N
N

N

HAL

open science

Eugenol-based thermally stable thermosets by Alder-ene
reaction: From synthesis to thermal degradation

Mélanie Decostanzi, Romain Tavernier, Gaelle Fontaine, Serge Bourbigot,

Claire Negrell, Sylvain Caillol

» To cite this version:

Meélanie Decostanzi, Romain Tavernier, Gaelle Fontaine, Serge Bourbigot, Claire Negrell, et al..
Eugenol-based thermally stable thermosets by Alder-ene reaction: From synthesis to thermal degra-
dation. European Polymer Journal, 2019, 117, pp.337-346.

02135059

HAL Id: hal-02135059
https://hal.science/hal-02135059
Submitted on 2 Jul 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1016/j.eurpolymj.2019.05.018 .  hal-


https://hal.science/hal-02135059
https://hal.archives-ouvertes.fr

Eugenol-based thermally stable thermosets by Alder-Ene reaction:

from synthesis to thermal degradation

Mélanie Decostanzi,®® Romain Tavernier,?" Gaélle Fontaine,P Serge Bourbigot,b Claire Negrell,2 Sylvain

Caillol?*

3 |CGM, UMR 5253 - CNRS, Université de Montpellier, ENSCM, 240 Avenue Emile Jeanbrau 34296
Montpellier, France

b Univ. Lille, ENSCL, UMR 8207, UMET, Unité Matériaux et Transformations, 59000 Lille, France

T all authors have equally contributed

*Corresponding author: Sylvain Caillol, Email: sylvain.caillol@enscm.fr

Graphical Abstract

HPEN

0"y o=
o P
r“ ( ° I N
| ,N@ ~ N/
r S 5 high T,
| ! E
Ll - i1 . = A= exp(fR—,;',)
SNy 3 el
B { o .
:\_@O (T)//\O ene 1 Diels-Alder \f" ir = ‘
(,,.Pé reaction \\L . reaction \[«\/[Q H“p-’,o . & 4
2 0 PPN .
s} 0= (S} .
de Q% N, PR "
SN T SN Rl |
/ low T,
vy
i L o[loll 7 2 0 & .
A~~dodo Sw"\«"\N'J{ W o~o~do)l ol A~ M
< RO W < N s N
/{\‘o n o’ _){\O 33 O//Lé

Abstract

Performing thermostable materials such as phenolic or epoxy networks are classically obtained from
petrobased and harmful monomers. In this study, alternative solutions based on renewable eugenol
trifunctional monomer (TEP) are proposed. Thus, innovative biobased Alder-ene thermosets are
prepared by reacting TEP with two different bismaleimides : N,N’-1,3-phenylene bismaleimide (PhBMI)
and polydimethylsiloxane bismaleimide (SiBMI) leading to different crosslinked aromatic networks.
These materials exhibit various mechanical properties with very different T, values of -113°C and 247°C
for SiBMI and PhBMI materials respectively. However, both thermosets exhibit excellent thermal
properties with elevated degradation temperature and high char yield. The degradation behavior was

studied using thermogravimetric analysis - Fourier transformed infrared spectroscopy (TGA-FTIR): only
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silicon compounds were observed for SiBMI, whereas phosphorus and carbonaceous products had
specific signatures in degradation gases for PhBMI. Kinetic analysis of degradation confirmed those
different behaviors. Our contribution with two original Alder-ene thermosets is an innovative way to

develop sustainable versatile high-performant materials.
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Introduction

Research on high performance thermosets is still a strong trend in polymer community, mainly because
the targeted applications correspond to high value-added markets, such as aeronautics or aerospace
industry. High performance is mainly achieved by generating high thermal stabilities and/or high glass
transition temperatures, which can be obtained from high crosslinking densities and elevated aromatic
content. Bismaleimides (BMls) are curable polyimides and can be used to prepare high performance
thermosets with superior mechanical and electrical properties, excellent physical property retention
at elevated temperatures, thermal stability, low cost, and good processability.[1-3] However, BMIs are
well known to give brittle materials because of their high aromaticity and their high crosslink density.
To avoid this drawback, BMI can be blended with elastomers or be reacted with different chemical
functions (i.e cyanate or allyl).[4-7] Thus, Alder-ene thermosets, which are a class of maleimide
thermosets cured with olefinic compounds, such as allyl compounds, allow to reduce brittleness of
BMI thermosets without weakening their heat resistance and good processing characteristics.[8][9]
Maleimide moiety reacts through an ene reaction with allyl moiety, and another maleimide undergoes
Diels-Alder cycloaddition on the newly formed double bond.[10] This curing behavior generates high
crosslink densities resulting in high thermal performance materials.[11]

