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Abstract

Since its inception in the early 1900s, quantum chemistry has been a field of study that uses computational mechanics
to better understand how atoms and molecules behave. It has aided scientists in comprehending important chemical
processes like molecular structure, chemical bonding, and chemical reactions. The Schrodinger equation, which lies
at the heart of quantum chemistry, allows scientists to forecast the behaviour of particles and the characteristics of
molecular systems.

Chemical systems may now be studied more precisely than ever before because to the development of computational
approaches like density functional theory (DFT) and other calculation methods. These techniques aid in the design of
novel materials and catalysts for use in science and industry, as well as the prediction of molecular characteristics.
Furthermore, the simulation of intricate chemical systems and the accuracy of predictions have been increased by the
integration of quantum chemistry with computer technologies and new developments in quantum computing.

Algorithms and computer technology will make quantum chemical computations more measurable and effective, even
though they can still be continuously improved in principle. All things considered, quantum chemistry serves as a link
between physics, chemistry, and computer science and is crucial to cutting-edge contemporary research and
technological advancements. The purposes and uses of quantum chemistry, as well as the significance of
computational science in pharmacy and drug development, are the main topics of this paper.

1. INTRODUCTION:

The discipline of contemporary pharmacy has undergone tremendous change as a result of the quick development of
computational science. Researchers can now model intricate biological systems, examine molecular interactions, and
forecast the behaviour of drugs thanks to computational techniques. Quantum chemistry is a crucial technique among
these because it offers a more profound comprehension of electronic interactions and molecule structure.[1]

By enabling researchers to use computer-based models to analyse intricate chemical and biological systems,
computational science has significantly enhanced pharmacy. Researchers can forecast how medication molecules will
behave and interact with the body instead of relying just on lab tests. This method starts the medication development
process while saving money and time.

Based on the ideas of quantum mechanics, quantum chemistry is an important area of computational pharmacology.
The behaviour of atoms and molecules is the primary focus of quantum chemistry. Understanding how
pharmaceuticals function at the molecular level is aided by the fact that chemical bonds and pharmacological
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interactions rely on electron mobility. Molecular energy, structure, and reactivity are frequently determined using
techniques like ab initio calculations and density functional theory (DFT).

1.1 Importance of computational science in pharmacy:

Quantum mechanics (QM) is a theory that describes the physical properties of nature at atomic and subatomic scale
particles by the Schrodinger equation.[2] By using computational methods, we speed up the development, save time
and money, and modify the formula to get the optimal drug with good solubility, absorption, stability, and
pharmacological effect. Different computational approaches are now used in nearly all areas of pharmaceutics.
Cyclodextrins: which are used in drug delivery of poorly solubilized drugs .Polymeric-based micellar vehicle: for
delivery of hydrophilic and lipophilic drugs, Biological lipid membrane: such as liposome in drug delivery for cancer,
Proteins and peptide drugs, Physiology-based pharmacokinetics: preclinical drug development and formulation
development.

Statistical Modeling in Pharmaceutical Research and Development

A major challenge in drug discovery is reducing the time and cost of developing new medicines. Traditional methods
rely on trial and error, which is expensive and slow. Statistical models help by using mathematical tools to predict
how drugs will behave and how people will respond to them.[3]

Statistical modeling helps identify which group of patients responds well to a drug and experiences fewer side effects.
This is important because people react differently due to individual differences. The data collected from experiments
is analyzed statistically to predict drug effectiveness.

Models can be descriptive or mechanistic:
o Descriptive models explain data without focusing on the underlying biological process.
e Mechanistic models aim to understand how drugs work by using scientific knowledge and translating it into

mathematical equations.

Examples of mechanistic models include pharmacokinetic (PK) and pharmacodynamic (PD) models, which
describe how drugs move in the body and how they produce effects. QSAR models in medicinal chemistry predict
drug activity based on chemical structure.

However, biological data contains random variations (noise), which makes modeling difficult. Empirical models are
used to represent this variability and “clean” the data. Statisticians also design clinical trials to ensure accurate results.

There are two main approaches in statistical modeling:

o Data modeling assumes data follow a known statistical process.
¢ Algorithmic modeling uses machine learning methods without assuming a specific data mechanism.

Overall, modeling is essential in drug development because it improves decision-making, reduces costs, and speeds
up the process.

Computational Modeling of Drug Disposition

The number of new drugs being developed has increased significantly in recent years. However, many drug candidates
fail in clinical trials because they do not have good pharmacokinetic properties—how the body absorbs, distributes,
metabolizes, and excretes the drug (ADME), and whether it causes toxicity (ADMET).[4]
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To reduce costs and avoid late-stage failure, researchers now evaluate ADMET early in the drug discovery process.
Traditional laboratory tests use cell models like Caco-2 and MDCK to estimate how well drugs pass through cell
membranes. But these tests are expensive and cannot keep up with the large number of new compounds.

Many software programs have been developed for this purpose, helping companies predict: Absorption rate and extent,
Drug levels in blood over time, Metabolic stability, Distribution in body tissues, Drug—drug interactions. These tools
include filters, models, and simulations such as Filters are used early to remove poor candidates, Models help
optimize promising drug leads, Simulations support final candidate selection before clinical trials. QSAR/QSPR
methods connect molecular features to ADMET behavior using statistical techniques such as: Multiple Linear
Regression (MLR), Partial Least Squares (PLS), Artificial Neural Networks (ANN), Support VVector Machines (SVM).
Choosing the right statistical method is important, and sometimes multiple methods are compared to get the best
predictions. The computational ADMET modeling speeds up drug discovery and reduces costs by predicting drug
behavior early.

