-C-(CHj)s, 2.23 (s, N-
CHj3), 2.69-2.73 (dd, */ = 12.5 Hz %] = 4.0 Hz, N-CH,-CH), 3.12-
3.18 (m, N-CH,-CH), 3.26-3.36 (m, N-CH,-CH) 3.49-3.64 (m,
N-CH,-C), 7.25-7.35 (m, HAr) ">C-NMR (101 MHz, CDCl,): 27.9
(O-C~(CH3)3), 41.9 (N-CH3), 50.3-51.0 (q, *J = 25.7 Hz, N-CH,~
CH), 54.0 (q, *] = 2.6 Hz, N-CH,~CH), 62.3 (N-CH,-C), 82.5 (O-
C-(CH3);), 120.3-129.2 (q, CF;), 127.2 (CH-CH-CH-CH-CH),
128.2 (CAr), 128.9 (CH-CH-CH-CH-CH), 138.5 (C-CH,-N),
166.0 (q, *J = 3.4 Hz, C=0) "F-NMR (377 MHz, CDCl;): 6/ppm
=-67.3 (CF;).

This journal is © The Royal Society of Chemistry 2022
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Synthesis of BMA-MAF-Me. N-Benzylmethylamine (BMA)
(0.93 g, 7.70 mmol, 1 equiv.) was dissolved in dichloromethane
(3 mL) and methyl 2-(trifluoromethyl)acrylate (MAF-Me) (1.19 g,
7.70 mmol, 1 equiv.) was slowly added to the solution at room
temperature and stirred for 10 min. The pure product was ob-
tained as a transparent liquid without any purification step.
Yield: 99%, 2.10 g.

H-NMR (400 MHz, CDCl,): 2.26 (s, N-CH3), 2.73-2.77 (dd, *J
= 12.6 Hz % = 4.2 Hz, N-CH,-CH), 3.17-3.22 (m, N-CH,-CH),
3.42-3.51 (m, N-CH,~CH) 3.49-3.68 (m, N-CH,—C), 3.82 (s, O-
CH,), 7.28-7.38 (m, HAT).

3C-NMR (101 MHz, CDCl,): 42.0 (N-CH3), 49.3-50.0 (q, %] =
26.3 Hz, N-CH,~CH), 52.7 (O-CHj), 53.7 (q, > = 2.7 Hz, N-CH,—
CH), 62.3 (N-CH,-C), 82.5 (O-C-(CH,)), 120.0-128.2 (q, J =
280.2 Hz, CF;), 127.3 (CH-CH-CH-CH-CH), 128.3 (CAr), 128.9
(CH-CH-CH-CH-CH), 138.3 (C-CH,-N), 167.4 (q, *] = 3.4 Hz,
Cc=0).

19F-NMR (377 MHz, CDCl,): 6/ppm = —67.10-67.12 (CF3).

Synthesis of BMA-A-TBE. N-Benzylmethylamine (BMA) (1.21
10 mmol, 1 equiv.) was mixed with tert-butyl acrylate (A-TBE)
(1.54 g, 12 mmol, 1 equiv.) at 70 °C for 24 h. The crude
product was dissolved into ethyl acetate (30 mL), washed three
times with water (10 mL) and once with brine (10 mL). The
organic layer was then dried over MgSO,, dried under vacuum
and the pure product was obtained as a transparent liquid.
Yield: 85%, 2.12 g.

"H-NMR (400 MHz, CDCl,): 6/ppm = 1.48 s, 0-C~(CH3)s, 2.22
(s, N-CH3), 2.45-2.49 (t, °] = 7.4 Hz, N-CH,~CH,), 2.72-2.77 (t, %]
= 7.4 Hz, N-CH,-CH,), 3.53 (s, N-CH,—C), 7.26-7.34 (m, CH-
CH-CH-CH-CH).

3C-NMR (101 MHz, CDCl,): §/ppm = 28.1 (0-C~(CH3)3), 34.1
(N-CH,-CH,), 41.8 (N-CHj,), 53.1 (N-CH,~CH,), 62.1 (N-CH,-
C), 80.3 (O-C-(CH3)3), 127.0 (CH-CH-CH-CH-CH), 128.2 (CH-
CH-CH-CH-CH), 129.0 (CH-CH-CH-CH-CH), 139.1 (C-CH,-
N), 172.0 (C=0).