Alder-ene processes have also been used in order to improve properties of phenolics. For example
allylation of the phenol moiety in novolacs, and subsequent cure reaction with bismaleimide, or
functionalization of the phenolic polymers by both allyl and maleimide moiety result in Phenol-
Maleimidophenol-Allylphenol-Formaldehyde thermosets.[4,12] This leads to complex curing
processes involving both polycondensation and polyaddition.[13,14] Simple systems containing

allylphenols and bismaleimides have also been investigated. Allylated bisphenol A, both on the



phenolic ring or on the hydroxyl group, has been widely used in combination with different
bismaleimides to yield such thermosets.[4,9,15-17]

The use of biobased chemicals is also an important area of polymer research, in order to lower the
environmental impacts of resulting materials, or to overcome fossil resource depletion. Moreover,
investigation on new biobased molecules for polymers with new properties is also gaining increasing
interest, especially in thermosets field.[18] Several studies have been conducted on the synthesis and
polymerization of aromatic biobased monomers, in order to obtain thermosetting materials with
enhanced properties, for example using vanillin,[19,20] or other lignin derivatives,[21-24]
cardanol,[25] other plant oils and carbohydrates[26], cellulose derivatives[27] or tannins.[28] Eugenol,
an allyl natural phenol easily extracted from cloves, is of prime interest for BMI chemistry, indeed it is
used for the synthesis of BMI thermosets.[29] Eugenol-based monomers can be cured with
bismaleimides, resulting in materials with very interesting performances, such as high char yields. Such
high thermal stability is sometimes difficult to obtain with biobased materials, due to their higher
oxygen content or lower aromatic density compare to petrobased chemicals.[30,31] It has been shown
that the use of monomers containing several eugenol units is interesting for the generation of strong
thermal properties. In a previous study, we also showed that the use of a phosphorus containing
monomer synthesized with three eugenol residues led to the enhancement of the stability of epoxy
thermosets,[32] which has been confirmed in a following study investigating flame retardancy
properties.[33] Moreover, it has been showed that the use of a phosphorus-containing allylated
monomer can enhance the properties of BMI thermosets.[34] Recently, it has been shown that an
eugenol-based phosphate is a suitable monomer for the synthesis of bismaleimide thermosets with
flame retardant properties.[35]

Alder-ene chemistry is still widely used to improve BMI thermoset properties, but the tuning of the
properties of those thermosets is usually achieved by the synthesis of functional allylated
monomers.[12,16,36-38] In this study, we used trieugenol phosphate, which we previsously reported,
with two different bismaleimides in order to synthesize novel Alder-ene thermosets and to evaluate
the influence of the bismaleimide structure on the performances and degradation behavior of the
obtained materials. In one hand, we used a commercially available aromatic bismaleimide, the N,N'-
1,3-phenylene bismaleimide (PhBMI), in order to obtain high T, material, and on the other hand, we

synthesized a new polydimethylsiloxane-containing bismaleimide (SiBMI), resulting in a very low T,



material. We analyzed the thermo-mechanical properties and studied the degradation of those

thermosets.



Materials and methods

1) Materials
Poly(dimethylsiloxane), bis(3-aminopropyl) terminated (Mn = 2,500 g/mol) (PDMS-amine) was
purchased from ABCR, N,N'-1,3-phenylene bismaleimide (97 %), Zinc dichloride (98 %),
Hexamethyldisilazane (>97 %), eugenol (99 %), phosphorus oxychloride (99 %) and triethylamine (99
%) were supplied by Sigma-Aldrich and were used without purification. Deuterated solvent CDCl; was
obtained from Eurisotop for NMR study. Dichloromethane and toluene were purchased from VWR and
used as received.

