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Abstract This study focuses on the synthesis of new liquid aromatic bismaleimide monomers in order to
improve self-curing on demand (SCOD) systems previously based on aliphatic bismaleimides. These
SCOD systems are based on Diels-Alder (DA)/retro-DA reactions. The syntheses of new different
aromatic bismaleimides with ester and amide bonds are presented. These maleimides have been
protected using DA reaction and characterized by *H NMR analysis to determine protection rate and
diastereomer ratios. The retro-DA reactions of both aromatic and aliphatic DA adducts in presence of
thiol molecules were studied. Kinetic analysis was monitored by *H NMR and compared to model study.
Finally, both aromatic and aliphatic bismaleimides-based polymers were synthesized with
2-mercaptoethyl ether and thermal properties of polymers were compared. The glass transition
temperature values ranged from —20°C to 14°C and very good thermal stabilities were observed (up to
300°C).

Keywords thiol-ene polymerization, self-curing on demand, thia-michael addition, Diels-Alder,
maleimide

1 Introduction

Diels-Alder (DA) reactions are mainly used to prepare self-healing materials [1-3]. Temperature is the
easier stimulus to break organic bonds between two molecules. Many well-known systems are capable
of forming reversible covalent bonds at different temperatures [4—16]. However, the thermal reversibility
can be used (and is used to a low extend) for other aims, such as the recycling of polymers or to protect
reversible functional groups in order to control polymerization or crosslinking.

The concept of self-curing on demand (SCOD) is used to protect reactive functions and to control
polymerization or cross-linking reactions. Most of existing SCOD systems are based on electromagnetic
waves—such as ultraviolet light (UV), electron beam, magnetic radiation or heat. The use of UV is not
favored since these radiations are harmful and in most of the cases, fillers which are present in the
polymer, reduce the efficiency of UV. Indeed, radiation technologies present many advantages but are
mostly limited to thin coating applications [17]. Furthermore, thermal SCOD was extensively developed
for polyurethane chemistry. Indeed, the free isocyanate function can be protected by a blocking group
containing a labile proton. The cleavage and release of blocking group, at high temperature, yields again
an isocyanate function which can react and lead to crosslinking of polymer. Various blocking groups are
used industrially or studied by research groups [18-25]. However, the blocking of isocyanate suffers
from many limitations: the moisture sensitivity of isocyanate function, the high toxicity of free



isocyanates and the general drawback common at all system, the undesirable release of volatile blocking
agents.

In a previous model study [26] we have studied the DA reaction with different reactants and have
shown that the retro-DA reaction can occur below 100°C. More precisely, reverse-DA (rDA) starts at
60°C for the endo adduct. The endo adduct is always unblocked at lower temperature than the exo
adduct, which is thermodynamically more stable [27]. We also showed that the retro-DA reaction could
be accelerated by the Michael addition of a nucleophile (for instance a thiol) [28,29]. It was shown that
the Michael addition occured in situ with the maleimide compound, which avoided the reprotection of
the maleimide by DA reaction. In another paper, we have used a polyfunctional aliphatic maleimide to
obtain a material through an original thermal SCOD system [30]. However, the crosslinking duration
was 17 h at 110°C. These long conditions can be explained by the presence of exo diastereoisomers
which are totally unblocked at high temperature. In order to obtain better properties, aromatic
maleimides were originally synthesized in the present study.

Few examples in literature deal with the synthesis of aromatic bismaleimides [31]. Hence, aromatic
bismaleimides with a polybutylene glycol spacer [32] and an ester link or aromatic bismaleimides with
flexible spacer as ethylene, diethylene or triethylene glycol and an ether or ester link to ameliorate the
process without loss of thermal stability were reported and found application in adhesives formulation or
electronics [33]. The group of Milano has developed maleimides with a higher aromatic density in order
to increase the thermal properties of the obtained materials [34]. These new maleimides found
applications in thermoset liquid crystals materials.

In our study, liquid maleimides are preferred over solid ones for an easier processing. Indeed, the use
of liquid maleimides helps the homogeneity of the mixture during solvent-free reaction at room
temperature. In that purpose, Huntsman Jeffamines® (ED-600 and ED-900) were used to synthesize
amide-based aromatic bismaleimides whereas Pluronic® L35 and Terathane® 650 diols were used to
synthesize ester-based aromatic bismaleimides. Huntsman Jeffamines® are tri-block copolymers of
poly(ethyleneoxide) (PEO) and poly(propyleneoxide) (PPO) (thus avoiding PEO crystallinity).
Pluronic® L35 is also a tri-block copolymer of PEO and PPO whereas Terathane® 650 is a
poly(1,4-butanediol).

