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A B S T R A C T

Polybenzoxazines derived from green precursors face significant challenges due to the high temperatures 
required for ring-opening polymerization (ROP), limiting industrial scalability. To address this, the present study 
introduces two novel series of bisbenzoxazine monomers containing disulfide (-S-S-) and thioether (-C-S-C-) 
linkages, synthesized from bio-based phenolic precursors (guaiacol, cardanol, eugenol, thymol) were paired with 
dihydrazides (thiodipropionate and dithiodipropionate). The structural confirmation of these monomers was 
confirmed by ATR-FTIR, 1H NMR and 13C NMR spectral techniques. Thermal properties were studied using DSC 
and TGA analyses. The synergistic combination of -S-S-, C-S-C and hydrazide groups have enabled the devel
opment of novel benzoxazine systems with lower curing behavior and higher thermal stability. Also, from curing 
kinetics the ROP temperature of benzoxazine monomers were reduced to 142 ◦C and subsequently confirmed 
through ATR-FTIR. Further, TGA results revealed that eugenol containing polybenzoxazines possess higher 
thermal stability among the series. Additionally, the corrosion resistant performance of polybenzoxazines was 
carried out using electrochemical methods on mild steel (MS) substrates. Results indicated excellent anti- 
corrosion properties with better corrosion inhibition efficiency of 99 %. All the results were compared with 
conventional phenol-based monomers containing same functionalities. This work highlights the potential utility 
of sustainable feedstocks for benzoxazine with lower energy demands and high-performance coating 
applications.

1. Introduction

The development of sustainable polymer systems has become a 
critical focus in materials science, driven by the need to balance per
formance and environmental responsibility [1]. Among these, benzox
azine monomers (Bzs) are a class of compounds explored significantly 
due to their exceptional thermal stability, flame retardancy and me
chanical properties [2–5]. These monomers are synthesized through a 
condensation reaction involving phenols, amines and formaldehyde, 
resulting in the formation of a reactive 1,3-oxazine ring [6–8]. Their 
polymerized form, polybenzoxazines (PBzs), are renowned for their 
thermal stability [9,10], molecular design flexibility [11,12], moisture 
resistant [13], inter/intra molecular hydrogen bonding [14,15], low 
outgassing [16] and zero shrinkage [17] properties offering solutions for 
high-performance applications. These attractive properties make them 
suitable for corrosion resistant coatings [18]. Recently more studies 

focused on enhancing corrosion resistance for high-performance coat
ings through various strategies due to the need arises from the damage 
caused by corrosion to metal substrates [19,20]. Chemical modifica
tions, such as incorporating silane, amine or polar groups, improve 
adhesion to metal substrates [21]. Structural modifications, including 
pendant groups with corrosion-inhibiting properties like long alkyl 
chains, enhance hydrophobicity. Addition of nanoparticles, blending 
with polymers and copolymerization method coatings to improve 
adhesion and barrier properties [22–25]. Nevertheless, the bio-based 
benzoxazines have been explored diversely but the applications in the 
field of corrosion resistant coatings with low temperature curable are 
highly warranted [26].

Conventional Bzs systems requires high temperatures (≥250 ◦C) for 
effective polymerization [27]. This high-temperature normally limits 
their processing efficiency and increases energy consumption. Several 
studies have been reported to lower the ROP temperature by using 
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bisbenzoxazine monomers obtained from sustainable phenolic pre
cursors have been compared with phenol based bisbenzoxazine mono
mers. Among them, the eugenol-based TH and DH benzoxazines exhibit 
lowest curing temperature 171 ◦C and 165 ◦C respectively. While, P-TH 
and P-DH monomers resulted in curing temperatures of 229 ◦C and 
217 ◦C respectively. The activation energy (Ea) of E-TH and E-DH 
monomers was calculated using Kissinger, Ozawa and Flynn-Wall- 
Ozawa methods. From the curing kinetics the calculated Ea of E-TH 
and E-DH were 98.19 kJ mol− 1, 98.29 kJ mol− 1 and 95.09 kJ mol− 1, 
93.99 kJ mol− 1 respectively. The results revealed that the presence of 
dynamic sulfur linkages efficiently influences the Ea. Further, the poly 
(E-TH) and poly(E-DH) exhibits higher char yield and thermal stability 
than the phenol based polybenzoxazines. Corrosion resistance studies 
showed a high inhibition efficiency of 99 % on MS due to the formation 
of a dense polymer network. This work establishes a sustainable route 
for advancing coating materials for industrial applications.
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