2) Methods
NMR Analyses: Proton and carbon nuclear magnetic resonance (*H and 3C NMR) analyses were
performed in deuterated chloroform (CDCl;) using a Bruker Advance 400 MHz NMR spectrometer at a
temperature of 25 °C. NMR samples were prepared as follows: 10 mg of product for 'H experiment in
around 0.4 mL of CDCl;. The chemical shifts were reported in part per million. Spin multiplicity is shown
by s = singlet, d = doublet, t = triplet, m = multiplet.
Infrared spectroscopy, for thermoset characterization : Attenuated Total Refraction Infrared spectra
were recorded on a Nicolet 210 Fourier transform infrared spectroscopy (FTIR) spectrometer with a
resolution of 4 cm™. The characteristic IR absorptions mentioned in the text are reported in cm™.
Thermogravimetric analyses (TGA), for char determination, were performed using a Netzsch TG
209F1 at a heating rate of 10 °C/min. Approximately 10 mg of monolitic sample was placed in an
alumina crucible and heated from room temperature to 900 °C under nitrogen atmosphere (40
mL/min). Nitrogen atomosphere is used in order to reproduce pyrolysis conditions, allowing the
formation of char, as described in literature[39].
Thermogravimetric coupled with Fourier-transform infrared (TG-FTIR) analyses, for volatiles
characterizations, were performed using a TA Instruments Discovery TGA coupled with Thermo Fischer
Nicolet IS10. After a 2 hours isotherm at 40 °C under nitrogen, a heating rate of 10 °C/min was applied
until 800 °C. FTIR was performed during the heating ramp, from 4000 to 400 cm™* with a resolution of
4 cm™ (8 scans every 11s).
Thermogravimetric analyses for degradation kinetics were carried out using a Netzsch TG 209 F1 Libra
at five heating rates (1, 2, 5, 10 and 20 °C/min) from 30°C to 800 °C in nitrogen flow (50 mL/min).
Samples of exactly 10 mg (+ 0.3 mg) were put in open alumina pans. Note that according to the good

practice of TGA, it can be reasonably assumed at this mass and at those selected heating rates, the



samples can be considered as thermally thin. Typically, two replicates were run for each sample, and
the average was reported. Both the onset (5% mass fraction loss) and peak mass loss rate have an
uncertainty of 0.9°C (2c). We corrected for each heating rate the buoyancy force (calibration with
empty pan). Kinetic analysis and modeling of the degradation of the samples was made using an
advanced thermokinetic software package (Kinetics Neo) developed by Netzsch Company.[40] For
kinetic analysis, it is assumed that the material decomposes according to the Equation 1:

Asolid g Bsolid or liquid+ Cgas
Equation 1

The rate expression da/dt, where a is the degree of conversion, is assumed to be defined by Equation
2:
do/dt = k(T).f(a)
Equation 2

where k is the kinetic constant, k = A.exp(-E/RT) according to the Arrhenius law, A is the frequency
factor, E is the activation energy and f(a) is the so-called “reaction model”. All reactions are assumed
to be irreversible. In the case of decomposition and since the evolved gases were continuously
removed by the fluid flow in the TGA chamber, this is a reasonable assumption. It is also assumed that
the overall reaction (Equation 1) is the sum of individual reaction steps (formal or true step) with
constant activation energy, as generally accepted in chemistry. The model can then include
competitive, independent and successive reactions. The equations were solved with multivariate
kinetic analysis (determination of the parameter via an hybrid regularized Gauss-Newton method or
Marquardt method).

Differential scanning calorimetry (DSC) analyses were carried out using a NETZSCH DSC200F3
calorimeter. Constant calibration was performed using indium, n-octadecane and n-octane standards.
Nitrogen was used as the purge gas. Approximately 10 mg of monolithic sample were placed in pierced
aluminum pans and the thermal properties were recorded between -150 °C and 150 °C for the PDMS-
amine based material and from 20 °C to 300 °C for the other materials at 20 °C/min to observe the
glass transition temperature. The T, values were measured during the second heating ramp to remove
the thermal history of the polymer. All the reported temperatures are averaged values of 3 T,
determinations during the same analysis, with uncertainty presented using one standard deviation (1

o).



Dynamic Mechanical Analyses (DMA) were carried out on Metravib DMA 25 with Dynatest 6.8
software. Uniaxial stretching of samples was performed while heating at a rate of 3 °C/min from =T, -
125 °Cto T, 25 °C for SiBMI-based material and from 30 °C to 320 °C for PhBMI-based material, keeping
frequency at 1 Hz with a fixed strain of 10> m. This dynamical strain has been chosen to keep the
material on its elastic domain with reversible mechanical stress. All sample were dimensioned
according to specification from Metravib, respecting 1506721.4 standard. PhBMI Thermoset sample
was 9 mmx8.34 mmx3.4 mm (heightxwidthxthickness) and SiBMI was 12 mmx4.4 mmx2.1 mm.