Then bismaleimides were synthesized therefrom and DA reactions were performed. The exo/endo
ratio was studied at different temperatures and compared to the one obtained with aliphatic moiety. The
retro-DA reactions were then studied and kinetics was monitored by *H NMR. Finally, polymers were
synthesized and their thermal properties were compared.

2 Experimental

2.1 Materials and methods

Furfuryl acetate (98%), maleic anhydride (99%), ZnBr, (98%), hexamethyldisilazane (HMDS) (>99%),
anhydrous sodium sulfate, triethylamine (99%), sodium acetate, p-aminobenzoic acid,
N,N-dimethylformamide, thionyl chloride, glycerol ethoxylate, terathane® 650 (poly(tetrahydrofuran)),
tert-butylcatechol and thiophenol were purchased from Sigma-Aldrich. Various Jeffamines (ED-600 and
ED-900) were given by Huntsman. Dichloromethane, methanol, benzene and tetrahydrofuran (THF)



were purchased from Van Waters Rogers company. Pluronic® L35 was purchased from Badische
Anilin-& Soda-Fabrik.

Proton and carbon nuclear magnetic resonance (*H and **C NMR) analyses were performed in CDCl,
DMSO-ds and (CD3),CO using a Bruker Avance 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
deuterated solvent. The chemical shifts were reported in part per million relative to tetramethylsilane.

Thermogravimetric analyses (TGA) were performed using a TG 209F1 apparatus (Netzsch) at a
heating rate of 10°C-min*. Approximately 10 mg of sample was placed in a platinum crucible and
heated from room temperature to 700°C under nitrogen atmosphere (60 mL-min ™).

Differential scanning calorimetry 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 sample were placed in perforated
aluminum pans and the thermal properties were recorded between —150°C and 200°C. The glass
transition temperature (Ty) values were measured during the second heating ramp to erase the thermal
history of the polymer. All the reported temperatures are mean values.

2.2 The syntheses of precursors, monomers, and polymers

2.2.1 Precursors syntheses

Synthesis of 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid 1. Maleic anhydride (1.1 eg/amine
function) was reacted with p-aminobenzoic acid (1 eq) in DMF (4 mL-g %) during 1 h. The amine was
added dropwise. After total addition, the temperature was raised to 70°C for 4 h. Then the maleic acid
formed was precipitated in cold water. The product was filtered off and was dried under oven at 80°C for
one night. A yellow pale product was obtained (Yield = 98%). This product was reacted with a mixture
of acetic anhydride (2 mL-g* of acetic acid) and sodium acetate (10 mol-%) at 60°C for 4 h. The
mixture was put in a large amount of cold water to precipitate the
4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid. The product was filtered off and recrystallized in
a methanol/water (6/1) mixture. Then the product was dried at 80°C for one night. A yellow pale solid
was obtained, yields 88%. *H NMR (400 MHz, DMSO, §ppm): 13.1 (s, 1H, H), 8.07-8.03 (m, 2H, H,),
7.52-7.48 (m, 2H, Hy), 7.21 (s, 2H, H,). **C NMR (100 MHz, DMSO, §ppm): 169.6 (Cy), 166.7 (C.),
135.5 (Cy), 134.9 (C,), 129.9 (C.), 129.6 (Cy), 126.1 (Cy).
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Synthesis of the 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoyl chloride 2. A mixture of
4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid (1 eq), of thionyl chloride (2.5 eq) and
tert-butylcatechol (0.01 eq) was refluxed for 3 h. The thionyl chloride was added drop by drop.
Unreacted thionyl chloride was evaporated under vacuum. The residual yellow solid was recrystallized
in benzene and filtered off to obtain pure 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoyl chloride,
yield 73%. *H NMR (400 MHz, DMSO, §ppm): 8.23-8.2 (m, 2H, H.), 7.66-7.63 (m, 2H, H), 6.92 (s,