Absorption:

Because of its convenience and good patient compliance, the oral route of administration is the most preferred drug
delivery form. Thus, greater attention toward in silico approaches is aimed at modeling drug oral absorption, which
mainly occurs in the human intestine. The drug bioavailability and absorption. In silico modeling targets of drug
disposition Computational pharmaceutics result of the interplay between drug solubility and intestinal permeability.
A drug generally must dissolve before it can be absorbed from the intestinal lumen. Direct measurement of solubility
is time-consuming and requires a large amount of (expensive) compound at the milligram scale. By measuring a drug’s
logP value (log of the partition coefficient of the compound between water and n-octanol) and its melting point, one
could indirectly estimate solubility using the “general solubility equation.” For the prediction of the solubility of the
compound even before synthesizing it, in silico modeling can be implemented. There are mainly two approaches to
modeling solubility. One is based on the underlying physiological processes, and the other is an empirical approach.

1. It has a good capability of modeling saturable transporter and enzymes.
2. It can simulate the fraction of drug metabolized. Computational modeling of drug disposition

3. It can retain appropriate plasma concentration—time kinetics can be generated that consider the change in both time
and dose.

The disadvantage of these programs is that the input required (dose, dosage form, logP, pKa, molecular weight) may
limit their use as these inputs may not be generated. The target property for most models is the logarithm of solubility
(logS), and many models are trained and verified with the AQUASOLand PhysProp databases. Softwares to predict
intestinal permeation are SCSpKa, and SPARC online calculator. Much software for simulating the ADME process
has been produced. This includes GastroPlus, DEA pKEXPRESS, PK-Sim, and Cloe PK. GastroPlus and iDEA
programs are useful in modeling of the absorption process by considering solubility and permeability. In a more
developed version, the effect of P-glycoprotein interaction and CYP3A4 metabolism is considered.

Distribution

Distribution is an important aspect of a drug’s pharmacokinetics. The structural and physiochemical properties
contribute to the drug’s distribution governed majorly by three important parameters: volume of distribution (VD),
plasmaprotein binding (PPB), and bloodbrain barrier (BBB) permeability. VD is a measure of the relative partitioning
of drug between plasma and tissue, an important proportional constant that, when combined with drug clearance, could
be used to predict drug half-life and is a major determinant of how often the drug should be administered. BBB
maintains the restricted extracellular environment in the central nervous system (CNS). For drugs that target the CNS,
it is imperative that they cross the BBB to reach their targets. For drugs with peripheral targets, it is desirable to restrict
their passage through the BBB to avoid CNS side effects. Most approaches model log blood/brain (logBB), which is
a measurement of the drug partitioning between blood and brain tissue. Three types of drug efflux transporters of the
brain are multidrug resistance transporters, monocarboxylic acid transporters, and organic ion transporters.
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Metabolism and excretion

The prediction of metabolism is the most challenging aspect of drug’s pharmacokinetics. METEOR and META are
the available programs for metabolite identification to provide crucial early warns of potential toxicity. We can predict
the site of metabolism within molecule and likelihood of metabolism. This is also beneficial because studying
metabolism in animals may not reflect the actual metabolism in humans due to species differences in metabolism. The
excretion. Computational pharmaceutics clearance of a drug is quantified by plasma clearance, which is defined as
plasma volume that has been cleared completely free of drug per unit of time. Together with VD, it can assist in the
calculation of drug half-life, thus determining dosage regime. Hepatic and renal clearances are the two main
components of plasma clearance. Current modeling efforts are mainly focused on estimating in vivo clearance from
in vitro data.

Transporters in absorption, distribution, metabolism, excretion, and toxicity

Given the prevalence of transporters on barrier membranes and the wide overlap between the substrates of transporters
and many medicines, transporters should be a fundamental component of any ADMET modeling tool. Their
incorporation into current modeling programs would also result in a more accurate prediction of drug disposition
behavior such as P-glycoprotein, Nucleoside transporters, The human peptide transporter, The human apical sodium-
dependent bile acid transporter, The organic cation and anion transporters, Bloodbrain barrier-choline transporter.

Computer simulation plays a vital role in pharmacokinetics (PK) and pharmacodynamics (PD) by enabling researchers
to predict how drugs behave and affect the body more quickly, cheaply, and efficiently. As the quality of input data
improves, simulations become more accurate, allowing scientists to estimate key PK/PD parameters and optimize
dosing regimens before clinical trials. Major agencies such as the FDA and EPA have already adopted these methods,
recognizing their value in predicting complex biological responses and reducing the need for extensive experimental
testing.

