European Polymer Journal 49 (2013) 1185-1195

Contents lists available at SciVerse ScienceDirect

POLYMER
JOURNAL

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

Multi-functionalization of gallic acid. Synthesis of a novel
bio-based epoxy resin

@ CrossMark

Chahinez Aouf*P<* Héléne Nouailhas ¢, Maxence Fache®, Sylvain Caillol ¢, Bernard Boutevin ¢,
Héléne Fulcrand €

2INRA, UMR1083 Sciences Pour I'Oenologie, F-34060 Montpellier, France

b Montpellier SupAgro, UMR1083 Sciences Pour I'Oenologie, F-34060 Montpellier, France

€ Université Montpellier I, UMR1083 Sciences Pour I'Oenologie, F-34060 Montpellier, France

4 Innobat, Cap Alpha, Avenue de I'Europe, 34830 Clapiers, France

€ Institut Charles Gerhardt, UMR CNRS 5253, Equipe Ingénierie et Architectures Macromoléculaires, ENSCM, 8 rue de I'Ecole Normale,
34296 Montpellier Cedex 05, France

ARTICLE INFO ABSTRACT

Article history:

Received 31 May 2012

Received in revised form 18 October 2012
Accepted 30 November 2012

Available online 8 December 2012

Novel biobased epoxy thermoset was synthesized from gallic acid, a phenolic acid encoun-
tered in various plants, both in its simple form and as a part of gallotannins. The function-
alization of gallic acid was carried out using a two-step synthesis involving the allylation of
OH groups followed by the epoxidation of resulting double bonds. The performance of two
oxygen transfer agents (meta-chloroperbenzoic acid (mCPBA) and methyl(trifluoromethyl)
dioxirane generated in situ from 1,1,1-trifluoroacetone and oxone) was evaluated in the
epoxidation of the allylic double bonds. The glycidyl derivative of gallic acid (GEGA)
obtained from mCPBA epoxidation was cured in epoxy polymer formulation with isopho-
rone diamine (IPDA). The thermal and mechanical preliminary analyses showed that this
new epoxy network based on GEGA displayed interesting properties compared to the
epoxy polymer formulated with commercial diglycidyl ether of bisphenol A (DGEBA). A
higher glass-transition temperature of GEGA/IPDA epoxy resin indicates a higher crosslink-
ing density of this network.
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1. Introduction

Epoxy resins constitute a major class of thermosetting
resins and are extensively used as coatings, electronic
materials, adhesives. Owing to their outstanding mechani-
cal and electrical properties, chemical resistance, adhesion,
and minimal shrinkage after curing [1], they are used in
structural applications as well. Most of these thermosets
are industrially manufactured from bisphenol A (BPA), a
compound that was initially synthesized as a chemical
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oestrogen [2]. The aromatic ring of BPA is particularly suit-
able since it confers a good thermal resistance to epoxy
resins. But this endocrine disruptor can mimic the body’s
own hormones and may lead to several negative health ef-
fects [3-6] including alterations in both immune and
reproductive systems along with a modification in brain
chemistry [7]. The negative impact of BPA on human
health and environment necessarily implies to focus the
researches for the substitution of BPA especially since
some countries, such as Canada or France, have recently
banned the use of BPA in food contact materials. Therefore,
there is an increasing interest of chemical industry for non-
harmful aromatic compounds allowing the synthesis of
epoxy thermosets without BPA.

Moreover, with the limitation and high costs of fossil
resources, renewable resources keep being in common
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interest of both academic and industrial laboratories at the
time. Hence, biomass is a potential source of biopolyphe-
nols which could lead to the production of heat resistant
cross-linked epoxy thermosets and overcome petroleum-
based BPA. Natural polyphenols which are very abundant
in forest/agricultural biomass or residues [8] are structur-
ally similar to materials already employed for this purpose.

Some studies have reported the use of natural polyphe-
nols in thermosetting applications. Lignins co-produced
during papermaking were formulated with epoxy net-
works and cross-linked by direct heating [9-12]. Research
works at IBM reported the incorporation of lignin into
epoxy polymers used in the fabrication of printed wiring
boards for the microelectronics industry [13]. However,
none of these works aim at functionalizing directly lignin
to epoxy reactants, probably because of the poor solubility
of this polymer in organic solvents.

The other terrestrial source of phenolic compounds is
tannins. These biopolyphenols exhibit a wide structural
diversity and have generally more than two phenolic hy-
droxyl groups, but this is not a drawback in the perspective
of cross-linked epoxy thermosets, which constitute the
main applications.