Swelling index: Three samples of around 30 mg each were separately put in THF for 24 h. The swelling
index (SI) was calculated using the Equation 3 where m; is the mass of the material after swelling in

THF and m, is the initial mass of the material.

m - m;

Equation 3 SI= X 100

my

Gel content: After S| measurements, the three samples were dried in a ventilated oven at 70 °C for 24
h. The gel content (GC) was calculated using the Equation 4, where m; is the mass of the material after

the oven and m, is the initial mass of the material.

m

2 %100

Equation 4 GC= P
3) Monomers/Polymers syntheses
a. Synthesis of monomers

i. Trieugenylphosphate (TEP) and N,N'-1,3-phenylene bismaleimide (PhBMI)
Trieugenylphosphate monomer has been synthesized according to our previsou reported work,[32]
and is abbreviated TEP. N,N'-1,3-phenylene bismaleimide is commercially available and was used as
received, and is abbreviated PhBMI in this article.

ii. Synthesis of new PDMS-containing bismaleimide (SiBMI)
PDMS-based bismaleimide is a linear maleimide terminated polydimethylsiloxane, abbreviated SiBMI.
It was synthesized according to the following procedure, adapted from the literature:[41] Maleic
anhydride (4.66 g, 47.5 mmol) was dissolved in 100 mL of dichloromethane (DCM) in a 250 mL round-
bottom flask. Then a solution of 20 g (8 mmol) of poly(dimethylsiloxane), bis(3-aminopropyl)
terminated (Mn = 2,500 g/mol) (PDMS-amine) in 40 mL of DCM was added dropwise to the maleic
anhydride solution, at ambient temperature, and stirred for 1h. Then, solvent was removed under
reduced pressure. The isolated mixture was dissolved in 100 mL of toluene. Then, zinc dichloride (6.5

g, 47.7 mmol) and hexamethyldisilazane (7.6 g, 47.1 mmol) were added to the solution, and heated at
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80°C for 5h. The resulting mixture was filtered, and the solvent was removed under reduced pressure
to afford the desired product. *H NMR (CDCls): § =0.10 (m, 237.5 H, CH,Si), 0.50-0.55 (m, 5.4 H, CH,Si),
1.60-1.64 (m, 5.3 H, CH,CH,CH,), 3.52 (t, ) = 7.2 Hz, 4.7 H, NCH,), 6.71 (s, 4 H, HC=CH).
b. Polymers synthesis

In order to obtain homogeneous mixtures, monomers have been mixed under vacuum with a
Speedmixer DAC 400.2 VAC-P for 5 min at 2500 rpm.

i. Curing of TEP/PhBMI system
A mixture of 2.2 g (4.1 mmol) of TEP and 1.8 g (6.7 mmol) of PhBMI (1 eq of allyl function per eq of
maleimide function) has been poured in small PTFE molds. Samples have been cured under vacuum in
order to remove air bubbles. A slow curing program with a low temperature ramp (1h at 50 °C, 1h at
80°C, 1h at 100 °C, 1h at 120 °C, 1h at 150 °C and 180°C overnight) have been chosen instead of a high
temperature isotherm curing (200°C) since the latter results in the trapping of air bubbles, which did
not happen with the slow program. The resulting cured material appeared as a very hard transparent
brown to yellow material.

ii. Curing of TEP/SiBMI system
A mixture of 200 mg (0.37 mmol) of TEP and 2 g (0.75 mmol) of SiBMI (1 eq. of allyl function per eq of
maleimide function) was poured into a rectangle silicone mold. The sample has been cured at 180 °C

for 24 hours. We obtained a smooth dark brown material.

PhBMI thermoset SiBMI thermoset

Figure 1 : Pictures of the cured materials.

Results and discussion
1) Description of monomers, synthesis and characterization of the new PDMS-containing

bismaleimide



A trifunctional monomer is obtained using a phosphate group, substituted by three eugenol moieties.
Thus, the triallyl monomer (trieugenylphosphate) has been synthesized according to our previous
work.[32] It shall be noted that this synthesis has also been described using water as the solvent.[42]
In addition, another advantage of this phosphorus containing triallyl monomer is that phosphate
promotes charring and stabilizes char from oxidation. The commercially available bismaleimide is
composed of a six-membered aromatic ring with two maleimide moieties in 1,3 positions. The PDMS
containing bismaleimide (SiBMI) has been synthesized by reaction of a commercially available PDMS
diamine (with a molar mass of 2,500 g/mol) with maleic anhydride (Scheme 1). In Figure 2 are
presented 'H NMR spectra of maleic anhydride, PDMS-diamine and synthesized PDMS bismaleimide.
In the 'H NMR spectrum of SiBMI (Figure 2, blue spectrum), the singlet e at 6.71 ppm has been assigned
to newly formed maleimide double bond protons, and we can observe that the e” singlet at 7.04 ppm
from the maleic anhydride has disappeared in the BMI spectrum. Triplet d at 3.52 ppm is assigned to
methylene protons in the alpha position of the amine moiety. The shift of the protons from the amine
d” in the red spectrum can be observed, which confirms the addition to the anhydride. Multiplet ¢
around 1.60 ppm is assigned to middle methylene of the aminopropyl residue and 0.55-0.50 ppm
multiplet signal b is assigned to the methylene in alpha position of the PDMS chain. The intense signal
a at 0.10 ppm is assigned to the methyl protons of the polydimethylsiloxane chain. These attributions