1.2 Role of quantum chemistry:

Quantum chemistry, also called molecular quantum mechanics, is a branch of physical chemistry focused on the
application of quantum mechanics to chemical systems, particularly towards the quantum-mechanical calculation of
electronic contributions to physical and chemical properties of molecules, materials, and solutions at the atomic level
as seen in fig-1. These calculations include systematically applied approximations intended to make calculations
computationally feasible while still capturing as much information about important contributions to the
computed wave functions as well as to observable properties such as structures, spectra, molecular properties,
reactivity and thermodynamic properties at atomic level. Quantum chemistry is also concerned with the computation
of quantum effects on molecular dynamics and chemical kinetics.[5]

Roles of Quantum Chemistry
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Figure 1: Roles of Quantum Chemistry

Molecular structure and their properties:

In quantum chemistry, molecular structure and their properties explains the behavior of electrons in molecules using
quantum-mechanical principles. It is described by schrodinger equation in which how the electrons occupy molecular
orbitals which are formed by the combination of atomic orbitals, and this electronic arrangement determines the
geometry of a molecule, that includes bond length, bond angle, and overall shape. The important properties of this is
influenced by distribution of electron density such as molecular stability, polarity, dipole movement, and inter
molecular interactions like hydrogen bonding vanderwaal forces. Quantum chemistry also helps to predict the
spectroscopic properties like IR, UV-Visible, NMR, magnetic behavior, and reactivity by examining energy levels,
orbital symmetry, and electron spin. Methods such as Hattree-Fock, density functional therapy, and post-Hartree-Fock
approaches allows the accurate calculation of these structural and physical properties, providing a fundamental
understanding of why molecules have a specific shape and behavior.

Reaction mechanism and its kinetics:

It describes how chemical reactions occur at the atomic and electronic level and also determines how fast they proceed.
And quantum mechanics explains the reactions interms of changing in electron structure as reactants moves along a
potential energy surface, where bonds break and form through highly energetic configurations, which is called as
transition states. The height of the energy barrier between reactants and products, known as the activation energy, is
determined by electronic interactions and directly it controls the reaction rate. Quantum chemical calculations helps
to identify intermediates, transition states, and reaction pathways, and providing detailed insight into whether a
reaction occurs via a single step or multiple steps. Reaction kinetics are further influenced by factors such as molecular
orientation, orbital overlap, tunneling effects (especially in reactions involving light atoms like hydrogen), and
temperature. By using these computational techniques such as density functional theory (DFT), quantum chemistry
enables the accurate prediction of reaction rates, mechanisms, and selectivity, which is essential in catalysis, drug
metabolism, and industrial chemical processes.

Drug discovery and design:

Drug discovery and design involves the usage of quantum-mechanical principles to understand and predict the
interactions between the drug molecules with biological targets at the electronic level. Quantum chemistry helps to
determine the electronic structure, charge distribution, and molecular orbitals of potential drug candidates, which are
critical for understanding binding affinity, selectivity and reactivity with enzymes or receptors. By calculating
interaction energies, hydrogen bonding, electrostatic forces, and steric effects, the researchers can optimize the
molecular structures to enhance the therapeutic activity while it minimizes the toxicity and side effects. Some of the
methods such as DFT are widely used to study drug-target interactions, to predict the metabolic stability, and analyzes
the reaction pathways involved in the drug activation or degradation. Overall quantum chemistry reduces the trial and
error in drug development and it guides rational drug design, shortening development time, thereby it improves the
success rate of new pharmaceuticals.

Material science and nanotechnology:

By focusing on designing materials, it is used to study the behavior of electrons at the atomic and nanoscale levels.
Where the electronic structure of solids, surfaces, and nanomaterials, can be explained by quantum chemical
principles. It also determines the key properties such as conductivity, magnetism, optical behavior, mechanical
strength, and chemical reactivity. At the nanoscale, quantum effects like electron confinement and size-dependent
energy levels become significant, leading to unique properties in nanoparticles, quantum dots, nanotubes, and
graphene- based materials. Computational methods such as DFT predicts the band structures, surface interactions,
catalytic activity, and the defect material in the materials. This quantum level understanding enables the rational design
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of advanced materials for the application in electronics, energy storage, sensors, catalysis, and biomedical technology,
making quantum chemistry as a vital tool in modern research.

Environmental and industrial applications:

Quantum chemistry plays various roles especially in environment such as it helps the electronic structure and reactivity
of pollutants, allowing scientists to study the toxic chemicals that degrade in air, water, and soil, and to design the
effective methods for their removal or neutralization. In industrial chemistry, it is used to analyze reaction mechanisms
and catalytic processes at molecular level, leading to the development of more efficient selective, and energy saving
catalysts. These techniques helps to reduce the waste, lower emissions, and improve yield in processes such as
petroleum refining, fertilizer production, and polymer synthesis. By enabling the design of greener chemicals and
sustainable industrial pathways, quantum chemistry plays a crucial role in environmental protection and sustainable
development.

Quantum computing:

It is a powerful emerging approach for solving complex chemical problems that are difficult for classic computers.
These quantum computers uses the qubits, and quantum phenomena such as superposition and entanglement to
efficiently simulate the electronic structure of molecules, which is central to quantum chemistry. Many molecular
systems exhibit strongly correlated electrons, and accurately modeling their behavior requires enormous
computational resources on a classical machines. Quantum algorithms can calculate the molecular energies, reaction
pathways, and spectroscopic properties with much higher accuracy and speed.