Synthesis of butanediol-di-fB-hydroxyamine (BD-f-HA).
BDGE (15 g, 0.15 mol, 1 equiv.) was dissolved in 232 mL of
a 25% NH; aqueous solution (1.5 mol, 10 equiv.) and 232 mL of
Me-THF in a 600 mL sealed reactor. The reaction was carried out
at 100 °C for 4 h. The ammonia solution was then evaporated
with a rotatory evaporator and then freeze-dried to remove water
traces. The pure product was obtained as a brown viscous
liquid. Yield: 99%, 20 g.

'H-NMR (400 MHz, CD;0D): §/ppm = 1.67 (m, CH,~CH,-
CH,), 2.55-2.83 (m, CH,-NH-CH, and CH,-NH,), 3.45 (d, CH-
CH,-0), 3.52 (t, CH,~CH,-0), 3.72 (m, CH-OH), 3.88 (m, NH-
CH,-CH-OH).

3C-NMR (101 MHz, CD;0D): 6/ppm = 26.1 (CH,~CH,-CH,),
44.4 (CH,-NH,), 52.4 (CH,-NH-CH, oligomer), 69.0 (CH olig-
omer), 71.0 (CH,-CH,-0), 71.04 (CH), 73.0 ppm (CH-CH,-0).

Synthesis of MAF-Cl. 2-Trifluoromethylacryloyl chloride
(MAF-Cl) was synthesized by the reaction of 2-tri-
fluoromethylacrylic acid (MAF) (29.1 g, 208 mmol) with phtha-
loyl 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
(Boiling point: 82 °C) during reaction. Yield: 72%, 23.8 g.

J. Mater. Chem. A, 2022, 10, 25085-25097 | 25087
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Synthesis of Pripol-(MAF),. Pripol-(MAF), monomer was
synthesized by adding NEt; (8.85 g, 87.5 mmol) dropwise to
dichloromethane solution of Pripol (15.81 g, 29.2 mmol) and
MAF-CI (11.10 g, 70 mmol) at 0 °C, followed by stirring at room
temperature for 4 h. The reaction mixture was washed with
0.5 N hydrochloric acid, saturated aqueous sodium hydro-
gencarbonate and brine, dried over MgSO,, filtered and dried
under reduced pressure to afford the pure di-(trifluoro)meth-
acrylate (Pripol-(MAF),) as a yellow liquid. Yield: 80%, 18.3 g.

"H-NMR (400 MHz, CDCl;): 6/ppm = 0.89 ppm (m, CHj),
1.02-1.62 ppm (m, CH,-CH,-CH,), 1.70 ppm (m, CH,-CH,-0),
2.53 ppm (m, CH-CH,-CH,), 4.25 ppm (t, CH,-0O), 6.42 ppm (d,
CH-C), 6.72 ppm (d, CH-C).

BC-NMR (101 MHz, CDCl;): ¢/ppm = 14.08 ppm (CH,),
22.7 ppm, 25.97 ppm, 28.4-32.02 ppm (CH,-CH,-CH,),
28.4 ppm (CH,-CH,-0), 31.98 ppm (CH-CH,-CH,), 65.96 ppm
(t, CH,-0), 117.30-125.45 (q, CF;), 131.75 ppm (C), 132.46 (q,
CH,-C), 161.50 ppm (C=0).

9F-NMR (377 MHz, CDCl,): 6/ppm = - 65.6 (CF3).

Synthesis of Pripol-acrylate (Pripol-A;). Pripol-A, monomer
was synthesized by adding acryloyl chloride (9.05 g, 100.0 mmol,
2.4 equiv.) dropwise to a dichloromethane solution of Pripol
(22.58 g, 41.67 mmol, 1 equiv.) and NEt; (12.65 g, 125 mmol) at
0 °C, followed by stirring at room temperature for 4 h. The reac-
tion mixture was washed with 0.5 N hydrochloric acid, saturated
aqueous sodium hydrogencarbonate and brine, dried over
MgSO,, filtered and dried under reduced pressure to afford the
pure di-acrylate (Pripol-A,) as an orange liquid. Yield: 85%, 23 g.