confirm that the corresponding maleimide is formed, and that no amine or anhydride is present in the

product.
1) CH,Cly, RT, 1h o o
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Scheme 1 : Synthesis of SiBMI and chemical structures of TEP and PhBMI.
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Figure 2: Stacked 'H NMR spectra of maleic anhydride (top), PDMS-diamine (middle) and PDMS

bismaleimide (bottom).

2) Characterization and properties of thermosets

The trifunctional allyl monomer (TEP) has been reacted with both bismaleimides: the aromatic one
(PhBMI) and the PMDS-based one (SiBMI) following the synthetic pathway shown in Scheme 2. Firstly,
an ene reaction is performed to obtain compound (I) containing intern unsaturation which acts as a
diene in a Diels-Alder (DA) reaction. Hence, the maleimide moiety acting as a dienophile in DA reaction,
reacts with (1) to form the intermediate (Il). Then, a thermal re-aromatization takes place to form the
aromatic species (l11). These reactions led, if an aromatic bismaleimide is used, to a rigid thermoset
(I1a) due to the presence of many aromatic moieties. On the contrary, the use of a silicon-based
bismaleimide led to a flexible material (llIb) with low glass transition temperature.

Since all these reactions occur during the formation of the thermosets, the curing temperature is
crucial. In fact, the homopolymerization takes place at high temperature and consumes the maleimide
function.[9] Furthermore, the aromatic bismaleimide is hard to process because it is a solid compound.

A slow raise of the temperature up to 200 °C under vaccum was performed to avoid the formation of
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bubbles in the thermoset, and it was kept overnight at that temperature and under vacuum. In the
case of the use of the PDMS-bismaleimide, which is liquid, these precautions were not necessary and
the temperature was only kept constant at 200 °C for 24 hours. Bulk materials have been molded in

order to perform thermal and physico-mechanical tests.

P P O O
0 o 9 o o + / N N \ ene-reaction
\P/ \R/ —>
! o o
=

(e}

‘ ‘ Diels-Alder / N N \
Si’o SN reaction SR7
O O

Rearomatisation

(Illa) R=Ph
(Ilib) R=---Si---

Scheme 2 : Synthetic pathway for the formation of thermosets.

An infrared analysis was performed to characterize the thermosets. The spectra were compared to
those of TEP monomer and bismaleimide compounds. Figure 3 shows the comparison between the
TEP monomer, the PhBMI and the corresponding obtained thermosets (ll1a).

In Figure 3, the absorption bands associated with the unsaturation of allyl function (1444 and 976 cm-
1) decreased and the one of the unsaturation of the maleimide (867 cm™?) totally disappeared.[15] In
the spectrum llla, different characteristic bands appeared. The band at 952 cm™ can be assigned to the
stretching vibration of the intermediate trans-olefinic product coming only from the ene-reaction
(Scheme 2-(1)).[43] In fact, if the intermediate (II) were isolated, an absorption band between 790 and
840 cm should be observed. Thus, this intermediate immediately turns into thermal re-aromatization
and is not observed. Many absorption bands, corresponding to the formation of C-C bonds, were
observed (1155, 1270 and 1495 cm) demonstrating that the Diels-Alder reaction was performed.
The IR spectrum of the PDMS thermoset was not relevant because the high intensity of the bands

corresponding to the silicon moiety hides the other signals.
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Figure 3 : Stacked infrared spectra of TEP (top), PhBMI (middle) and PhBMI thermoset (bottom).

The cross-linking degree of the network has been characterized with gel content (GC) and swelling
index (SI) measurements (Table 1). Gel content corresponds to the residual mass of materials after
immersion in THF. With value of 100%, cross-linking is complete for the PhBMI thermoset without any
free species trapped in the network. The silicon material presents lower GC values corresponding to
the presence of non fully reacted PDMS chains. Swelling index is an indication of the cross-linking
density and the penetration of the solvent inside the material. The PhBMI thermoset exhibits the
lowest swelling index. In fact, the cross-linking density of the SiBMI material is lower than the one of
PhBMI thermoset due to high molar mass of the PDMS maleimide. Thus, the solvent has easier access
into the SiBMI material.

