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5 ABSTRACT: The future of benzoxazine research focuses on achieving a delicate balance
6 between low curing temperatures and sustainability without compromising material
7 performance. Advancing their molecular design to optimize these properties enables the way
8 for advanced materials suitable for applications in coatings, adhesives, and advanced integrated
9 circuits. Thus, in this study, sulfur-containing thiol-modified benzoxazines (-SH) were

10 synthesized using 3-mercaptopropanehydrazide (MH) and different phenolic precursors such
11 as bis-thymol, phenol, cardanol, guaiacol, eugenol, thymol, furfural bis-thymol, bis-thymol, and
12 trifunctional thymol-containing phenol. All of the samples were characterized for their
13 structural and thermal properties using techniques such as 1H NMR, 13C NMR, DSC, and
14 TGA. Among the systems studied, C-MH exhibited the lowest curing temperature of 174 °C,
15 while poly(TTP-MH) showed the highest thermal stability with a char yield of 40% at 850 °C.
16 Electrochemical studies, including Tafel and Nyquist plots, revealed that all polybenzoxazines
17 possess excellent anticorrosion properties, with poly(TTP-MH) exhibiting higher efficiency
18 than the rest of the coated specimens. Dielectric measurements further exhibited that these materials possess low dielectric constants
19 and minimum loss values, making them suitable for advanced electronic applications. The results of antimicrobial studies reveal that
20 TTP-MH acts a good microbial agent. Also, neat polybenzoxazines and their coated cotton fabrics exhibited good hydrophobic
21 nature. Data from this work bring out the potential of biobased sulfur-modified benzoxazines as next-generation materials for high-
22 performance applications. By reducing the curing temperature and enhancing material properties, it addresses antimicrobial,
23 anticorrosion, and dielectric properties by contributing to a sustainable future in polymer science.
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25 ■ INTRODUCTION
26 Benzoxazines (Bzs) are emerging as a class of high-perform-
27 ance thermosetting resins that have shown enormous potential
28 across industrial applications due to their excellent thermal
29 stability, mechanical strength, and chemical resistance.1,2

30 Despite these advantages, traditional Bzs face critical challenge
31 mainly with regard to their high curing temperature.3 This high
32 curing temperature limitation in Bzs arises from the ring-
33 opening polymerization (ROP) process, which limits industrial
34 scalability and increases production costs.4 The curing
35 behavior of Bzs is highly influenced by the availability of free
36 ortho- or para-positions in their phenolic precursors, which
37 determines the ease and efficiency of ROP.5,6 This structural
38 dependency plays a crucial role in influencing the curing
39 temperature, crosslinking density, and overall performance of
40 the resulting polybenzoxazines (PBzs).
41 Further, the curing of Bzs involves a complex interplay of
42 factors, including precursor reactivity, steric effects, and the
43 presence of catalysts.7 Addressing these issues requires targeted
44 approaches, such as incorporating flexible linkages, reducing
45 the crosslinking density, or blending Bzs with more flexible
46 polymers.8 Research efforts have progressively focused on

47modifying the chemical structure of Bzs to lower the curing
48temperature and enhance their processability.9 Approaches
49include the incorporation of catalysts, such as Lewis acids or
50bases and the introduction of functional groups that promote
51ROP at lower temperatures.10−12

52Sustainability is another concern due to their excessive
53utilization, and the reliance on fossil-derived phenols in their
54synthesis raises concerns about environmental sustainability,
55prompting the search for alternative biobased precursors and
56innovative structural designs.13,14 By replacing petroleum-
57based phenols with biobased alternatives such as thymol,
58cardanol, guaiacol, and eugenol, researchers aim to create eco-
59friendly materials with enhanced properties.15−18 Also,
60biobased Bzs have gained attention for antimicrobial
61applications in healthcare and food packaging due to their
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728 dual crosslinking and rigidity. Similarly, the isopropyl structure
729 in thymol increases free volume and reduces dielectric losses.
730 C-MH PBzs, due to their long aliphatic hydrocarbon chains,
731 demonstrate excellent hydrophobicity and low polarizability.
732 The aliphatic chain increases the free volume and reduces
733 dipolar interactions, resulting in a lower dielectric constant
734 value of 3.38 and reduced dielectric loss. Comparatively,
735 bifunctional and trifunctional PBzs resulted in a lower
736 dielectric constant value compared to monofunctional systems.
737 This may be due to the higher-order functionalities of the
738 aromatic core that enhance conjugation and rigidity, with its
739 furan-containing aromatic linker providing additional con-
740 jugation and chemical stability, ensuring that low dielectric
741 losses demonstrate excellent sustainability and suitability for
742 electronic insulation. Dielectric loss (tan δ) values for all
743 samples remained below 0.0060, indicating minimal energy
744 dissipation, which is a critical feature for electronic applications
745 requiring low loss. This makes them suitable as dielectric
746 materials in high-frequency and insulating applications.

747 ■ CONCLUSIONS
748 In this study, sulfur-containing thiol-modified Bzs (-SH) were
749 synthesized using MH and different phenolic precursors such
750 as phenol, cardanol, guaiacol, eugenol, thymol, FBT, BT, and
751 TTP. All of the samples were characterized for their structural
752 and thermal properties using proper analytical techniques.
753 Among the systems studied, C-MH exhibited the lowest curing
754 temperature of 174 °C, while poly(TTP-MH) showed the
755 highest thermal stability with a char yield of 40% at 850 °C.
756 The activation energy (Ea) of T-MH was calculated using the
757 Kissinger, Ozawa, and Flynn−Wall−Ozawa methods. From the
758 curing kinetics, the calculated Ea values of T-MH were 141.20
759 and 142.29 kJ mol−1, respectively. Electrochemical studies,
760 including Tafel and Nyquist plots, revealed that all PBzs
761 possess excellent anticorrosion properties, with poly(TTP-
762 MH) exhibiting higher efficiency than the rest of the coated
763 specimens. Dielectric measurements further showed that these
764 materials exhibit a low dielectric constant and minimum loss
765 values, making them suitable for advanced electronic
766 applications. The results of antimicrobial studies reveals that
767 all of the Bzs exhibited good antimicrobial behavior. Also, neat
768 PBzs and their coated cotton fabrics studied exhibit good
769 hydrophobic nature. Dielectric studies revealed that poly(TTP-
770 MH) achieved the lowest dielectric constant value of 3.31 with
771 minimal dielectric loss. Data from this work reveal the
772 potential of biobased sulfur-modified Bzs as next-generation
773 materials for high-performance applications.
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780Details of the characterization techniques (S1), prep-
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784S1) along with the ROP mechanism (Scheme S2). ATR-
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