"H-NMR (400 MHz, CDCl,): é/ppm = 0.89 ppm (m, CH,-
CHj;), 1.02-1.62 ppm (m, CH,-CH,-CH,), 1.69 ppm (m, CH,-
CH,-0), 2.56 ppm (m, CH-CH,-CH,), 4.17 ppm (t, CH,-O),
5.84 ppm (d, CH-C, >J = 1.5 Hz, *] = 10.4 Hz), 6.14 ppm (d, CH-
C-C=0, *] = 17.3 Hz, 10.4 Hz), 6.42 ppm (m, CH-C, >J = 1.5 Hz,
%] =17.3 Hz).

C-NMR (101 MHz, CDCl;): é/ppm = 14.04 ppm (CH,),
22.90 ppm, 26.10 ppm, 28.5-31.80 ppm (CH,-CH,-CH,),
29.0 ppm (CH,-CH,-0), 32.00 ppm (CH-CH,-CH,), 64.70 ppm
(CH,-0), 128.60 (CH-C-C=O0), 130.50 (CH,-C), 166.24 ppm
(C=0).

F-NMR kinetic monitoring. Typicall, BMA-MAF-TBE
(0.317 g, 1 equiv.) was mixed with MAF-Me (0.154 g, 1 equiv.)
in DMF-d7 at a concentration of 1 M. The mixture was then
homogenized by vortex stirring and 450 uL were transferred into
an NMR tube. The reaction was then monitored by "’F-NMR at
60 °C at fixed time intervals using a Bruker Avance III 400 MHz
NMR spectrometer. The same procedure was applied with BMA-
MAF-Me and MAF-TBE.

Procedure of CANs synthesis. The P-aminoester network
(BAE) containing fluorine and hydroxyl group (BAE-F-OH) was
synthesized from Pripol-(MAF), (8.65 g, 2 equiv.) and BD-B-HA
(1.61 g, 1 equiv.). BAE-F was obtained from Pripol-(MAF), (8.64 g,
2 equiv.) and BA (1.12 g, 1 equiv.) and BAE-OH was obtained
from Pripol-A, (7.15 g, 2 equiv.) and BD-B-HA (1.61 g, 1 equiv.). All
the reactive mixture was initially mixed 1 min using a Speed-
Mixer. Then BAE-F-OH and BAE-F were left at room tempera-
ture overnight, before to be shaped at the hot press for 1 h under
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3 t at respectively 100 °C and 120 °C. After mixing, BAE-OH was
poured into a silicone mold and cured 24 h at 100 °C.

Reshaping procedure. The reprocessing behavior of the
materials was examined using a Carver 3960 manual heating
press. BAE-F-OH, BAE-F and BAE-OH samples were respec-
tively pressed at 100, 120 and 150 °C for 1 h under 3 ¢, and then
were cooled to room temperature (ca. 25 °C) before removing
from the hot press.

Results & discussion
Aza-Michael addition

As previously demonstrated with a thia-Michael reaction, the
presence of a CF; group in o position of a Michael acceptor
facilitates the addition of Michael donors thanks to the strong
electron-withdrawing effect of such a substituent.**** Here, the
same effect was observed for the aza-Michael reaction with N-
benzylmethylamine (BMA) (Scheme 1). Indeed, the reaction with
tert-butyl 2-(trifluoromethyl)acrylate (MAF-TBE) was performed
at room temperature in 10 minutes in DCM whereas the reaction
with tert-butyl acrylate (A-TBE) required a temperature of 70 °C
and 24 h to occur under solvent-free conditions. The model
molecules BMA-MAF-TBE and BMA-A-TBE (Fig. S1 and S2}) were
both obtained in high yields and characterized by "H-NMR, "*C-
NMR, and additionally by '°F-NMR for BMA-MAF-TBE.