Thermal measurements have been achieved to examine thermal properties of each material and are
summarized in Table 1. TGA measurements were carried out under inert atmosphere to characterize
thermal stability of the materials. The 5 %wt degradation occurred over 350 °C in both cases (Table 1).

For the silicon thermoset lllb, it is well-known that the Si-O bond confers a high thermal stability to the

12



material thanks to its high bond energy (796 kJ.mol?).[44] For the PhBMI thermoset llla, the high
aromaticity content of the material also provides high thermal stability.[45] Furthermore, this high
aromaticity entails high char yield (60 %) while a residual mass of 20 % was obtained when the silicon
monomer was used. Actually, under an inert atmosphere, depolymerization of the PDMS occurred via
the formation of volatile cyclic oligomers during the rupture of the Si-O bond.[46] Furthermore, the
rupture of the Si-C bond allows the formation of ceramic silicon-oxycarbide which could lead to some
residues. [47] In addition, the presence of phosphate moiety (i.e in TEP) in thermosets is well known
to enhance char formation in pyrolysis conditions. [48,49]

Table 1 : Thermal and thermo-mechanical properties of materials

Phosphate Gel

Swelling o Tss5  Residual Ta E’glassy E’rubbery
oty Index(9) L (O ey mass) () (GPa) (MPa)
PhBM]I
thermoset 10.0 137 100 247+3 359 60 275 1.49%0.01 -
V//E]
SIBMT
thermoset 1.6 407 91 -113+1 381 20 -114 - 44+0.7
b

Thermo-mechanical properties of the two different materials have been compared by dynamical
mechanical analysis (DMA) and the results are outlined in Table 1. The storage modulus (E’) and tan &
as function of the temperature for both PhBMI and SiBMI thermosets are shown in Figure 4 and Figure
5 respectively. The alpha-transition temperatures have been measured at the maximum of the tan &
for each material. Ta values followed the same trend as T, values measured by DSC. Narrow peak of
tan & for SiBMI-based materials shows a good homogeneity of the materials but the tan 6 of PhBMI
material exhibits a wide peak. This can be explained by the high aromaticity of the PhBMI thermoset
which makes the diffusion of the monomers harder than in the SiBMI material. Thus, at room
temperature the SiBMI thermoset is in its rubbery domain while the PhBMI material is in its glassy
domain. Hence, at room temperature, the PhBMI thermoset is stiff (E'gss, = 1.49 £ 0.01 GPa) while the

SiBMI thermoset is more flexible (E’,,ppery = 4.4 £ 0.7 MPa).
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Finally, DSC measurements revealed a high glass transition temperature value (247 + 3 °C) of the PhBMI
material because of its high aromaticity content while a very low glass transition temperature (-113 +
1 °C) was obtained with the SiBMI elastomer due to the presence of flexible segments.

3) Degradation behavior and kinetics analysis
It is known that phosphorus can act as a flame retardant in both gas and condensed phases.[50] TGA-
FTIR has been performed in order to characterize the degradation products in pyrolysis conditions to
gather data supporting the kinetic analysis discussed hereafter. 3D FTIR plots are presented in Figure
6 for both thermosets. Degradation of SiBMI thermoset shows an apparent single step decomposition
occuring between 365 °C and 665 °C. Figure 7 shows the co-added FTIR spectra during this step and
only decomposition products of the PDMS chains are detected: the 2969 cm™ band is assigned to C-H
bond vibration from the methyl moiety of PDMS, 1265 cm™ band to C-H bond of SiCH;, 1025 cm™ band
to Si-O-Si bonds and 815 cm™ band to Si-O-C bonds. We can also observe at 3015 cm™ a weak band
corresponding to methane formed by a Si-CH; homolytic bond scission.[51] Degradation behavior of
PhBMI thermoset is more complex, as shown by the TGA thermogram and FTIR analysis of volatiles
(Figure 6-(a) and Figure 8). Until 340 °C, no volatiles are detected by FTIR. From 340 to 400 °C, a first
significant weight loss is observed on TGA curve and broad bands at 2107 and 2178 cm™ evidence the
presence of CO. Hydrocarbons are also present with bands between 2800 and 3000 cm™ and
phosphorus-containing volatiles are detected, as shown by presence of bands at 1032 (P-O-C) and 1062
cm® (P=0) and as previously reported beforehands for bismaleimide-TEP thermoset.[35] Between 430
and 540 °C, CH, and CO are still observed, and CO, is detected by bands at 2309 and 2351 cm™ and
presence of methane is shown by sharp band at 3015 cm™ in the IR spectrum. Between 730 and 800
°C, CO and CO, are detected. Water is present at all degradation stages and its signature is very intense
starting from 340 °C: it avoids the detection of other degradation products due to the overlapping
bands from water. We can conclude that PhBMI thermoset degradation products are mainly simple
gases such as water, methane, carbone dioxide and monoxide, which is consistent with the fact that
char yield is high. In addition, it is known that depending on the oxidation state of phosphorus in
polymer matrix, volatiles observed by TGA-FTIR are different. Phosphates containing phenoxide
moieties, such as in TEP, lead to an increased water release compared to phosphorus-containing
building blocks without phenoxide. However, no phosphorus-containing compounds are detected
when polymer matrix is an epoxy.[49,50] In our case no phosphorus in gas phase was observed in SiBMI

