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Abstract 

Nuclear diatomic molecules, also known as molecular species consisting of two atoms, play a 

significant role in various fields of physics and chemistry, particularly in the study of nuclear 

interactions, quantum mechanics, and molecular physics. The term "nuclear diatomic molecules" 

refers to the study of molecules formed by atoms that may engage in both molecular bonding and 

nuclear interactions, such as the formation of isotopic species, and the exploration of quantum 

states and behaviors within the context of nuclear forces. This review delves into the structure, 

formation, and behavior of nuclear diatomic molecules, emphasizing theoretical models, 

experimental techniques, and potential applications in fields such as nuclear physics, 

spectroscopy, and quantum computing. Furthermore, the challenges and future directions in the 

research of nuclear diatomic molecules are discussed, with a focus on new technologies and the 

need for advanced experimental tools to further our understanding of these complex systems. 

 

Introduction 

Introduction 

Nuclear diatomic molecules are unique molecular systems composed of two atoms held together 

by molecular forces while also undergoing significant nuclear interactions. These interactions 

give rise to additional complexities that extend beyond the conventional study of diatomic 

molecules in traditional chemistry and physics. While the structural and chemical properties of 

diatomic molecules—such as bond strength, vibrational modes, and rotational spectra—are well 

understood, the nuclear aspect introduces an additional layer of complexity, particularly when 

considering the role of nuclear forces between the atoms, the nuclear spin states, and the intricate 

interactions with external fields, including electromagnetic radiation. These nuclear forces 



influence the molecular bonding and dynamics, giving rise to phenomena not typically observed 

in purely chemical systems. 

A fundamental characteristic of nuclear diatomic molecules is the isotopic diversity of their 

constituent atoms. These molecules can exist in various isotopic forms, where the nuclei of the 

two atoms may have distinct nuclear spins, magnetic moments, and energy levels. Such isotopic 

variations can lead to different nuclear spin configurations and affect the overall molecular 

behavior in profound ways, especially in the presence of external magnetic and electric fields. 

These nuclear properties, combined with traditional molecular interactions, contribute to the 

richness and complexity of the system, making nuclear diatomic molecules a fascinating area of 

study within the broader field of molecular physics and chemistry. 

The importance of nuclear diatomic molecules extends well beyond theoretical research. They 

are increasingly recognized for their applications in a variety of advanced fields, such as nuclear 

chemistry, quantum computing, and nuclear medicine. In particular, the nuclear interactions 

within these molecules are pivotal in isotope separation processes, where the distinct nuclear 

properties of isotopes are exploited to isolate specific isotopes for use in medical diagnostics or 

energy production. Additionally, the unique spin states of nuclei in these molecules have 

garnered attention in the emerging field of quantum computing, where nuclear diatomic 

molecules could potentially serve as qubits for quantum information processing. 

Moreover, nuclear diatomic molecules have a significant role in molecular spectroscopy, where 

their nuclear spin states and interactions with external radiation offer valuable insights into both 

fundamental nuclear physics and molecular behavior. The study of these molecules has also led 

to the development of novel technologies, including molecular magnets and highly sensitive 

sensors that exploit the nuclear properties of the constituent atoms. These applications 

demonstrate the dual relevance of nuclear diatomic molecules in both theoretical research and 

practical technological advancements. 

This review aims to provide a comprehensive exploration of nuclear diatomic molecules, 

focusing on their structure, formation, properties, and applications. We will delve into the 

nuclear interactions that govern the behavior of these molecules, as well as the experimental 



techniques used to probe their unique characteristics. Furthermore, this review will highlight the 

challenges currently faced in the study of nuclear diatomic molecules, such as the difficulty of 

isolating and manipulating these molecules in laboratory conditions, and the potential for future 

research in this dynamic field. The emerging areas of study and the cutting-edge research 

surrounding these fascinating molecular systems will also be discussed, offering insights into 

their future potential in both scientific and industrial domains. 