These model molecules were used to specifically evaluate the
aza-Michael exchange reaction. For that purpose, BMA-MAF-
TBE and BMA-A-TBE were left to react with methyl 2-tri-
fluoromethylacrylate (MAF-Me) or methylacrylate (A-Me) and
the formation of respectively BMA-MAF-Me and BMA-A-Me by
exchange of Michael acceptor was monitored over time
(Scheme 2). BMA-MAF-Me (Fig. S31) and BMA-A-Me (Fig. S47)
were also separately synthesized to determine their NMR
signatures. These reactions were performed using a 1 : 1 BMA-
X-TBE : acrylate ratio in DMF at 60 °C and 1 M of each adduct,
and were monitored by "’F-NMR and '"H-NMR. No exchange was
observed for the non-fluorinated system even after 48 h of
reaction, whereas 18% of BMA-MAF-TBE was already converted
to BMA-MAF-Me after only 1 h. These results clearly indicate
that the presence of a CF; group drastically accelerate the
exchange reaction. Hence, the inductive effects of the CF; group
play a key role on the aza-Michael exchange rate, they activate
both the dissociation of B-amino esters, and the addition of
amines onto fluorinated double bonds.

Two additional exchange reactions were examined (Fig. 1):
the reaction of BMA-MAF-TBE with MAF-Me and that of BMA-
MAF-Me with MAF-TBE. The formation and disappearance of
the different MAF adducts were monitored by '>F-NMR over
24 h. The formations of BMA-MAF-TBE and BMA-MAF-Me were
characterized by the appearance of two signals for each
compound: a doublet at —67.39 and a triplet at —65.76 ppm for
BMA-MAF-TBE and a doublet at —67.32 and a triplet at —65.50
for BMA-MAF-Me respectively. Both experiments led to the same
final BMA-MAF-TBE/BMA-MAF-Me mixture with a 60/40 mol%
ratio (Fig. 1). Hence it appears that BMA-MAF-Me is relatively
less stable than BMA-MAF-TBE. These preliminary results
highlighted the potential of fluorine-activated aza-Michael as

This journal is © The Royal Society of Chemistry 2022
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a fast exchange reaction for CAN application. Note that in the
materials, the dissociation of the B-aminoesters would likely be
more activated (faster) than that of the model compounds due
to higher steric hindrance in this preliminary study compared
to the following material study.

BMA-A-Me A-TBE

Material synthesis and characterizations

Following these encouraging results on model molecules, the
objective was to prepare B-amino ester (BAE) biobased CANs by
aza-Michel polyaddition in order to reduce their impact on the
environment. Therefore, biobased bis-acrylate and bis-amine
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Fig. 1 Kinetic monitoring of BMA-MAF-TBE and BMA-MAF-Me exchange reactions at 1 M by *°F-NMR in DMF-d; at 60 °C.
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monomers needed to be synthesized from natural resources.
Since a primary amine can add onto two acrylates successively,
a bis-amine is a potential tetra-functional monomer allowing
the formation of a cross-linked network. Moreover, in addition
to the exchangeable aza-Michael adducts presented in the
network, ester functions could also undergo exchange in the
presence of hydroxy functions, leading to a synergistic effect in
CANs. Hence, butanediol-di-p-hydroxyamine (BD-B-HA) was
used to introduce hydroxy groups in the network.

BD-B-HA was synthesized from butanediol diglycidyl ether
(BDGE), itself prepared from butanediol and epichlorohydrin,
both of which can be biobased. Indeed, butanediol can be ob-
tained from carbohydrates produced by hydrolysis of starch or
bacteria fermentation, and epichlorohydrin can be synthesized
from glycerol.”>*® Moreover, B-hydroxyamines are known for
their facile synthesis, and their high reactivity toward epox-
ides, cyclic carbonates*® and Michael acceptors* compared to
conventional alkylamines due to the H-bonding assistance of
the B-OH substituent. BD-B-HA was chosen for three main
reasons: its chemical structure enabling the combination of
aza-Michael addition and transesterification reaction with its -
OH substituent, its higher reactivity toward Michael acceptors
and finally its eco-friendly synthesis. To obtain BD-B-HA, BDGE
was reacted with aqueous ammonia in a single step using
a sealed reactor and the reaction product was characterized by
"H-NMR and "C-NMR (Fig. S51). Since the primary amines
formed during the synthesis can still react with the starting
epoxide, some BD-B-HA oligomers, are formed. The amount of
oligomers was determined by 'H-NMR (signal at 3.88 ppm) to be
16 mol%.