2. BASICS OF QUANTUM CHEMISTRY:
2.1. Key concepts (atoms, molecules, orbitals):

2.11. Quantum model of the atom:

Basics of Key Concepts

Atom Molecules Orbitals

Figure 2: Basics of Key concepts
Nucleus and electrons:

Atoms consist of a dense and positively charged nucleus surrounded by electrons. Quantum chemistry describes the
wavefunction of the orbiting particles and the atom as a system in which the nucleus and electrons are governed by
the laws of quantum mechanics rather than classical physics. The nucleus is composed of protons and neutrons,
provides a strong positive charge and contains almost all the mass of the atom,( refer to fig-2) while electrons move
around it in a quantized energy states. Where quantum theory explains the behavior of electron interms of
wavefunctions that define regions of probability, which is called as atomic orbitals, where an electron is most likely
to be found. And the schrodinger equation describes the relationship between negatively charged and positively
charged electrons., which yields discrete energy levels and explains atomic stability. Quantum concepts such as
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electron spin, the pauli exclusion principle, and wave-particle further determiners the Arrangement of electrons in
atoms. It influences the atom size, ionization energy, and chemical reactivity.

Schrodinger equation:

This fundamental equation defines the spatial distribution and energy levels of electrons, which is commonly known
as wavefunctions. It determines the relationship between energy of an electron and its wavefunction. Which contains
all the information about the electron’s motion and the probability of location around the nucleus. When the
schrodinger equation is solved for an atom, it gives discrete energy levels and corresponding wavefunctions,
determining that the electron can occupy only specific allowed energies rather than a continuous range. The square of
the wave function represents the probability of finding an electron in a particular region, leading to formation of atomic
orbitals instead of fixed orbitals. This equation successfully explains atomic stability, line spectra, and the arrangement
of electrons in shells and subshells, which make clear understand about atomic structure, bonding, and chemical
properties in quantum chemistry.

Probability density:

It is the square of wave function. It represents the probability of finding an electron at a particular point in space. It is
obtained from the wave function of an electron that is a solution of schrodinger equation, the wave function has no
direct physical meaning. The physically meaningful quantity is the square of wave function which gives the probability
density. This indicates the relative chance of placing an electron in a very small region of space at a given period of
time. Areas where square of wave function is high are called regions of high electron density. They define shapes of
atomic orbitals such as s, p, d orbitals, regions where square of the wave function is zero are called as nodes, regions
where the probability of finding an electron is zero.[6]

Born-oppenheiner approximation:

Itis a critical simplification in which the motion of nuclei is separated from that of electrons, assuming electrons adjust
instantly to nuclear positions.[7] It greatly simplifies the quantum chemical calculations which was proposed by MAX
born and J Robert oppenheimer. It is based on the large difference in mass between electrons and nuclei. The
approximation assumes that at any given movement, nuclei can be treated as essentially fixed while electrons move
around them. This allows the total wave function to be separated into an electronic part and a nuclear part. Finally,
electronic energy levels, atomic orbitsls, molecular bonding can be calculated without solving the much more complex
nuclear motion.

2.12. Atomic orbitals and quantum numbers:

An atomic orbital is a mathematical function describing the 3D region of space where an electron is likely to be found
orbitals are defined by four quantum numbers. (fig-3)
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Atomic Orbitals & Quantum Numbers
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Figure 3: Atomic Orbitals & quantum Numbers
Principle quantum number (n):

It defines the main energy level or shell (n=1, 2, 3.....). Higher n means higher energy and greater distance from the
nucleus. The principle quantum number also determines the maximum number of subshells with in a shell (=n) and
the maximum number of electrons a shell can accommodate. It plays a key role in explaining atomic size, ionization
energy, and periodic trends in quantum chemistry.

Azimuthal quantum number (I):

It defines the shape of the orbital ( subshell) (1=0 to n-1). It is a fundamental quantum number that arises from solution
of schrodinger equation for atoms. It plays a crucial role in describing the shape and angular characteristics of electron
orbitals.[8] Orbitals with different values exhibit distinct spatial distributions of electron density. It can also determine
how many orientations an orbital can have in space through the magnetic quantum number (from —I to +I).

Magnetic quantum number (m):

It defines the orientation of the orbital in space ( mi= -l to +I). Each different ml value refers to a unique orbital
orientation with in that subshell. These different m, states can have different energies such as the Zeeman splitting
observed in atomic spectra. It plays a vital role in understanding orbital orientation, magnetic properties, and the fine
structure of atomic energy levels in quantum chemistry.

Spin quantum numbers (ms):

The spin quantum number (ms) is a fundamental quantum number that describes an intrinsic property of electrons
called spin. It takes only two possible values +1/2 or -1/2 corresponding to the two allowed orientations of an electron’s
spin (spin-up and spin-down). Electron spin explains many magnetic phenomena and can influence the fine structure
of atomic spectra due to spin-orbit coupling, where the electron’s spin interacts with it’s orbital motion.

2.13. Electronic structure principles:

Pauli exclusion principle:
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No two electrons in an atom can have the same set of all four quantum numbers. Each orbital can hold a maximum of
two electrons with opposite spins.[9] It explains why atoms have unique electron configurations, structure of the
periodic table and how chemical properties repeat across the periods. It determine the bonding, magnetism and
reactivity. This principle shapes the behavior of electrons in complex systems, shapes electron correlation.[10]

Aufbau principle:

It describes how electrons are arranged in atomic orbitals in the ground state of an atom: the electrons occupy lowest
energy orbitals available before moving to higher energy orbitals. It helps to describe why elements have particular
electron configurations, which influence their chemical behavior and placement in the periodic table.[11]

Hund’s rule:

Hund’s rule explains how electrons occupy degenerate orbitals in a way that leads to the most stable configuration.
According to this rule, electrons will first fill in each orbital singly with parallel spins before any pairing occurs. It
helps to explain why subshells like p® and d° are stable. It describes why elements exhibit spectroscopic properties,
particular magnetic properties.