2H, H,). *C NMR (100 MHz, DMSO, §ppm): 168.5 (Cy), 167.5 (C.), 137.6 (Cy), 134.5 (C,), 132.2 (Co),

131.6 (Cy), 125.1 (Cy).
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2.2.2 Synthesis of aromatic maleimides derivatives

A solution of 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoyl chloride (2.05 eq) in dichloromethane
(40 mL-g %), was added dropwise under nitrogen at room temperature, on a mixture of spacer (1 eq) and
triethylamine (2.1 eq). Then, the mixture was heated at 40°C for 5 h. The mixture was filtered and
extracted three times with salted water. The organic layer was dried over Na,SO,4 and the solvent was
evaporated under vacuum. The organic layer was dried over Na,SO, and the solvent was evaporated
under vacuum. In the case of the synthesis of BM Ar Terat650 and BM Ar L35 the product was
solubilized in ether and the excess of acid chloride was filtered off. Then, the solvent was evaporated.

BM Ar L35 (x +y = 16 and z = 21) (SI1). Orange viscous liquid, yield 56%. ‘H NMR (400 MHz,
(CD»),CO, dppm): 8.14 (m, 4H, H.), 7.58 (m, 4H, Hy), 7.1 (s, 4H, H,), 4.46 (m, 4H, Hy), 3.84 (m, 4H,
He), 3.67-3.47 (m, 156H, Hy, Hg, Hi, H;), 1.12 and 1.1 (2s, 63H, Hy).

Xx+z=16andy =21
Sli1
BM Ar ED-600 (x + y = 3.6 and z = 9) (SI2). Orange viscous liquid, yield 63%. *H NMR (400 MHz,
(CD5),CO, dppm): 7.98 (m, 4H, H,), 7.57 (Spr, 2H, Hy), 7.46 (m, 4H, Hy), 7.06 (s, 4H, H,), 4.28 (s, 2H,
He), 3.64-3.35 (m, 48H, Hy, Hy, Hi, Hj), 1.26 and 1.08 (2m, 23H, H;).
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BM Ar ED-900 (x + y = 6 and z = 12,5) (SI3). Orange viscous liquid, yield 62%. *H NMR (400 MHz,
(CD3),CO, dppm): 7.99 (M, 4H, Hc), 7.57 (Spr, 2H, Hy), 7.47 (M, 4H, Hy), 7.07 (s, 4H, Hy), 4.28 (s, 2H,
He), 3.67-3.37 (m, 76H, Hg, Hy, Hi, Hj), 1.25 and 1.08 (2m, 16H, Hy).
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BM Ar Terat650 (y = 8) (SI4). Orange viscous liquid, yield 60%. ‘H NMR (400 MHz, (CD3),CO, &
ppm): 8.12 (d, 4H, H), 7.58 (d, 4H, Hy), 7.08 (s, 4H, H,), 4.35 (t, 4H, Hy), 3.47 (t, 4H, Hy), 3.39 (m,
32H, Hy), 1.85 (td, 4H, H), 1.72 (td, 4H, H¢) and 1.49 (m, 32H, H;).

LB

y=28
0 SI4

2.2.3 Synthesis of aliphatic maleimide derivatives

In a 3-neck round bottomed flask, equipped with a dropping funnel, maleic anhydride (2.1 eq) was
dissolved in THF (with an anhydride concentration of 2 mL-g *). Diamine (1 eq) was added dropwise
via a dropping funnel and stirred 2 h at room temperature. After degassing under N, during 20 min,
ZnBr; (2.3 eq) was added in one portion under inert atmosphere. When the solid was dissolved, the
mixture was heated at 40°C. Then the HMDS solubilized in THF (1 mL-mL ™), was added dropwise via
a dropping funnel. The reaction mixture was stirred during 3 h at 70°C. A viscous brown liquid was
obtained. The product was extracted with water and washed three times with chloroform. After drying
with Na,SO, the solvent of the organic layer was evaporated. Lastly the product was dissolved in toluene
(3 mL-g ) and heated at 100°C overnight to obtain the maleimide form[30].