 

1. Fundamental Properties and Theoretical Models of Nuclear Diatomic Molecules 

1.1 Atomic and Molecular Structure 

A nuclear diatomic molecule consists of two atoms bound together by chemical forces that may 

also experience nuclear interactions. These interactions typically include both Coulombic forces 

(between charged nuclei) and quantum mechanical effects (such as spin-orbit coupling or nuclear 

spin interactions). The nature of bonding in nuclear diatomic molecules differs significantly from 

traditional chemical bonding because of the contribution of nuclear forces between the atoms. 

For instance, in hydrogen-like molecules (e.g., deuterium or hydrogen molecules), the binding 

energy is influenced not just by the electronic cloud but by nuclear spin interactions that can 

result in splitting of energy levels. Additionally, isotopic variants of the same molecule can 

exhibit slight differences in molecular properties, often related to the mass of the nuclei or the 

nuclear spin properties of the constituent atoms (Herzberg, 1945). 

1.2 Nuclear Spin and Magnetic Moments 

In nuclear diatomic molecules, each atom contributes not only an electronic spin but also a 

nuclear spin, which can result in different molecular spin states. The interplay between electronic 

and nuclear spins is essential in determining the behavior of nuclear diatomic molecules in 

external magnetic fields, which has important applications in molecular spectroscopy and 

magnetic resonance (Slichter, 1996). 



The interaction between nuclear spins of different atoms in a diatomic molecule can lead to the 

formation of hyperfine structures in the molecular energy levels. These interactions are often 

observed in spectroscopic experiments and are crucial in understanding the physical properties of 

molecular species at the quantum level. 

1.3 Bonding in Nuclear Diatomic Molecules 

In the simplest cases, nuclear diatomic molecules involve bonding due to the overlap of atomic 

orbitals that facilitate the bonding between atoms. However, in more complex nuclear diatomic 

molecules, additional forces come into play. The strong nuclear force, for example, can influence 

the dynamics of molecular bonding in isotopic systems, particularly in systems where nuclear 

interactions significantly impact the overall molecular energy landscape (Bonnell & Schaefer, 

2003). 

 

2. Formation of Nuclear Diatomic Molecules 

2.1 Molecular Formation Through Isotopic Substitution 

The formation of nuclear diatomic molecules is often facilitated by isotopic substitution. For 

example, in hydrogen molecules, the natural hydrogen isotope, protium (1H), can be replaced 

with deuterium (2H) or tritium (3H), forming molecular species like HD (hydrogen-deuterium) 

or HT (hydrogen-tritium). These isotopic substitutions not only alter the physical properties of 

the molecules, such as the molecular mass and bond strength, but they also provide unique 

opportunities for studying the effects of nuclear isotopes on molecular behavior. 

Such substitutions can alter the vibrational frequencies of the molecules, as the reduced mass of 

the molecule influences the bond strength and the molecular vibration characteristics (Herzberg, 

1945). 

2.2 Techniques for Molecular Synthesis 



Experimental synthesis of nuclear diatomic molecules often involves sophisticated techniques 

such as molecular beam epitaxy (MBE), laser ablation, or chemical vapor deposition (CVD), 

depending on the target molecule. These methods enable precise control over the composition of 

the molecular system, as well as its structural properties (Schmidt et al., 2010). 

For example, in isotopic substitution experiments, deuterium or tritium is selectively introduced 

into a hydrogen source using high-vacuum techniques, ensuring the production of pure 

deuterated or tritiated molecular species. Similarly, laser spectroscopy methods are frequently 

employed to probe the energy levels and vibrational modes of nuclear diatomic molecules, 

especially in studies of isotopic effects. 