thermoset whereas for PhBMI thermoset, some phosphorus species were observed in the early stage
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of degradation. It shall be noted that for PhBMI thermoset, phosphate moiety (PO,) represents nearly
10 wt% of the final material, whereas for SiBMI thermoset PO, represents only 1.6 wt%. Thus,
phosphorus may not be detected in the case of SiBMI thermoset because of its very small amount. On
the other hand, IR bands of silicon-containing volatiles may superpose to phosphorus-containing ones,

in fact the SiBMI owns 77 wt% of silicon unit (Si-O-Me).

a)

b)
0.020\
0.010 Absorbance
Absorbance
Wavenumbers (cm) Wavenumbers (cm)

Figure 6 : 3D FTIR spectra of the volatiles products during TG analysis of PhBMI thermoset (a) and
SiBM| thermoset (b)

16



'1”55'; 365-665 °C coadded FT-IR SiBMI Thermoset Si-0O-Si
080 ; 1025 cmt
nurs‘f
o.am-f
Si-0-C
0.080-

| 1085 cm'y| 815 cm™

0.055 4 .
; SiC-H;

0003 1265 em™?

0.045 1

00404
0035+ .

3 3015 em? SiC-H,
2969 cm™*

0.025
0020 /

00154

Absaorbance

0.030

0.010 1

0.005 -

0.000 |
b . . . . . . . . ' . . . . il . . . . 1 . . . . ' . . . . ' . . . . '
4000 3500 2000 2500 2000 1500 1000 500

‘Wavenumbers (cm-1)
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Kinetic analyses were performed on the thermal decomposition of the two thermosets (SiBMI and
PhBMI thermosets) to get kinetic parameters, namely the triplet including the frequency factor (A),
the activation energy (E) and the reaction order (n). Before starting any fitting procedure, it is
necessary to define a model (combination of reactions) and to preset starting values for the kinetic
parameters. A convenient approach is to use model-free analysis as a preliminary step of the kinetic
analysis such as Friedman analysis.[52] A model-free analysis provides the plot of the activation energy
versus the conversion degree. The two materials exhibit different behaviors. For SiBMi thermoset, the
activation energy always increases as a function of conversion degree from 100 kJ/mol at low
conversion degree to 450 kJ/mol at high conversion degree (Figure 9-(a)). On the other hand, the
Friedman plot of PhBMI thermoset shows a plateau of activation energy about 620 kJ/mol up to a
conversion degree of 0.8 and instability at higher conversion degree. The causes at the origin of those
instabilities (PhBMI and SiBMI) can be multiple such as experimental and calculation system errors,
thermal lag, temperature gradient, compensation effect, etc.[53] In the two cases, the Friedman plots

indicate that the decomposition does not take place as a one-step reaction but as multi-step reactions.
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Figure 9 - Typical Friedman plots showing activation energies as a function of conversion degrees of (a)

SiBMI thermoset and (b) PhBMI thermoset.