BM Al ED-600 (x +y = 3.6 and z = 9) (A). Orange viscous liquid, yield 64%. *H NMR (400 MHz,
CDCls, oppm): 6.62 (s, 4H, H,), 4.34 (m, 2H, H,), 3.87-3.26 (m, 48H, Hy, H¢, Hgand Hy), 1.31-1.29
(dd, 6H, Hy), 1.11-0.98 (m, 8H, Hy). The maleimide (1 eq) was mixed with furfuryl acetate (2.1 eq) and
stirred during 7 days at room temperature. This red and viscous product was stored in a freezer at 4°C to
avoid the evolution of endo/exo ratio.
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BM Al ED-600 BLQ furfuryl acetate (x + y = 3.6 and z = 9) (B). *H NMR (400 MHz, (CDs),CO,
endo, 6 ppm): 6.63-6.35 (m, 4H, Ha and Hb), 5.25 (d, 2H, 3Jcd = 5.5 Hz, Hc), 4.82-4.80 (ddd, 4H, Hf),



4.13 (m, 2H, Hh), 3.9-3.24 (m, 56H, Hk, HI, Hn, Ho, Hj,Hd et He), 2.03 (s, 6H, Hg), 1.31-0.98 (m,
11H, Hi et Hm). *H NMR (400 MHz, (CD3),CO, exo, & ppm): 6.63-6.35 (m, 4H, Ha and Hb), 5.15 (d,
2H, 3Jcd = 1.4 Hz, Hc), 4.85-4.34 (ddd, 4H, Hf), 4.29 (m, 2H, Hh), 3.9-3.24 (m, 52H, Hk, HI, Hn, Ho
and Hj), 3.08-2.95 (m, 4H, He and Hd), 2.06 (s, 6H, Hg), 1.31-0.98 (m, 11H, Hi et Hm).
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2.2.4 Synthesis of blocked aromatic maleimide

The maleimide (1 eq) was mixed with furfuryl acetate (2.1 eq) and stirred during 7 days at room
temperature. This red and viscous product was stored in a freezer at 4°C to avoid the evolution of
endo/exo ratio.

