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Research on free radical scavenging performance and molecular design strategies of polymer

antioxidants in extreme radiation environments

ZHANG Yiqian LIU Qiang HUANG Wei CHEN Hongbing
(Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621900, China)

ABSTRACT Polymer materials exposed to radiation-related extreme environments (e.g., nuclear power plants,
space, and medical sterilization) easily undergo chain scission and radical-induced degradation under the synergistic
effects of high-energy radiation, heat, and light, leading to performance degradation and failure. Radical-scavenging
antioxidants can effectively quench active radicals and are crucial for enhancing the radiation stability of polymers.
However, traditional experimental methods are inefficient in revealing structure-activity relationships at the
molecular level, limiting the rational design of high-performance radiation-resistant antioxidants. In this study,
quantum chemical calculations were performed to construct a dataset of 189 phenol-, amine- , thiol-based
antioxidants and their derivatives. Four key descriptors, including bond dissociation energy (BDE), single electron
transfer energy (SET *), hydroxyl radical affinity (RAF-OH), and methyl radical affinity (RAF-CHs), were
systematically calculated. The intrinsic relationship between molecular structure and radical scavenging activity was
analyzed using statistical methods, and the structure - activity rules for radiation-induced ground-state radical
processes were determined. Results show that BDE exhibits high dispersion and acts as the core descriptor for
hydrogen transfer activity. RAF-OH and RAF-CHs are highly concentrated, indicating strong radical addition
capability. SET* shows a narrow distribution as a common electronic feature but still provides a refined auxiliary
optimization direction in a small range. Antioxidants present distinct performance stratification: BDE strongly
depends on functional groups, SET* shows moderate differentiation, and RAF is robust with little class difference.
The effect of functional group count on BDE is type-dependent. Accordingly, a multi-mechanism synergistic design
strategy is proposed, using radical affinity as the foundation, BDE as the tuning target, and SET* as the auxiliary
factor. This work provides theoretical support for the rational design and high-throughput screening of long-acting
antioxidants, helping improve the service stability of polymers under radiation aging.

KEYWORDS Density functional theory, Descriptors, Free radical antioxidant, Structure-activity relationship,
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