2.14. Molecular structure and orbitals:
Hybridization;

Mixing atomic orbitals ( eg. s, p) to form new hybrid orbitals ( sp, sp?,sp®) that better describe molecular geometry.
Hybridization effects bond strengths, bond angles and molecular stability. (Refer to fig-4)[12]
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Figure 4: Hybridization
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Modern quantum chemical calculations shows that hybridization is not always a fixed mix of orbitals in all
environments; instead, the contribution of orbitals to bonding can vary depending on the electronic environment and
energy differences between orbitals. Recent research by using advanced computational methods has provided deeper
insight into how hybridization concepts evolved in complex molecules and materials.

2.2. Computational methods (DFT, ab initio — simple overview)

Ab initio molecular dynamics (AIMD) is anbest technique for the realistic simulation of complex molecular systems
and processes associated with biological organisms such as monoclonal antibodies as illustrated in Figure 5. With ab
initio molecular dynamics, it is possible to predict in silico phenomena for which an in vivo experiment is either too
difficult or expensive, or even currently deemed infeasible.[13] Ab initio molecular dynamics essentially differs from
molecular dynamics (MD) in two ways. Firstly, AIMD is based on the quantum Schrédinger equation while its
classical counterpart relies on Newton’s equation. Secondly, MD relies on semiempirical effective potentials which
approximate quantum effects, while AIMD is based on the real physical potentials

Figure 5: Ab initio molecular dynamics (AIMD)

In this paper, we are going to present a review of ab initio molecular dynamics from a computational perspective and
from first principles. Our main aim is to create a document which is self-contained, coherent, and concise but still as
complete as possible. As the theoretical details are essential for real-life implementation, we have provided the
equations for the relevant physical aspect and approximations presented. Most important, we expose how these
equations and concepts are related to one another.

The guantum mechanics is reviewed from a molecular dynamics perspective. Two important approximations are
introduced, namely, the adiabatic and the Born—Oppenheimer approximations. Subsequently, the Ehrenfest molecular
dynamics is presented, which allows for a semiclassical treatment of the nuclei. This opens the door, to the Born—
Oppenheimer molecular dynamics formulation. This is followed, by the Hartree—Fock formulation which
approximates the atomic antisymmetric wave function by a single determinant of the orbitals

Quantum Chemical Theory:

Two highly productive approaches to solution of the electronic Schrodinger equation have arisen over the past 50
years. Wavefunction-based approaches expand the electronic wavefunction as a sum of Slater determinants, the
orbitals and coefficients of which are optimized by various numerical procedures.[14] Hartree—Fock theory is the
simplest method of this type, involving optimization of a single determinant; however, as mentioned above, its
usefulness is limited because of complete neglect of electron correlation. We discuss three types of correlated
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wavefunction-based approaches: second-order Moller—Plesset perturbation theory (MP2), with an emphasis on the
localized version of this methodology; methods based on the coupled-cluster ansatz, focusing on the widely used
CCSD (T) (coupled cluster with single, double, and triple perturbative excitations) variant; and multireference
perturbation methods, such as CASPT2 (complete active space with second-order perturbation theory). Each of these
approximations has a different computational scaling with the number of electrons and is (arguably) the method of
choice for different types of problems.[15]

Computational Implementation

Below, we briefly discuss state-of-the-art computational implementation for each of the four quantum chemical
models presented above, beginning with the least expensive (DFT). There are two fundamentally different numerical
approaches that are used currently for solving the Kohn-Sham equations as is required in large-scale DFT
calculations.[16] The first approach, arising primarily from the physics community, represents the electron density
orbitals by a plane wave basis set. To date, efficient use of such methods has been possible only for gradient-corrected
(as opposed to hybrid) DFT functionals, because the matrix elements of the exact exchange operator are difficult to
evaluate in a plane wave basis set. The approach is most naturally applied to condensed-phase systems (periodic solids
or liquids) in which the imposition of periodic boundary conditions is appropriate.[17]

Over the past decade, the following advances have increased the efficiency of Gaussian-based DFT methods
substantially:

1. Numerical quadrature methods were developed to perform integrals accurately over the exchange-correlation
functional, which cannot be handled analytically.

2. The computation of cost of the Coulomb term with system size can be reduced from N2 to =N by the use of multiple
expansions

3. Two numerical approaches to reducing the formal scaling (as opposed to asymptotic scaling) of the Coulomb and
exchange terms have been developed.[18]

3. APPLICATIONS IN PHARMACY:
3.1. Drug design and discovery

Application of quantum mechanics in drug design and discovery provides an detailed designs of molecular systems
as: Molecular modelling ,biochemical process , spectroscopic analysis and fragment based drug design.

o Molecular modeling calculates the electronic structures ,electronic geometries and their binding energies
[19]

e Biochemical process describes the models enzyme catalysis and ligand interactions.[20]

e  Spectroscopic analysis determines the NMR,IR and UV-Vis data.[21]

Classic quantum mechanics methods are noncovalent and covalent interactions that optimizes the ligand designs which
include the density functional theory (DFT) , Hartree-Fock(HF) , QM/MM .These methods are used to calculate the
electronic structures[21].