In our previous research, one of the building blocks of
polymeric condensed tannins, namely catechin, was re-
acted with epichlorohydrin in alkaline medium to give
the expected tetraglycidylether of catechin along with a
benzodioxane derivative. The formation of this cyclic by-
product is directly related to the catechol ring (B ring)
within the catechin structure. Indeed, the oxirane ring
introduced in the first substitution step undergoes an
intramolecular nucleophilic attack from the second pheno-
late anion located in ortho position to yield the benzodiox-
ane-type derivative. In fact, catechin derivatives with three
methyloxirane functions on average were actually ob-
tained [14].

In 1985 Haruo Tomita et al., disclosed in their invention
the use of gallic acid (a phenolic acid occurring free or as a
part of gallotanins in different plants) as a phenolic source
in the epoxy thermosets production [15].

In this patent, gallic acid 1 (Scheme 1) was reacted
with epichlorohydrin in the presence of a phase transfer
catalyst and in the substantial absence of water, thereby
causing addition reaction of epichlorohydrin to carboxyl
group and at least one phenolic hydroxyl group to occur.
Surprisingly, the vicinity of the phenolic hydroxyl groups
in the gallic acid structure does not allow the formation
of by-products (or they have not been described in the
patent). Thus, the chemical reactivity is dependent in a
very subtle way on the chemical structure of a given
component.

HO OH

OH
1

Scheme 1. The gallic acid chemical structure.

Gallic acid 1 contains three phenolic hydroxyl groups
and one carboxylic group which can be exploited in order
to obtain new biobased epoxy thermoset with improved
thermal and mechanical properties.

Therefore, to overcome the incomplete functionaliza-
tion of the phenolic hydroxyl groups of gallic acid by epi-
chlorohydrin, we investigated another route to gallic acid
glycidylation based on a two-step chemical synthesis: the
alkaline assisted allylation of hydroxyl groups followed
by the epoxidation of the resulting double bonds. Two oxy-
gen transfer agents were compared in the epoxydation of
the allylic double bonds: meta-chloroperbenzoic acid
(mCPBA) and methyl(trifluoromethyl) dioxirane generated
in situ from 1,1,1,-trifluoroacetone and oxone. The effi-
ciency of each reagent to produce the full glycilated deriv-
ative of gallic acid was evaluated.

The glycidylated product was then cured with commercial
3-aminomethyl-3,5,5-trimethyl cyclohexylamine (Isopho-
rone diamine: IPDA) to estimate its capacity to yield a cross-
linked material. The thermal properties of the resulting
epoxy network were compared to the standard diglycidyl
ether of bisphenol A (DGEBA) epoxy polymer.

2. Experimental
2.1. General

Gallicacid (97.5%), allyl bromide (99.0%), isophorone dia-
mine (IPDA, >99.0%), meta-chloroperbenzoic acid (mCPBA,
<77.0%), Trifluoroacetone (97.0%), Oxone™ monosulfate
compound, sodium bicarbonate ( >99.5%), CH3CN (99.8%),
DMF (99.8%) and CH,Cl; (99.8%) were purchased from Sig-
ma-Aldrich. The conventional petroleum-based epoxy
monomer used was a diglycidyl ether of bisphenol A (DGE-
BA) supplied by Aditya Birla Chemicals (Epotec), with an
Epoxide Equivalent Weight (EEW) of 182 g/equiv. The IPDA
Amine Equivalent Weight (AEW) is 42 g/equiv.

All the reactions were monitored by thin layer chroma-
tography (TLC). TLC was performed on silica gel 60 F254.
'H and '3C NMR spectra were recorded in DMSO-d6, CDCl;
and Acetone-d6 solutions at 500 MHZ using a VARIAN
Unity-Inova spectrometer. Chemical shifts are reported in
ppm relative to DMSO-d6 [signals for residual DMSO-H6
in the DMSO-d6: 2.50 for '"H NMR and 39.4 for 13C NMR],
CDCl; [signals for residual CHCl; in the CDCls: 7.26 for 'H
NMR and 77.0 for '3C NMR] and Acetone-d6 [signals for
residual Acetone-H6 in the Acetone-d6: 2.05 for 'H NMR
and 30.83 for '>C NMR]. ESI-MS analyses in positive mode
were performed using a Brucker Daltonics Ion trap mass
spectrophotometer (Bremen, Germany).

2.2. Allylation of gallic acid

A 100 mL two-necked flask equipped with a septum cap
and a magnetic stirring bar was charged with 30 mL of
DMF and 0.68 g (4 mmol) of gallic acid. The solution was
cooled with an ice bath and potassium carbonate (2.21 g,
16 mmol) was added. After three minutes, allyl bromide
(1.4 mL, 16 mmol) was added dropwise by a syringe. The
solution was stirred for 30 min at 0 °C and then at room
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