 

3. Experimental Techniques for Studying Nuclear Diatomic Molecules 

3.1 Spectroscopic Methods 

Spectroscopy is one of the most powerful tools for studying nuclear diatomic molecules, as it 

provides direct insights into molecular energy levels and bond characteristics. Several types of 

spectroscopy are used to investigate nuclear diatomic molecules, including: 

 Laser Induced Fluorescence (LIF): LIF allows researchers to observe transitions 

between electronic and vibrational energy levels in diatomic molecules. This method is 

particularly effective for detecting subtle variations in energy levels due to nuclear spin 

interactions (Bonnell & Schaefer, 2003). 

 Raman Spectroscopy: Raman spectroscopy is used to study the vibrational modes of 

nuclear diatomic molecules, providing insights into bond strength and molecular 

dynamics. 

 Nuclear Magnetic Resonance (NMR): NMR spectroscopy is a critical tool for 

investigating the nuclear spin interactions and hyperfine structure in molecular systems. 

In nuclear diatomic molecules, this technique can reveal valuable information about the 

nuclear environment and the interaction between different nuclear spins (Slichter, 1996). 



3.2 Computational Techniques 

Theoretical and computational models are often used to predict the structure and behavior of 

nuclear diatomic molecules. Quantum mechanical simulations, such as Density Functional 

Theory (DFT) and ab initio methods, are commonly applied to model the electronic and nuclear 

interactions in these molecules (Frisch et al., 2016). These computational techniques help to 

identify the most stable configurations of nuclear diatomic molecules, predict their spectroscopic 

signatures, and understand their chemical reactivity. 

 

4. Applications of Nuclear Diatomic Molecules 

4.1 Nuclear Medicine 

Nuclear diatomic molecules play an important role in the field of nuclear medicine. For example, 

molecular species like deuterium-labeled compounds are used in diagnostic imaging and tracking 

the movement of specific molecules within the human body (Glover et al., 2011). These 

isotopically labeled molecules allow for precise imaging techniques, such as positron emission 

tomography (PET), to track biological processes in real-time. 

4.2 Quantum Computing 

Recent developments in quantum computing have highlighted the importance of nuclear 

diatomic molecules in the creation of quantum states that can be used for computation. The 

nuclear spin of isotopic molecules can serve as a qubit in quantum computing applications, 

taking advantage of the unique ability of nuclear spins to exist in superposition and entanglement 

states (Ladd et al., 2010). 

4.3 Environmental and Energy Research 

Nuclear diatomic molecules are also studied for their potential in environmental and energy 

applications. For example, isotopic molecules can be used in tracer studies to investigate 

processes such as carbon capture and storage or the movement of contaminants in environmental 



systems. Furthermore, nuclear diatomic molecules are important in the study of nuclear fusion 

and reactor chemistry, where isotopic mixtures (like deuterium and tritium) are fundamental for 

understanding fusion reactions (Zhou et al., 2014). 

 

5. Challenges and Future Directions 

5.1 Enhancing Isotopic Separation Efficiency 

One of the significant challenges in the study of nuclear diatomic molecules is the difficulty of 

separating isotopes with high precision. Although methods such as laser-induced isotope 

separation (LIS) and gas diffusion are used, improvements are needed to increase efficiency and 

reduce costs for large-scale applications (Hicks et al., 2013). 

5.2 Quantum Computing and Control 

As quantum computing develops, one major challenge lies in controlling and manipulating the 

nuclear spin states of diatomic molecules. Quantum coherence, error correction, and scalability 

are challenges that must be addressed to make nuclear diatomic molecules viable candidates for 

large-scale quantum computing applications. 

 

Conclusion 

Nuclear diatomic molecules are essential systems in the study of molecular and nuclear 

interactions. Their unique characteristics, influenced by nuclear spin interactions, isotopic 

substitutions, and bond strengths, provide an invaluable platform for experimental research and 

practical applications. Despite challenges in the precise control of nuclear spin states, these 

molecules hold immense promise for applications in nuclear medicine, quantum computing, and 

energy research. As experimental techniques and theoretical models continue to evolve, the 

future of nuclear diatomic molecules looks promising, with numerous potential breakthroughs on 

the horizon. 
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