Using a Green Chemistry approach,* Pripol™ 2033, a fully
biobased diol derived from fatty acids, was used to prepare
Pripol bis-(trifluoromethyl)acrylate (Pripol-(MAF),) and Pripol
bis-acrylate (Pripol-A,) (Fig. 2). 2-Trifluoromethylacryloyl chlo-
ride or acryloyl chloride were added to the diols in the presence
of NEt; at low temperature to prepare the two desired bis-esters.
The resulting Pripol-(MAF), and Pripol-A, monomers featured
a high biobased carbon content, of respectively 82% and 86%.
Pripol-(MAF), (Fig. S61) and Pripol-A, (Fig. S7t1) were both
characterized by "H and "*C-NMR and by "’F-NMR for Pripol-
(MAF),.

OH

HzN \)\/0\/\/\0

BD-B-HA

NH,
OH

”2"‘V\/OV\/\O/\/\NH2
BDA

BAE-F-OH: BD-B-HA + Pripol-(MAF),
BAE-F: BDA + Pripol-(MAF),
BAE-OH: BD-B-HA + Pripol-A,
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The activating role of the CF; group on the aza-Michael
exchange that was highlighted at the molecular level could be
efficiently implemented in CANs. Three B-amino ester (BAE)
thermosets were synthesized via aza-Michael addition (Table 1).
BAE-F-OH was prepared by reaction of Pripol-(MAF), with BD-
B-HA. This material thus contained B-amino-o-CF;—ester
moieties able to undergo both CF;-activated aza-Michael
exchange reactions and transesterification. BAE-F was
prepared from 1,4-bis(3-aminopropoxy)butane (BDA) and Pri-
pol-(MAF),. This material was thus devoid of hydroxy groups for
transesterification reactions, but still fairly prone to aza-
Michael exchange via CFs-activation. Finally, BAE-OH was
synthesized from Pripol-A, and BD-B-HA. This third material
thus contained free hydroxy groups able to trigger trans-
esterification, but was devoid of CF; activating groups. The
study of the relaxation behaviours of these three thermosets
should allow to determine the influence of each NGP on their
CAN properties. Note that thanks to the use of biobased
monomers, BAE-F-OH, BAE-OH and BAE-F were composed of
84%, 87% and 74% of biobased carbons respectively.

Because of the difference in reactivity between the four
monomers, the curing conditions of each thermoset were
different, depending on whether the double bond was activated
by a CF; group or not, in agreement with the model reaction
study. In the cases of BAE-F-OH and BAE-F, both containing
CF; activating groups, a strong gel was formed after only 1 min
of stirring in a SpeedMixer at 25 °C. Therefore, BAE-F-OH and
BAE-F were shaped by compression molding at 100 °C and
120 °C for 1 h respectively. In contrast, BAE-OH was cured in an
oven at 80 °C for 24 h in a silicon mold. Indeed, without the CF;-
activation of the double bond, the crosslinking was much
slower and the mixture remained liquid after mixing at 25 °C,
highlighting the gap of reactivity compared to BAE-F-OH and
BAE-F. In these two materials, the CF5-activation of the Michael
acceptors was so strong that the aza-Michael crosslinking was
too fast to permit monitoring by rheometry (the gel point could
not be determined). Moreover the effect of the hydroxy groups
on the aza-Michael additions could not be observed as BAE-F-
OH and BAE-F showed the same ultra-fast curing behavior.

No residual exothermy was observed by DSC (Fig. S81) for any
of the materials indicating that they were fully cured under the

Pripol-R, O/R
(0] o
,f”\n/cF3 or "ujl
MAF A

Fig. 2 Monomer structures used for the synthesis of BAE networks, the green carbons correspond to biobased carbon.
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Table 1 Overview of B-amino esters (BAE) composition and biobased carbon content associated

Acrylate Amine

Pripol-(MAF)2 BD-B-HA Biobased carbon
CAN (equiv.) Pripol-A, (equiv.) (equiv.) BDA (equiv.) Curing conditions content (mol%)
BAE-F-OH 2 — 1 — 20°C12h+1h 100 °C* 84
BAE-F 2 — — 1 20°C12 h +1 h 120 °C* 74
BAE-OH 2 1 — 80°C24h 87

¢ Under 3 ¢ of compression.

