
Introduction

Theoretical Chemistry is a branch of chemistry in which 
generalizations based on theoretical principles and concepts 
are developed and these doctrines are used to understand the 
fundamental physical principles in underlying chemical 
processes. Within the framework of theoretical chemistry, one 
can construct chemical laws, principles and their modifications 
and their hierarchy. A major place in theoretical chemistry is 
occupied by the dogma of the interconnection between the 
structure and the property of chemical systems. Theoretical 
chemistry uses mathematical methods with appropriate 
physical assumptions to explain the structures, dynamics and 
thermodynamics of a chemical system and correlate between 
them. In doing so, theoretical chemists often use computers 
and computational methods to solve equations numerically 
wherever analytical solution is not possible or perform 
simulations of the actual system and phenomena. However, 
the bottleneck in early years was the non-availability of 
supercomputing machines to handle large chemical systems. 

 With the advent of high-performance supercomputing 
(HPC) machines, the field of theoretical chemistry has seen a 
paradigm shift and has changed into Theoretical and 
Computational Chemistry. Because of the availability of large-
scale computational facilities, now fairly large and complex 
chemica l  and  phys ica l  sys tems can  be  hand led 
computationally. However, extent of largeness of the system 
depends on the computational technique we use.  The first 
step in any theoretical method is to map the actual physical 
system into a model system by choosing constituent basic 
units appropriately. Depending on the chosen length scale of 
the basic unit, various branches of theoretical chemistry have 

evolved. If electrons and nuclei of the atoms constituting the 
system are the basic units, the methods we need to apply 
should be based on the principles of well-known Quantum 
Chemistry/Mechanics and the system size that we can handle 
in such cases can be up to a few hundred atoms. However, due 
to the inherent periodicity of the lattice structure, some of the 
computational methods such as periodic density functional 
theory (DFT) [1] using plane waves can be used to study bulk 
solids. Similarly, in atomistic lengthscales in which atoms are 
the basic units, statistical mechanical principles are used for 
any many-body system and larger system sizes such as 
proteins and DNAs in water or for that matter any 
macromolecule in a solvent can be handled in this domain. At 
the mesoscopic length scale, where clusters of atoms are the 
basic units, statistical mechanical principles are used to 
describe and the system sizes relevant to biological systems 
like cell membranes, complete cell, multi protein interactions 
in the cell matrix can be studied easily. The question that we 
ask here is whether Theoretical and Computational Chemistry 
is important in chemistry research.

 Here, I list a number of important reasons why 
Theoretical and Computational Chemistry (TCC) is important 
and an integral part of modern chemistry research

Computat ional  Chemis t ry  Predic ts  React ion 
Mechanisms and Transition States 

 For any newly discovered chemical reaction, establishing 
the mechanism by identifying the transition state (TS) and the 
pathway connecting the reactants to the products via TS is a 
very important step in chemistry. Identifying the TS and the 
reaction pathway using experiments is not so easy. Here arises 
the need of quantum chemical calculations to understand the 
reaction mechanism, which helps chemists to modify the 
reaction and thereby improve the yield, productivity and 
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specificity of the reaction [1-8]. The citation of 2013 Noble 
prize in Chemistry, which was awarded to three theoretical 
scientists Martin Karplus, Michael Levitt and Arieh Warshelon 
their works on Theoretical and Computational Chemistry 
reads, “Today the computer is just as important a tool for 
chemists as the test tube. Simulations are so realistic that they 
predict the outcome of traditional experiments.”

Computational Chemistry Is Used for Calculating 
Reaction Rates 

 Not only the detailed chemical reaction pathway, but the 
rate and direction of a chemical reaction, which occurs at 
lightning speed of the order of picoseconds or fem to seconds 
can also be predicted from quantum mechanical calculations. 
Aided by advanced theoretical methods, computers can now 
unveil chemical processes independently, and also can 
complement data obtained from expensive experimental laser 
spectroscopy to a meaningful conclusion [9-11].

Computational Chemistry Is Key for Designing Newer 
Molecules and Exotic Materials 

 Computational chemistry can predict new molecules of 
importance. It helps us to design new ligands, and molecules 
with tunable properties.By a-priori deducing the structure-
property correlations, ne wer and unconventional molecules 
and compounds with exotic chemistry and properties can be 
designed. The use of modern day periodic DFT based quantum 
mechanical methods has made the application of 
Computational Chemistry possible towards design of suitable 
materials for energy, healthcare and catalysis. A tremendous 
amount of peer reviewed research papers [12-15] is coming 
out recently on computational design of materials in those 
fields. Better predictability with respect to experimental results 
have been established in these studies.  