BM Ar L35 BLQ furfuryl acetate (x +y = 16 and z = 21) (SI5). Red viscous liquid, yield 93%. ‘H
NMR (400 MHz, (CD3),CO, endo, § ppm): 8.12-8.1 (m, 4H, H;), 7.38-7.36 (m, 4H, Hy), 6.72-6.71 (d,
2H, Hy), 6.6 (t, 2H, Hy), 5.42-5.41 (dd, 2H, H,), 4.91-4.57 (ddd, 4H, Hy), 4.48 (t, 4H, H;), 3.92 (td, 2H,
Hg), 3.85 (td, 4H, Hy), 3.69-3.34 (m, 172H, He, Hj, Hm, Hn, Ho), 2.08 (s, 6H, Hg), 1.11 (m, 62H, H)). !
HNMR (400 MHz, (CDj3),CO, exo, ¢ ppm): 8.16-8.14 (m, 4H, H;), 7.50-7.48 (m, 4H, Hy,), 6.72-6.71 (d,
2H, Hy), 6.6 (t, 2H, Hy), 5.31 (s, 2H, H,), 4.87-4.50 (ddd, 4H, Hy), 4.48 (t, 4H, H;), 3.85 (td, 4H, H,),
3.69-3.34 (m, 172H, H¢, Hy, Hm, Hi, Hy), 2.04 (s, 6H, H), 1.11 (m, 62H, Hp).
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BM Ar ED-600 BLQ furfuryl acetate (x +y = 3.6 and z = 9) (S16). Red viscous liquid, yield 94%. ' H
NMR (400 MHz, (CD5),CO, endo, § ppm): 7.94-7.91 (m, 4H, H;), 7.59-7.47 (spr, 2H, H;), 7.26-7.24 (m,
4H, Hy), 6.7-6.68 (d, 2H, H,), 6.57 (t, 2H, Hp), 5.39-5.38 (dd, 2H, H,), 4.89—4.56 (ddd, 4H, Hy), 4.27 (s,
2H, H;), 3.88 (td, 2H, Hy), 3.65-3.64 (d, 2H, H¢), 3.55 (m, 48H, Hy, Hy, Ho, Hp), 2.07 (s, 6H, Hy), 1.26
and 1.09 (2m, 12H, H,). *H NMR (400 MHz, (CD5),CO, exo, 8 ppm): 7.98-7.96 (m, 4H, H;), 7.59-7.47
(Sor, 2H, H;), 7.38-7.36 (m, 4H, Hy), 6.7-6.68 (d, 2H, Hy), 6.57 (t, 2H, Hy), 5.29 (dd, 2H, H,), 4.86-4.47
(ddd, 4H, Hy), 4.27 (s, 2H, H;), 3.55 (m, 48H, Hp, Hy, Ho, Hy), 3.30-3.20 (dd, 2H, Hy, He), 2.02 (s, 6H,
Hg), 1.26 and 1.09 (2m, 12H, Hy).
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BM Ar ED-900 BLQ Furfuryl Acetate (x + y = 6 and z = 12.5) (SI7). Red viscous liquid, yield 89%.
'H NMR (400 MHz, (CD3),CO, endo, 6 ppm): 7.94-7.92 (m, 4H, H;), 7.61-7.42 (spr, 2H, H;), 7.26-7.24
(m, 4H, Hy), 6.7-6.68 (d, 2H, H,), 6.57 (t, 2H, Hp), 5.39-5.38 (dd, 2H, H.), 4.86-4.56 (ddd, 4H, Hy), 4.28
(s, 2H, Hj), 3.88 (td, 2H, Hy), 3.65-3.64 (d, 2H, H,), 3.55 (m, 76H, Hy, Hy, Ho, Hp), 2.07 (s, 6H, Hy),
1.26 and 1.09 (2m, 16H, H,). "H NMR (400 MHz, (CD3),CO, exo, 8 ppm): 7.99-7.97 (m, 4H, H;),
7.61-7.42 (spr, 2H, Hj), 7.38-7.36 (m, 4H, Hy), 6.7-6.68 (d, 2H, Hy), 6.57 (t, 2H, Hy), 5.29 (dd, 2H, H,),
4.89-4.48 (ddd, 4H, Hy), 4.28 (s, 2H, H;), 3.55 (m, 76H, Hp, Hn, Ho, Hp), 3.30-3.20 (dd, 2H, Hg, He),
2.02 (s, 6H, Hg), 1.24 and 1.09 (2m, 16H, Hy).
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BM Ar Terat650 BLQ furfuryl acetate (y = 8) (SI8). Red viscous liquid, yield 93%. *H NMR (400
MHz, (CD5),CO, endo, & ppm): 8.09-8.07 (m, 4H, Hj), 7.35-7.33 (m, 4H, Hy), 6.7-6.69 (d, 2H, Hy),
6.58 (t, 2H, Hp), 5.4-5.39 (dd, 2H, H.), 4.87-4.56 (ddd, 4H, Hy), 4.36 (td, 4H, H;), 3.89 (td, 2H, Hy),
3.67-3.66 (d, 2H, H), 3.47 (m, 32H, H,), 3.39 (M, 32H, H,), 2.07 (s, 6H, Hg), 1.86 (m, 4H, Hy), 1.71
(m, 4H, H)), 1.59 (m, 32H, H,). "H NMR (400 MHz, (CD3),CO, exo, & ppm): 8.13-8.12 (m, 4H, H;),
7.47-7.46 (m, 4H, Hy), 6.7-6.69 (d, 2H, H,), 6.58 (t, 2H, Hy), 5.29 (dd, 2H, Hc), 4.90-4.48 (ddd, 4H, Hy),
4.36 (td, 4H, H;), 3.47 (m, 4H, Hy,), 3.39 (m, 32H, H,), 3.32-3.23 (dd, 2H, Hg, He), 2.01 (s, 6H, H,), 1.86
(m, 4H, Hy), 1.71 (m, 4H, H)), 1.59 (m, 32H, H,).
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2.2.5 Synthesis of polymers thermosets

Bismaleimides (1 eq.) and 2-mercaptoethyl ether (ME) (1 eq.) were mixed and left for 48 h at room
temperature and then they were post-cured at 150°C for 24 h. Standard procedure for kinetic
experiments: The Kkinetic experiments were performed in a NMR tube in DMSO-ds at 70°C and with a
ratio of 1:1 between maleimide function and thiophenol. The reaction was monitored by ‘*H NMR
spectroscopy with the disappearance of the methylene of the ester (the aromatic protons of the
thiophenol were used as an internal standard. A *H NMR experiment was performed every 15 minutes.



