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Abstract: Computational Materials Science integrates physics, chemistry, and mathematics to design and predict
materials with desired properties. Modern research employs multiscale modeling to link atomic-level interactions
with macroscopic behavior, bridging quantum, atomistic, and continuum descriptions. Among key approaches,
the Quantum Mechanics/Continuum (QM/continuum), Quantum Mechanics/Molecular Mechanics (QM/MM),
and Quantum Mechanics/Quantum Mechanics (QM/QM) methods enable accurate yet efficient simulations. The
Polarizable Continuum Model (PCM) effectively incorporates dielectric effects, while QM/MM balances
precision and computational cost by combining quantum and classical treatments. However, QM/MM methods
face transferability and accuracy limitations. To address these, QM/QM embedding schemes—including
Subsystem DFT, Frozen Density Embedding Theory (FDET), and Wave Function—in—DFT (WF-in-DFT)—allow
hierarchical quantum-level coupling. Supported by advanced algorithms and software such as ORCA,
TURBOMOLE, and MOLCAS, these methods have revolutionized the predictive modeling of complex materials,
accelerating discovery and enabling rational materials design across multiple scales.
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Introduction

In modern science and technology, especially in the field of engineering, material research has
become one of the most rapidly evolving and multidisciplinary fields. It is gaining immense importance
in the fields of energy storage, biomedical applications, electronics, photocatalysis, and nanotechnology
etc in the past few decades. The study of material science research in the present day integrates physics,
chemistry, computational simulations, and mathematics to manipulate materials at the atomic as well
as the molecular levels to tailor the properties as per requirements (1). A significant scientific challenge
in material research lies in describing different phenomena occurring over multiscale spatial and
temporal ranges, which collectively govern the behavior of a system. In materials science, many
problems are deeply interconnected to this structure—property relationship. Interactions taking place at
the atomic and molecular level—at the dimension of nanometers and femtoseconds resolutions—
govern the macroscopic properties of materials obtained at scales of centimeters and milliseconds or
beyond. Accordingly, the concept of conducting material simulations across various characteristic
length and time scales plays a vital role, serving not only as a foundation for fundamental research but
also as a powerful tool toward technological progress. In today’s scientific landscape, the possibility of
developing materials by understanding structure—property relationships has transformed the traditional
trial-and-error approach. Advanced characterization tools, high-performance computing facilities, and
data-oriented approaches now enable researchers to predict, simulate, and optimize materials before
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