TG curve of SiBMI thermoset (Figure 10) shows an apparent single step of decomposition but the
Friedman analysis suggested a multi-step decomposition. The simulation of the curves including only
one single step does not give satisfactory results (result not shown). The combination of two successive
reactions considering Avrami-Erofeev function gives a reasonable fit (Figure 11). The number of steps
and the resulting calculated kinetic parameters (Table 2) are consistent with the values of activation
energy calculated from the Friedman analysis. According to our modeling, the first step of
decomposition contributes for 87 % and is therefore the main step of the decomposition of the SiBMI
thermoset. According to TGA-FTIR analysis previously discussed, this step can be assigned to the
decomposition of the PDMS chain contained in the thermoset. The calculated activation energy of 275
kJ/mol is consistent with a previous work on the kinetic analysis of the thermal decomposition of
polysiloxane.[54] It was also reported that BMI-based thermoset decomposes in several steps with
activation energy ranging between 150 and 350 kJ/mol, but no carbonaceous compounds were
detected in FTIR.[55,56] The second step contributing at 13 % could be assigned to the species
containing the maleimide ring.[57] It is consistent with the activation energy calculated at 400 kJ/mol,
even if TGA-FTIR does not evidence this assumption. In SiBMI thermoset, nearly 77 % of the mass
originates from the PDMS chains, so it is resonable to assume that some carbon or phosphorus-
containing volatiles may not be detected. It has to be noted that this high value is also explained by
the presence of phosphorus, due to high degradation bond energy compared to silicon or carbon-

containing parts,[58] thus promoting char yield.
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Figure 11 - Experimental and simulated DTG curves of SiBMI thermoset

TG curves of PhBMI thermoset (Figure 12) show a multi-step decomposition which seems more
complex than that of SiBMI thermoset. The decomposition was simulated using three successive
reactions considering Avrami-Erofeev reaction model (Figure 13). The fit cannot capture all the shape
of the curve but it could not be improved using more complex reactional scheme or other reaction

models. Table 2 shows the calculated kinetic parameters. The first step (16 %) is assigned to the
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degradation of the methylene and allyl group in the structure as reported in literature.[59] It is
consistent with TGA-FTIR evidencing the evolution of hydrocarbons and CO. It has to be noted that the
activation energy is quite high because of the high number of crosslinks. The second step exhibits a
much lower activation energy (128 kJ/mol vs. 281 kJ/mol) than the first step and its contribution is of
43 %. It corresponds to the decomposition of some maleimide part of the material and the
volatilization of the remaining decomposed products.[59] Once again, TGA-FTIR supports this
assignment showing the evolution of hydrocarbons, CO and CO,. The third step, which contributes to
41 % of the decomposition, is assigned to the remaining maleimide rings as mentioned in the case of
SiBMI thermoset. The activation energy is quite high (381 kJ/mol) and is similar to that of SiBMI
thermoset. The reason for this high value is explained by the presence of phosphorus as mentioned

above.
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Figure 12 - TG curves of PhBMI thermoset as a function of heating rate (N, flow)
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Figure 13 - Experimental and simulated DTG curves of PhBMI thermoset.

Table 2 - Computed kinetic parameters of the decomposition of SiBMI and PhBMI thermosets

Reaction log(A) (A: s1) E (kJ/mol) Dimension Contribution to

N° decomposition

SiBMI thermoset

1 16+0.9 275+t10 0.3+0.1 87%

2 23+1.8 400+ 18 0.2+0.1 13%

PhBMI thermoset

1 22+1.9 281+ 12 0.2+0.1 16%

2 7+0.7 128+ 8 0.1 £0.07 43%

3 25+2.2 381+ 17 0.1 +0.07 41%
Conclusion

Two Alder-ene thermosets were synthetized from renewable clove oil. Phosphate triallyl eugenol
monomer was reacted with two types of bismaleimides with different structures: aromatic ring or
PDMS oligomer, leading to two different Alder-ene thermosets, PhBMI or SiBMI respectively. Thus,
these two bismaleimides lead to different thermally stable thermoset networks with various thermal
and mechanical properties. The presence of PDMS chain in SiBMI gives a lower T, (around -113°C) and

an important swelling due to the distance between to cross-linking nodes. In the contrary, aromatic
22



group of PhBMI increased strongly the rigidity of the material. Phosphate function improved the

production of char for both Alder-ene thermosets with a char yield ranging from 20 % for SiBMI to

more than 60% for PhBMI. Moreover, the degradation behaviors were studied by TGA-FTIR and kinetic

analysis were made. The presence of silicon signal in the degradation gases for SiBMI did not make it

possible to highlight the role of phosphorus in this material contrary to PhBMI. This latter one

underwent multi-step degradation with higher total activation energy mainly due to the presence of

phosphate function in the thermoset. The high properties of these new thermosets allowed to consider

applications in highly demanding domains such as electronics, building or transport to replace toxic

formo-phenolic resins.
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