Computational Chemistry helps in Analyzing and 
Rationalizing Experimental Data

 Many experimental results in chemistry require 
theoretical and computational chemistry to interpret the 
experimental data and the observation. Be it experiment on 
thermodynamics, or kinetics, or spectroscopy, theoretical and 
computational chemistry assists in interpreting experimental 
results. Most of the experimental observations are 
macroscopic in nature and therefore an atomic or molecular 
level understanding of those observations require theoretical 
and/or computational supports. Here theoretical and 
computation chemistry works in consonance with the 
experimental research [16].

Computational Chemistry in Drug Design in the 
Pharmaceutical Industry

 Theoretical and Computational Chemistry plays an 
astounding role in the pharmaceutical industry. Computational 
chemistry, in particular, is extensively used in many stages of 
drug development. Computational Chemistry using QM 
calculations, docking and simulations provides a complete in-
silico route to design a new drug. Computational chemistry can 
very accurately predict the binding site of a drug in a protein 
molecule and thereby helps in sensing a disease or 
deactivating a particular enzyme causing a disease [17-20]. 
Computational chemistry has devised method like QSAR 
(Quantitative Structure Activity Relationship), through which a 
few molecular candidates are chosen form a large library of 
compounds suitable to be drug molecules and any other 
molecules with suitable characteristics.

 

Theoretical and Computational Chemistry enables us to 
venture into experimentally inaccessible or difficult to 
access domains. 

 One of the profound roles of Theoretical and 
Computational Chemistry has been to pervade those domains 
either not accessible or difficult to access by experiments.[21-
23]Evaluating physic-chemical properties of materials at high 
temperature, pressure and radiation through experimental 
research is difficult to achieve but Theoretical and 
Computational research can easily predict those properties 
with extremely high predictability. This kind of theoretical and 
computational research is very important in nuclear industry. 
Any experiment at astro-physical condition is very difficult to 
perform, but theory and simulations can easily mimic those 
condition in computers and predict useful results [24]. That's 
why Theoretical and Computational chemistry plays a vital role 
in astronomical chemistry research, cloud formation etc.

Theoretical and Computational Chemistry enables us 
to understand bio-molecular phenomena in 
Biochemistry and Biophysics.

 Biomolecules are macromolecules such as proteins, 
DNA, lipids etc. Due to their large size, the exact conformational 
structure of such molecules very much depends on 
environment such as salt concentration, pH, temperature, 
pressure etc. The properties of these molecules also depend 
on their structure. Phenomenon like protein folding can be 
better understood using molecular simulation. Molecular 
simulations using classical force field are now extensively used 
to study protein-ligand interaction, protein aggregation, drug 
binding etc. Therefore, theoretical and computational 
chemistry is a major tool to study biophysical systems [25-27]. 

Theory and Computations in Nuclear Energy

 Roughly 15% of the electrical power in the world is 
produced from nuclear reactors, without significant emissions 
of CO2,one of the major components of greenhouse gas. That's 
why nuclear energy is the most attractive avenue to achieve 
Net Zero Emission target within a reasonable timeframe. One 
of the major components in the nuclear reactor operation is the 
formulation of a proper fuel cycle. Below are the different 
stages of nuclear reactor operation, in each of which 
Theoretical and Computational Chemistry can play a major role 
[28-33]. The advancement in computational chemistry has 
reached a stage where it can be used for a process design. 
[34].

In front-end of the fuel cycle:

 Theory and computation can be applied to various 
problems of nuclear energy. This methodology can be used 
efficiently in both front end and back end of the fuel cycles 
[35,36]. In the front end of the fuel cycle, computational 
methods can predict the properties of fuels at extreme 
conditions of temperature, pressure and radiation almost 
accurately without performing any experiment, which is, in any 
way, very difficult to perform. Similarly, this method can be very 
successfully used to design newer fuels[37-38] for advanced 
nuclear reactors. 

In operating phase of nuclear reactors

 When a nuclear reactor runs for a longer time, because of 
the extreme condition at which it runs, a number of problems 
arises, such as, the degradation of fuel quality due to presence 
of fission products in the fuel matrix, radiation damages in 
nuclear structural material like RPV steel. In both the cases 
theoretical and computational chemistry/physics plays a very 
vital role in identifying the root cause of the degradation or 
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damage process. By performing computational and 
experimental studies at tandem, such problems can be solved 
very cost effectively. In fact, many computational studies have 
been conducted in the above two areas. In fact, a large number 
of investigations is carried out in our section in evaluating fuel 
properties in presence of fission products [39,40]. 
Computational chemistry using DFT has also been used in 
finding the origin of early onset of Cu precipitation causing 
radiation damages in RPV steel [41,42].