Quantum mechanics insights provides smart CADD screens billions of compound for HIV candidates[22].QM also
explains the enzyme catalysis by model transtition state in enzymes such as acetyl cholinesterase[22].By using small
molecule kinase inhibitors(SMKI’s), metalloenzyme inhibitors , covalent inhibitors and fragment based levels.

Small molecule kinase which are of small size ~50-100 atoms are mainly used in cancer therapy for chemotherapy
such as imatinib , nilotinib by using DFT and fragment molecular model orbital (FMO)and also predicts the electronic
effects of functional groups enchancing selectivity against off target kinases.[23,24].
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For metal ligand co-ordination the metalloenzyme inhibitors target the enzymes such as matrix metallo proteinases
(MMP’s) or carbonic anhydrases that bind to the metal ions such as iron,zinc. DFT calculations optimized zinc-binding
groups in MMP inhibitors, improving potency.

For model reaction mechanisms and transition states the covalent inhibitors forms an irreversible or reversible bonds
with target proteins like PF-07321332 for SARS-CoV-2 and Mpro (6LU7,7BQY).The DFT and QM/MM calculations
helps in determining the energies for covalent bond formations and nucleophillic attack on the protease’s cysteine[25].

The particle size of ~10 to 20 atoms which are nothing but a fragment based leads,which are used in fragment —based
drug discovery plays an crucial role in quantitative modeling . To evaluate the fragment to protein hotspots,the DFT
and FMO methods are used . The computational efficiency of QM for small systems make it practically high output
in fragment screening [26] . These small size particles mainly helps in QM —based discovery designs.

Table 1: comparison of mechanics used in drug discovery and their applications

Methods Strengths Best applications Typical system size
DFT High accuracyfor ground Binding  energies, electronic
state , handles electron properties,transtition states
correlation ~500 atoms
HF Fast convergence, reliable | Intial geometries, charge
baseline,well established distributionsand ~ force  field
theory. parameterization ~100 atoms
QM/MM Combines QM accuracy | Enzyme catalysis , protein ligand
with MM effciency handles | interactions.
large molecules ~10,000 atoms
FMO Scalable to large systems , | Protein ligand binding | Thousand of atoms
detailed interaction analysis | decomposition, large
biomolecules.

This table gices the compsarison of mechanics used in drug discovery and their applications.
3.2. Prediction of drug properties( solubiliy, stability, reactivity)

To determine the properties like reactivity and solubility there are softwares such as Gaussian , Schrodinger’s
Jaguar,Q-chem and ORCA[27]. The prediction of drug properties such as solubility, stability and reactivity through
computational chemistry has an essential component of modern drug discovery (fig-6) by applying quantum chemical
calculations ,molecular modeling and stastistical methods, the researchers can predict the chemical stability and
potential metabolic of drug candidates.

Solubility is the one of the most critical property for determining the oral bioavalibility. In computational studies,
solubility can be predicted by using quantum chemical methods such as density functional theory(DFT)and continuum
solvent models like PCM or COSMO.
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Machine Learning for Solubility Prediction
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Figure 6: Machine Learning Framework for Drug Solubility Prediction

This figure explains the machine learning framework for drug solubility in super critical corbondioxide using
computational modeling.[28]

computational chemistry also predicts the stability by analyzing the bond dissociation energies, molecular orbitals
(HOMO-LUMO gap) and their thermodynamic parameters. A larger HUMO-LUMO energy gap indicates that a
greater kinetic stability and low chemical reactivity. Bond dissociation energy calculations helps to identify labile
bonds susceptible to hydrolysis and oxidation.[29]

Reactivity prediction is closely related to electronic structure analysis as we discussed earlier the HUMO-LUMO gap
is small then the molecules are more reactive . these reactivity studies helpful in evaluating the toxicity risk of
drugs.[29]

3.3. Understanding Drug Receptor Interactions:

Drug receptor interactions in quantum chemistry are analyzed at elecrtinoic level to understand the properties like
binding affinity , selectivity and biological activity. Using these methods such as Density Functional Theory (DFT)
and ab initio calculations the researchers can evaluate the molecular properties such as dipole moment , HUMO-LUMO
energy gap, electron energy distribution . these parameters helps identify the reactive sites, predict the hydrogen
bonding capacity and charge transfer interactions between the ligand and receptor.binding energy calculations
determines the stability og drug receptor complex ,where more negative energy values indicates that stronger and
favourable interactions.

3.4. Quantumchemistry in toxicology and safety assessment :
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Quantum chemistry has great significance in toxicology studies and its assessment helps in toxicity tests conducted in
clinical trails. computational toxicology integrates the quantum chemical calculations,molecular dynamics helps in
developing the mechanism based predictive models which shifts the experience drive to data driven evaluation
paradigm. [30][31]

It includes the different types of databases suchas environmental ,biological data bases. In environmenta data bases
studies predict the ecological toxicity levels. Data bases like ECOTOX ,AquaticTox, EnviroTox are used.Biological
databases has a crucial role in determining the toxicological mechanisms and pharmacological potentials, it utilizes
the ToxinDB and MyoCentral databases.These databases predicts the physic chemical properties, ADME predictions
and QSAR derived medicinal chemistry parameters.[30]

4.CASE EXAMPLES:
4.1.Quantum Chemistry In Enzyme Drug Binding:
Case Study : Identifying Three Types Of HIV Inhibitors

According to WHO million individuals are suffering from HIV. In this study , we utilize the data set if HIV patient
with in the molecularNet library, which is derived from the AIDS antiviral screen dataset by national cancer
institute(NCI). The set consist of different molecules. These molecules are classified based on their values such as
confirmed active (CA), Confirmed Moderately active (CM), and confirmed inactive (Cl).