3 Results and discussion

3.1 Synthesis of blocked aromatic maleimides

The aromatic bis-maleimides were synthesized following the adapted procedure of Fache et al. which
consists first to synthesize the maleimide from 4-aminobenzoic acid (Scheme 1) [34]. The pure
4-maleimidobenzoic acid was obtained in good yield (88%). Then, the two-step synthesis of telechelic
oligomers was performed. In the first step, SOCI, was used to functionalize the acid into acyl chloride
function (yield 73%). The second step consisted in an amidification or an esterification reaction with
respectively diols or diamines in quantitative yield. Thus, we have synthesized a new aromatic liquid
polymeric bismaleimide from SOCI,, a less toxic reactant than COCl.,.
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Scheme 1 Synthesis route to obtain aromatic polymeric bismaleimides.

The aliphatic bismaleimide was previously synthesized [30]. The different maleimides synthesized in
this article will be referred as follows: B for bis (f = 2), followed by M for maleimide, Ar in case of
aromatic maleimide or Al in case of aliphatic maleimide respectively and finally the spacer name. The
characteristics of polymeric bismaleimides are presented in Table 1.

Table 1 summary of characteristics of synthesized polymeric bismaleimides

Hardener Y X+z Physical form Yield* /%
BM Al ED-600 9 3.6 Lig. 64
BM Ar ED-600 ‘ 9 3.6 Lig. 63
BM Ar ED-900 125 6 Lig. 62
BM Ar L35 \ 16 21 Lig. 56
zBM Ar )

9 / Liq (T > 25°C) 60
Terat-650

* Qverall yield.

All bismaleimides were synthesized with good overall yields and are liquid except for the BM Ar
Terat-650 which is liquid only above 25°C. These bismaleimides have been used for the study of the DA
reaction.

3.2 Study of DAI

It is already known that during the DA reaction, two diastereomers are formed: endo and exo
diastereomers. The ratio endo:exo varies depending on several factors such as the temperature of the DA
reaction or the electronic environment. Thus, in a recent work [26], we have studied in detail this DA



reaction on model molecules according to the electronic environment with the aim of determining the
substituent groups that favor the rDA reaction at low temperature. As a conclusion, the more this
substituent is electro-withdrawing, the more the diastereisomer exo is formed.

A same study was performed with the polymeric bismaleimides previously synthesized which were
compared to the aliphatic bismaleimides. Hence, the polymeric bismaleimides and furfuryl acetate were
mixed at room temperature for 7 days. The protection rates and the ratios endo/exo were determined by
'H NMR. The protection rates of the aromatic maleimides were similar, around 90%. The endo
diastereoisomer was more favored when the aliphatic maleimide was used (Table 2). Furthermore, the
presence of ester or amide groups in bismaleimide did not had a strong influence on the exo/endo ratio.

Table 2 Protection rates and endo/exo adducts ratios for each liquid maleimide blocked with furfuryl acetate at room

temperature
Maleimide Functions of spacer Protection rate /% Diastereomers /%
Endo Exo
BM Al ED-600 Ether 95 80 20
BM Ar ED-600 Amide 94 67 33
BM Ar ED-900 Amide 89 54 46
BM Ar L35 Ester 93 51 49
BM Ar Terat-650 Ester 93 46 54
3.3 Study of rDA reaction

3.3.1 Model reactions

Previous studies showed that rDA reactions were neither be influenced by the diasterecisomer endo/exo
ratio nor the reactants or products concentrations [26]. However, the presence of a thiol in the reaction
modifies the Kinetic of this rDA reaction. Indeed, the thiol-Michael addition reaction onto the maleimide
is very fast and competes with the isomerization reaction of the endo into exo diastereoisomer
(thermodynamically diastereoisomer).

In order to compare the reactivity of both aromatic and aliphatic polymeric bismaleimides, only the
polymeric bismaleimides prepared from diamines of Huntsman, Jeffamine®, were used and their
retro-DA reaction was monitored by *H NMR. Thus, in order to avoid the isomerization of the endo
diasteroisomer into exo diastereoisomer during the rDA, thiophenol was added to the mixture, prior
heating at 70 °C.