Table 2 Overview of physical properties of f-amino esters (BAE)

Gel content

Tg (OC) Ta (DC) Tds% (DC) E'glassya (GPa) Evrubberyb (MPa) (D/O)
BAE-F-OH —38 —23 252 1.8 3.4 86 £ 2
BAE-F —22 —25 255 1.5 2.9 91+3
BAE-OH —38 -33 297 1.9 2.1 83 +1

@ Determined at T, — 50 °C. ? Determined at T, + 50 °C.

preparation conditions used. Interestingly, the glass transition
temperatures of BAE-F-OH and BAE-OH were identical (—38
°C) suggesting that the CF; groups had no impact on the chain
movement in these materials (Table 2). The T, of BAE-F was
expected to be lower than those of the other materials because
of the additional hydrogen bonds provided by the hydroxy
functions. However, the presence of BD-B-HA oligomers tends
to decrease the T, by decreasing the AHEW, while commercial
BDA is only composed of primary amines. In BAE-F-OH or
BAE-OH longer polymer chains are present compared to BAE-F,
hence providing more flexibility to these networks and thus
explaining the T, values measured. The gel contents of the BAE
networks were comparable (>83%) and confirmed the forma-
tion of highly cross-linked networks.

The three BAE networks were also analyzed by DMA as shown
in Fig. 3. The storage moduli on the glassy and rubbery plateau

10" 1,5

E' (Pa)
tan &

T T
-100 -75 -50 25 0 25 50
Temperature (°C)

Fig. 3 Storage modulus (full curves) and tan(d) (dotted curves) for
BAE—-F-OH (black curve), BAE-F (blue curve) and BAE-OH (red curve).

This journal is © The Royal Society of Chemistry 2022

of the three materials were of the same order of magnitude.
According to the results of the thermogravimetric analyses
(Fig. S91), the thermal stabilities of the fluorinated BAEs (BAE-F
and BAE-F-OH) were identical, indicating that the hydroxy
group did not significantly affect the material degradation.
BAE-OH showed a higher Tgso, possibly because the aza
Michael exchange reactions were slower in this material. This
phenomenon was already noticed by Du Prez et al* who
demonstrated that aza-Michael dissociation could be related to
thermal degradation. Indeed, as the aza-Michael exchange is
assumed to follow a dissociative mechanism, network degra-
dation is dependent on the exchange rate of this reaction and
therefore on the temperature.

Dynamic properties

In order to study the dynamic character of the three BAE
networks, they were subjected to stress-relaxation experiments
(Fig. 4 (normalized data) and Fig. S10t1 (non-normalized data)).
A 1% shear strain was applied and the relaxation modulus (G(t))
was monitored as a function of time. As mentioned previously,
BAE-F, which can only relax stress via fluorine-activated aza-
Michael exchange due to the absence of hydroxyl groups,
clearly demonstrated faster relaxation than previously reported
CANs based on non-fluorinated aza-Michael exchange. Indeed,
even if the comparison is not totally exact because of polymer
matrix difference, relaxation times were up to 20 times lower at
130 °C for BAE-F compared to these non-fluorinated CANs.**?
This result is in good agreement with the preliminary molecular
study that highlighted the strong activation of aza-Michael
exchange induced by fluorine atoms.

Recently, CANs having two coexisting mechanisms have
gained a lot of interest.”* Some CANs have been based on this
concept, for instance disulfide metathesis was combined with
transesterification in epoxy vitrimer.** Du Prez et al. also studied

J. Mater. Chem. A, 2022, 10, 25085-25097 | 25091
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Fig. 4 Normalized stress-relaxation curves at different temperatures for a 1% strain (A) for BAE-F—OH, (B) for BAE-F and (C) for BAE-O. (D)
Fitting of the relaxation time (z) vs. temperature data by the Arrhenius equation for BAE-F-OH (black squares), BAE-F (blue triangle) and BAE—

OH (red circles).

dynamic thiol-yne cross-linking as a new platform for the
exchange of thioacetal linkages and demonstrated that asso-
ciative and dissociative mechanisms occurred concomitantly.*
Following the development of these dual systems previously
reported,”** BAE-F-OH was synthesized to produce
a network in which aza-Michael exchange and trans-
esterification can concomitantly occur. Both exchange reactions
were activated by the presence of the CF; group in the alpha and
beta positions of the ester function and of the nitrogen atom
respectively. Moreover, the polymerization by aza-Michael
addition results in the presence of tertiary amines in the
network which were previously proven to promote trans-
esterification.’” The comparison of the stress relaxation exper-
iments at 120 °C (Fig. 5A) highlights the interest of using a dual
CANs network. Indeed, the fastest relaxation was displayed by
BAE-F-OH, in which, both CF;-activated aza-Michael and
transesterification reactions can occur, compared to BAE-F for
which only fluorine-activated aza-Michael exchange is at play.
Finally, the activation effect of the CF; group was particularly
underlined by the comparison of BAE-F-OH and BAE-OH.
Indeed, in the absence of CF; groups in a-position of the ester
functions (BAE-OH), the network relaxation was drastically
slowed down.