Then the molecule net verifies the given data to the original data and determines based on their values,from the data
we can predict the treatment to particular patient.[31]

Later the technology may utilize the zinc nanoparticles by using Al for further and better results.

Case Study : lupac Induced Computational Approaches For Human TYROSYL-Dnaphosphodiesterase 1
(TDP 1) Inhibitors :

It also follow certain steps as

Step:1 Data collection : The data collected from different sources is divided into active compounds(TDP1 inhibitors)
and inactive compounds.

Step:2 Data cleaning : Before starting the process remove the waste compounds or unnecessary compounds, check the
chemical structures,check whether the active and inactive data are balanced.

Step:3 (using IUPAC names as First ML MODEL) : Now use the IUPAC names as input and break the names into
small parts to predict the functional groups ,inhibitor or non inhibitor type.

Step:4 Functional group analysis

Based on their effect the functional groups are ranked as follows:

*Most favourable groups (increase activity)

«Least favourble groups (reduce activity) this helps in drug design.

Step:5 Validation Model (second ML Model)

Built another model without using the IUPAC names and compare the results.[32]
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4.2. Computational Prediction of Drug Activity

Computational prediction of drug activity involves the use of computer based methods to estimate the biological effect
of a drug molecule before experimental testing. These approaches analyse the relationship between chemical structure
and biological response using techniques such as molecular modeling, molecular docking, quantitative structure
relationship (gsar) analysis, and quantum chemical calculations. Parameters including electronic properties ,molecular
geometry, hydrophobicity are evaluated to predict how strongly a drug interactswith its biologial target. Quantum
chemical methods helps to identify reative sites and stability ,while docking studies estimates binding orientiation and
interaction energy within the receptor acive site. Computational prediction helps in reducing the cost ,time nd
experimental failure in dru discovery.

The computational prediction involves different steps as follows:
Step:1 drug presentation and protein presentation.

Step:2 model training(machine learning, deep learning , docking)
Step:3 bioactivity prediction and virtual screening

Step:4 computational validation and experimental analysis[33].
5. FUTURE SCOPE

Table 2: Future Scope in Drug Discovery

Future Application Medical / Challenge Quantum Key algorithm
prospects domain Biological Approach models
problem
Molecular Structural Diffusion, free Long time Hybrid Time propagation,
dynamics biology energies scales, quantum VQE
quantum classical MD
effects
Electronic Enzymology, PECT, Clasically Quantum Time propagation
dynamics neuroscience signaling, interactable dynamics
photosynthesis electron
dynamics
Hybrid models Large Active-site System size Embedded VQE+ classical
biomolecules precision guantum embeddin
simulation
Fluid mechanics | Physiology, Blood flow, Turbulence, Quantum PDE | QDE algorithms
cancer angiogenesis large meshes solvers
Continuum Tissue Muscle, bone, High Quantum HHL Variation
mechanics mechanics cytoskeleton dimensional linear solvers
FEM
Electrodynamics | Medical MRI, Optics Complex field | Quantum PDE | QDE
devices simulations solvers
Systems Epidemiology, | Population Parameter Hybrid QML | VQAs
modelling cells dynamics explosion
Sequence Genomics Variant NP-hard MSA | Quantum QAOA
alignment discovery, optimization
cancer
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Phylogenetics Evolution, Tree inference Super Quantum Amplitude
oncology polynomial walks
Emerging Multiomics, TADs, GRNs High QML VQAS
bioinformatics network dimensional optimization
inference

Sample Diagnostics Rare diseases Expensive QML QNNs
complexity samples

Training ML Barren plateaus | Vanishing Variational QNNs
landscapes optimization gradients QML
[34]

5.1 Quantum computing in drug research

Computational chemistry plays a vital role in pharmaceutical industry. Quantum computing allow scientists to
simulate complex molecules quickly, accurately by making the drug discovery more efficient, faster, and smarter.
Quantum mechanics are more precise for drug design, they describe how electrons truly behave, predict chemical
reactions, give more effective insights into bonding and energy. But this becomes more complex for molecules with
more than 30 electrons. So the new technologies lie quantum computing are very important. [35]

Quantum computing is emerging as a transformative force in drug discovery and development. Quantum computing
has the ability to enhance the machine learning works. It enhances drug discovery by enabling more accurate molecular
simulations, improved generative modelling and faster processing of complex biomedical data.