First, model maleimides (methyl maleimide and p-nitro maleimide) were synthesized to study the rDA
at 70 °C in presence of thiophenol without any catalyst. Thanks to the high reactivity of aromatic
maleimide, the endo diastereoisomer of this compound was fully deprotected, faster than the endo
diastereoisomer of the aliphatic moiety (Fig. 1). Furthermore, the kinetic experiments have shown that at
70 °C, the exo diastereoisomer of the aliphatic maleimide stayed protected. Indeed, aliphatic
bismaleimides were deprotected at higher temperature than aromatic one.



n/*10-4 moles
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Fig. 1 Comparison of deprotection reaction kinetics of diastereomers endo/exo of N-methylmaleimide (My._yer)/furfuryl

acetate (F,) and p-nitrophenylmaleimide (M,.nito)/furfuryl acetate adducts in presence of thiophenol at 70 °C

3.3.2 Bis-maleimides kinetic reactions

Then, the reactivities of the aromatic and aliphatic polymeric bismaleimides were compared using *H
NMR kinetic experiments (Fig. 2) (SI9; S110). As for the model molecules, the endo diastereoisomer of
the aromatic maleimide was deprotected faster than the aliphatic one. After 150 minutes, the endo
aromatic diastereoisomer was fully deprotected, whereas the deprotection of the aliphatic one required
about 400 minutes. However, the exo diastereoisomer of the aromatic bismaleimide behaved differently
from the model molecule. Indeed, the exo diastereoisomer of the aromatic bismaleimide stayed partially
protected at 70 °C (whereas it was consumed when the model aromatic maleimide was used. Indeed, the
aromatic bismaleimide bears a less electro withdrawing group (ester group) than the model molecule
(nitro group). Hence, the Hammett substituent constant is around 0.40 for an amide in para-position
whereas it is 0.78 for a nitro in para-position [35] Thus, the reactivity of the aromatic-bismaleimide is
far different from the one of the model molecule.

0.7 —a—BMIArBLQ F1 +thiophenol 70°C Endo —a—BMIAr BLG F1 + thiophenol 70°C Exo

A | ~#-BMWIAI BLQ F1 +thiophenal 70°C Endo —#-BMIAI BLQ F1 +thiophenal 70°C Exo

Conversion /%

0 t t A —k—k

- = : } :
i 50 100 150 Time/min 200 250 300 350

Fig. 2 Comparison of deprotection reaction kinetics of diastereomers endo/exo of BM Al/furfuryl acetate and BM

Ar/furfuryl acetate adducts in presence of thiophenol at 70 °C



3.4 Synthesis and characterization of polymers

The two bismaleimides have been reacted with bis(2-mercaptoethyl) ether (ratiol:1) to compare the
influence of aliphatic and aromatic bismaleimides on thermal properties. These mixtures were
polymerized at room temperature for 48 h and heated at 150 °C to achieve the polymerization.

Low glass transition temperatures were obtained for these polymers due to the high flexibility
conferred by the PPO and PEO chains (SI11; SI12). However, as expected, the presence of aromatic
moieties in the BMI-Ar gave more rigidity to the system and thus the aromatic thermoset exhibited a
higher Ty value (14 vs. —20 °C) (Table 3).

Table 3 Thermal properties of the polymers

Materials T4°C Tas0s* /°C Char yield/%
BMI-Al + 2-MEE -20 304 12
BMI-Ar + 2-MEE 14 358 25

*degradation temperature at 5% weight loss

The thermal stability of these polymers was evaluated by TGA between room temperature and 700 °C.
All the materials have a degradation temperature at 5% weight loss above 300 °C. As expected, the
presence of aromatic moieties permitted to double char yield (Table 3).

4 Conclusions

This study describes a novel cross-linking “on demand” system using aromatic bismaleimides. Thus,
new aromatic bis-functional blocked maleimides with ester or amide bonds were synthesized and their
DA reactivity were compared to the one of aliphatic maleimides. The DA reaction of aromatic
maleimides gave higher contents of exo diastereomer than the aliphatic ones. Regarding the retro-DA
reaction, the reactivity of the endo aromatic diastereomer was higher than the aliphatic bismaleimide
one. After 150 min reaction, the aromatic endo adduct was completely consumed, whereas the
consumption of exo diastereomer was far lower. Then, polymers were synthesized to compare their
thermal properties. As expected, the aromatic bismaleimide monomers conferred higher rigidity to the
materials which exhibited higher glass transition and degradation temperatures and higher char content
than the aliphatic bismaleimide-based polymers.
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