25092 | J Mater. Chem. A, 2022, 10, 25085-25097

Each material was studied in a specific temperature range as
their relaxation rate were very different: stress-relaxations were
performed from 90 to 120 °C for BAE-F-OH (Fig. 4A), from 120
to 160 °C for BAE-F (Fig. 4B) and from 120 to 160 °C for BAE-OH
(Fig. 4C). Even if the aza-Michael exchange reaction apparently
proceeds via a dissociative mechanism, Arrhenius behaviors
were observed for all the BAE networks, and specifically for
BAE-F which is based only on aza-Michael exchange. These
observations confirm that dissociative CANs can follow an
Arrhenius law in a specific range of temperature as recently
highlighted by Dichtel and Elling.** E, fiow of 191 & 4 KJ mol %,
98.8 + 7 k] mol ! and 168 & 7 k] mol * were determined for
BAE-F-OH, BAE-F and BAE-OH respectively (Fig. 4D). Even if
comparing these E, g0 values when multiple exchange reac-
tions are at play is complex, the high activation energy displayed
by BAE-F-OH is very promising for future industrial applica-
tions. Indeed, ideal CANs should not creep at their service
temperature, but be able to reshape in a matter of seconds and
at moderate temperature to avoid degradation. Therefore the
synthesis of CANs endowed with high activation energy and
short relaxation times is desirable as these kind of CANs would
demonstrate high viscosity-temperature dependence and high
creep resistance.

This journal is © The Royal Society of Chemistry 2022
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Additionally, creep experiments were performed at 50 °C
(Fig. 5B) and 80 °C (Fig. S117) on the three BAE CANSs to further
demonstrate the sensitivity of the materials to temperature.
After the creep-recovery experiments at 80 °C, BAE-F-OH and
BAE-F showed permanent deformations of 0.16% and 0.07%
respectively, whereas the deformation of BAE-OH was only of
0.03% (Fig. S117). Hence, at 80 °C, exchange reactions occurred
in BAE-F-OH and BAE-F whereas no exchange reaction took
place in BAE-OH, highlighting once again the activating effect
of CF; groups. However, at 50 °C, the three BAEs showed the
same small permanent deformation (<0.03%). BAE-F-OH and
BAE-F were as creep resistant as BAE-OH at low temperature
indicating slow exchange reactions in all three materials.
However, these exchange reactions were easily set off at
moderate temperature thanks to the CFs-activation, while
higher temperatures, favoring degradations, were necessary to
trigger these reactions in BAE-OH. These different results are in
agreement with previous reports, where high activation flow
energy was related to materials with strong creep
resistance.*>*"*

In conclusion, the presence of fluorinated groups in these
CANs clearly accelerated the aza-Michael exchange reaction and
the transesterification. Moreover, a synergistic effect is at play
when both aza-Michael and transesterification are comple-
mentary used. Finally, biobased CANs with high activation
energies were obtained via the combination of CFj-activated
(and amine catalyzed) transesterification and aza-Michael
exchanges, affording higher creep resistance at low tempera-
ture (50 °C) and faster reshaping at moderate to high temper-
ature (100 °C to 150 °C).

Reshaping

In order to demonstrate the reprocessability of the BAE
networks, samples were cut into small pieces (approximately 2/
2 mm square) and reshaped under different conditions using
a hot press (Fig. 6). All samples were subjected to a 1 h treat-
ment under 3 ¢ of pressure, but the reshaping temperature was
chosen accordingly to the relaxation analyses performed in the
previous section. The reprocessing temperatures were 100 °C,

This journal is © The Royal Society of Chemistry 2022
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(A) Normalized stress relaxation of BAEs at 120 °C for a 1% strain (B) creep and recovery data for BAEs at 50 °C for an applied stress of 2 kPa.