Early studies focused on applying quantum optimization methods to protein structure prediction and simplified
models. The use of Quantum computing in drug development based on the structural information of target proteins
has explored in the recent research. Researchers began to adapt molecular docking problems into quantum-compatible
formulations to improve ligand-protein binding predictions. Recently, the attention has shifted towards quantum
simulation methods to calculate binding energies with high accuracy and molecular electronic structures. [36]

Optimizing Organic Molecules with Classical and Quantum Methods
Classical Methods:

The optimization of atomic structures of both the receptor and the small molecules can be done by using force field
simulations which utilize empirical potentials or quantum mechanical methods. The primary atoms for organic
molecules are carbon, hydrogen and oxygen.

In classical molecular dynamics, atomic interactions are modeled using Vanderwaals force which is represented by
Lennard-Jones potential, Electrostatic interactions which is represented by Coulomb potential.Recent improvements
include machine learning based potentials which enhance accuracy while maintaining computational efficiency.

Widely used molecular dynamic simulation software includes: AMBER, GROMACS, GROMOS, LAMMPS,
CHARMM .Classical methods are suitable for large systems and are computationally efficient but they are less
accurate at describing electronic interactions.

Quantum Mechanical Methods:
Quantum mechanical simulations treat electronic interactions by solving approximations of the Schrodinger equation.

Optimization of the structures of organic molecules or calculation of chemical properties such as infrared spectra of
molecules, nuclear magnetic resonance (NMR) spectra are the uses of quantum mechanical simulations. The common
software packages include Gaussian and ORCA.
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Quantum mechanical methods are computationally expensive but highly accurate. [36]
Identifying docking pockets

After the structure optimization, the main crucial step is identification of ligand-binding pockets.The detection of
accurate pocket enhances drug discovery success rates. The quality of pocket depends upon Geometric shape,
Electrostatics, Hydrophobicity, Presence of structural water, Electric environment.

Prediction of Protein Structure

Even though, the 3D folded conformations determine the biological function, proteins are the linear chains of
aminoacids.Alpha2 model achieved experimental accuracy for many proteins.Many proteins cannot fold correctly
without the presence of small molecules and cofactors.Alpha Fold-3 extended the prediction capabilities to Protein-
DNA interactions, Protein-RNA interactions, Protein-Protein complexes, Protein ligand binding.

Alpha Fill transfers the ligands and cofactors from homologous experimental structures and place them into alpha fold
predicted models. This produces more biologically complete structures. It improves the functional interpretation and
docking relevance.

Biosafety and Sustainability

The reliability of quantum computing in drug discovery depends on two factors: hardware and software. Quantum
hardware is highly sensitive to environmental noise, requiring cryogenic temperatures to maintain stability. Quantum
computing enhances biosafety in drug discovery by molecular simulations that decrease animal and environmental
risks.

5.2 Opportunities for personalized medicine

The incorporation of quantum computing into healthcare is opening new potentials for personalized medicine.
Quantum technologies enable faster genetic analysis and reveal complex biological patterns that traditional methods
often miss. This advancement can improve disease diagnosis, prediction, and development of treatment strategies.
Hence the quantum computing that is combined with personalized medicine is transforming healthcare and enabling
more efficient, individualized, more accurate treatments.[36]

Objectives of Personalized Medicine through Quantum Computing
Enhancing treatment efficacy:

Quantum computing enables the analysis of huge genetic and molecular data at unprecedented speed. It can identify
complex patterns in a patient’s genetic profile. Doctors can select the most effective therapy that is precise to an
individual. This approach enhances treatment success rates, reduces recovery time and healthcare costs. Finally
patients receive accurate faster and more intense, effective care. [37]

Minimizing Adverse Effects:

Genetic differences can determine how a patient reacts to specific drugs. Quantum algorithms can detect these genetic
variations which cannot be detected by classical systems treatments can be personalized to avoid medications causing
harmful side effects there by improving patient safety comfort and quality of life.

Preventive strategies:
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Quantum computing can combine genetic data with life style and environmental factors. It helps in determining or
predicting and individual’s risk of developing particular diseases before the symptoms appear. Personalized preventive
plants can we designed by including lifestyle changes early detection and targeted monitoring. Early involvement
reduces disease severity and longterm healthcare expenses. This can shift healthcare from reactive treatment to a
proactive prevention.

Facilitating drug discovery:

Quantum simulations can accurately model complex molecular and biochemical interactions. This will allow a
researcher to understand how the drugs interact with specific genetic mutations. The drug development becomes faster,
more accurate and less cost. Personalised drugs can be developed for specific patient groups or rare diseases. [38]

Applying quantum advantage:

Quantum computers process a complex biological data besides the limits of classical computers. They supply deep
insights into disease mechanisms at the molecular level. This technological advancement accelerates innovation in
healthcare and medical research, it paves the way for a smarter and more efficient healthcare system. [39]

6. CONCLUSION:

Hardware instability, error rates, and specific operating requirements are some of the current drawbacks. Quantum
chemistry makes it possible to predict chemical structures, reaction mechanisms, spectroscopic characteristics, and
material behaviours that are hard or impossible to obtain experimentally by solving quantum mechanical equations
with ever-increasing accuracy and efficiency. The range of issues that can be solved has been increased as a result of
its integration with data techniques, numerical algorithms, and high speed computing. By enhancing data processing,
medication development, diagnostic precision, and personalised medicine, quantum computing has the potential to
revolutionise the healthcare industry. In addition to bolstering computational science's theoretical underpinnings,
quantum chemistry is essential for innovation, facilitating rational design and predictive modelling for a broad range
of scientific and technological applications.
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