In front-end of the fuel cycle:

 Although, nuclear energy is a very sustainable source of 
energy with very little emissions, but the wastes produced in 
nuclear reactors are radio toxic in nature and therefore 
isolation and safe disposal of both low-level and  high level 
wastes (HLWs) are extremely essential [43].  In a close fuel 
cycle like the one in India, nuclear fuel recycling is an essential 
and integral part of it. In order to extract useful fuel materials 
from the spent nuclear fuel, liquid-liquid solvent extraction 
process is one of the most widely used techniques. Use of an 
organic ligand for complexation with the ions is an essential 
step in this method.  Although Tri Butyl Phosphate (TBP) is a 
very effective ligand for complexation of actinide ions, there are 
many drawbacks associated with the use of TBP. Therefore, the 
search for a better ligand for the extraction of these ions is a 
major field of research in DAE. In fact, apart from many 
experimental investigations [44], many computational 
investigations [45] have also been employed to design novel 
ligands for better efficiency. In fact, a seamless use of 
experimental and computational methods will make the 
progress faster.

 The liquid-liquid biphasic solvent extraction technique 
uses a large amount of organic solvent like dodecane, and 
after the extraction, the radiotoxic solvents are to be discarded 
to the environment, causing an environmental concern. 
Therefore, search for an alternative technique is going on. For 
example, solid-liquid extraction using a solid adsorbent like 
carbon nanotubes, graphene, graphene oxide etc. with 
suitable functionalization can be used as an alternative. In this 
method, actinide ions adsorbed on the adsorbent can be easily 
separated from the rest of the solution without going through 
the cumbersome liquid-liquid extraction process.  In a recent 

-molecular dynamics study, adsorption of uranyl ions on -COO 
functionalized carbon nanotubes has been shown[46] to follow 
Langmuir type of isotherms. Such studies are now in the R&D 
stage and theoretical and computational techniques are of 
huge help in designing suitable adsorbent. It also can screen a 
large number of possible candidates to a smaller set, on which 
experiments can be performed. In this way, theory and 
computation can make the process cost effective and hassle 
free contributing significantly to the circular economy of the 
nation. 

In nuclear waste disposal and environmental safety

 Due to long-lived radioactivity associated with the 
remains of the recycled fuels, the safe disposal of these high-
level remnants is an extremely important matter and therefore, 
a lot of research and development is underway in this direction. 
There are two major areas of nuclear waste disposal, in which 
theoretical and computational chemistry can contribute 
significantly. The HLW are generally vitrified by mixing it with a 
suitable material capable of forming a glass, a state of matter, 
in which diffusion of atoms, molecules and ions are extremely 
slow.  However, there are many lacunas in the fundamental 
knowledge about the diffusion mechanism and other 
properties of the glass. Therefore, theoretical and 
computational chemistry [47] can be used to get atomistic 

level understanding of these processes. The vitrified HLW is 
finally disposed in deep geological repositories, whereas low 
and intermediate level wastes are deposited in surface 
disposal facilities. In these facilities, waste containers are 
placed in constructed vaults made up of protective cover walls 
of a few meters thick to avoid leaching of radioactive ions into 
the ground water confined in clay layers. The knowledge of 
interaction with clay and the diffusion of these ions in the 
interlayer clay spaces are extremely important in assessing the 
environmental issues. Theoretical and computational 
chemistry plays [48] a dominant role in such studies before any 
actual experiments are carried out. 

Summary

 Why theoretical and computational chemistry is an 
important component of the modern chemistry research is 
discussed in details. Applicability of theory and computations 
in various fields of chemical research are discussed. There are 
many facets of nuclear energy research in each of which theory 
and computations can be used and in fact, a few areas in which 
theoretical and computational chemistry has already been 
used are discussed. As Artificial Intelligence (AI) and Machine 
Learning (ML) have now pervaded the world of chemistry 
research, future years will see a huge upsurge in the 
applications of AI-ML in energy materials [49], in particular 
nuclear materials [50], catalysis [51,52], biology [53,54], 
biophysics [55], drug discovery [56] and other fields of 
research. Now the newer AI-ML techniques for the high 
throughput screening of materials required for a particular job 
has become a regular process and thereby reduces the 
experimental work, which in turn reduces the use of man 
powerand the cost.  It is very heartening to see that not only the 
drug industry, but all other industries are now using AI/ML for 
their respective research and development.
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