120 °C and 150 °C for BAE-F-OH, BAE-F and BAE-OH respec-
tively. The three materials were reshaped three times and
characterized after each reprocessing (Table S1t).

The TGA thermograms of the cured and reshaped samples
were almost perfectly superimposable and featured an iden-
tical mass loss profile (Fig. S91), suggesting that the materials
were not structurally degraded during the reshaping process.
The TGA thermograms also indicated that the thermal
degradation temperature of the materials was superior to the
reshaping temperature. The chemical integrity of the three
networks after reprocessing was confirmed by ATR-FTIR
spectroscopy (Fig. S111). The potential formation of amides
resulting from the dissociation of aza-Michael adduct fol-
lowed by the attack of this amine on an ester was not observed
by FTIR. Moreover, the reshaping did not significantly impact
the T, or the T, of the BAEs networks confirming the conser-
vation of the network structure after reshaping. The swelling
index (SI) and gel content (GC) of the materials were also
evaluated after each reprocessing cycle. No critical difference
was observed for BAE-F-OH and BAE-F whereas the STand GC
of BAE-OH respectively increased and decreased with the
number of reshaping cycles. This suggest that the degree of
crosslinking decreased slightly in BAE-OH after each reshap-
ing cycle. Finally, DMA analyses (Fig. S12t) showed that the
moduli of BAE-F-OH and BAE-F were not significantly
impacted by the reprocessing as observed in other CANs
materials.***” Their values on the glassy and the rubbery
plateau remained almost constant. This demonstrates that
even though these CANs are partially based on dissociative
reaction, there were no loss of crosslinking density upon
reshaping. In contrast the moduli of BAE-OH decreased after
each reshaping confirming the loss of crosslinking suggested
by the evolution of the gel content and swelling index of this
material. Although the reasons for this behaviour are not
perfectly clear, it may be caused by thermal degradation due to
a prolonged treatment at relatively high temperature
compared to the others material. The difference of mecha-
nism involved between each materials could potentially also
explained this specific behaviour for BAE-OH.
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Conclusion

The influence of a CF; group on the aza-Michael addition and
on the reversibility of the reaction was first highlighted on
model molecules. Whereas no exchange was observed between
aza-Michael adduct and acrylate at 60 °C, the introduction of
a CF; group on the acrylate double bond led to a high exchange
rate (18% of exchange in 1 h) under the same conditions.

Based on this preliminary molecular study, new biobased
monomers derived from Pripol™ 2033 and butanediol diglycidyl
ether were synthesized and used to prepare CANs containing up to
87 mol% of renewable carbons. Three CANs based on aza-Michael
and/or transesterification exchange reactions were synthesized.
The high reactivity of the 2-trifluoromethylacrylate moiety toward
aza-Michael addition afforded easy access to catalyst-free
networks at room temperature. Moreover, the synergistic effect
of the aza-exchange/transesterification and the accelerating effect
related to the presence of trifluoromethyl groups were separately
evaluated by studying respectively non-hydroxylated and non-
fluorinated materials. Indeed, hydroxyl-containing fluorinated
material took only 102 s to relax 35% of the initial modulus at
120 °C whereas 912 s and 28 842 s were necessary for the fluori-
nated only and hydroxyl-containing only materials respectively.

The synergistic combination of the two exchange reactions
afforded CANs (BAE-F-OH and BAE-OH) with high activation
energy reducing their creep at low temperature compared to the
mono-exchange reaction material (BAE-F). The presence of
fluorinated group on the a-carbon of the ester and on the -
position of the tertiary amine considerably reduced the neces-
sary reshaping temperature from 150 °C to 100 °C, facilitating
material reprocessing, without affecting the creep resistance of
the material at lower temperature.

An additive-free CAN based on two different exchange reac-
tions, both accelerated by the same activating group, was thus
successfully designed and prepared, and showed remarkable
reprocessing abilities. This study contributes to enrich the
range of application of fluorinated groups as accelerating
substituents for CANs, including overlooked reactions such as
the aza-Michael exchange, and illustrates the possibility to
prepare a catalyst-free CAN from biobased monomers. Such
a strategy should open new opportunities to develop more
sustainable materials.
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