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ABSTRACT: Density Functional Theory
(DFT) is one of the most relevant methods
in computational quantum chemistry, used
to study the electronic structure of molecular
and solid systems based on electronic
density. Originating from the theorems
of Hohenberg and Kohn (1964) and
consolidated by the Kohn-Sham method
(1965), DFT revolutionized chemical
modeling by reducing dependence on the
wave function, simplifying calculations, and
making them less computationally costly.
This paper addresses the fundamental
principles of DFT, its applications in docking
studies, QSAR/QSPR, and green chemistry,
as well as its current limitations compared
to ab initio methods. DFT has proven to
be a versatile tool, capable of assisting in
yield estimation, toxicity prediction, and the
development of more sustainable products,
aligning with the goals of modern chemistry
and the need to reduce environmental
impacts and laboratory risks.

INTRODUCTION

Computational ~ chemistry  has
established itself in recent decades as a

strategic area for understanding complex
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chemical systems, reducing costs and risks associated with traditional experimental
methods. In this context, Density Functional Theory (DFT) emerges as one of the most
important methodologies for studying the electronic structure of atoms, molecules, and
solids. Based on the theorems of Hohenberg and Kohn (1964) and the Kohn-Sham method
(1965), DFT brought a new paradigm by using electronic density instead of wave function,
reducing the mathematical complexity of calculations and making them more accessible
for large systems. In addition to its theoretical relevance, DFT has direct applications
in different fields of chemistry, from molecular modeling to the design of new materials,
interacting with green chemistry principles by enabling more efficient predictions of yield,
toxicity, and sustainable synthetic routes. This work discusses the fundamentals, advances,
applications, and limitations of DFT, highlighting its growing importance at the interface

between materials science, theoretical chemistry, and technological innovation.

DENSITY FUNCTIONAL THEORY

Density functional theory (DFT) is a method of computational quantum chemistry
used to study the electronic structure of atoms, molecules, and solids, based on electronic
density rather than directly on the wave function. However, it was in 1964, with the publication
of the Hohenberg and Kohn theorems, that the use of the method gained legitimacy and
became popular in the academic world (Duarte, 2001). Hohenberg and Kohn’s theorems
show that there is an exact energy functional of electronic density and an exact variational
principle for this functional. In 1965, Kohn and Sham developed a way to circumvent the
problem of locating the exact energy functional proposed by the theory, called the “KS”
method (Duarte, 2001).

The work of Hohenberg and Kohn (1964) states in its first theorem that “the ground
state density of a system of interacting electrons, in the presence of an external potential,
uniquely determines this potential, that is, the external potential is a density functional.” The
use of electron density as the main calculation parameter is what sets this method apart
from other methods used in computational chemistry to simulate the chemical and physical
properties of molecules, according to Lewars (2011):

If electronic density r, instead of the wave function, could be used to calculate
molecular geometries, energies, etc., this could be an improvement over the
wave function approach because, as mentioned above, the electron density in
a molecule with n electrons is a function of only the three spatial coordinates
X, Y, z, but the wave function is a function of 4n coordinates. Density functional
theory seeks to calculate all the properties of atoms and molecules from the
electron density. (Lewars, p. 448, 2011).

In the second theorem, according to Lewars (2011), “any test electron density function
will produce an energy greater than (or equal to, if it were exactly the true electron density
function) the true ground state energy.” From the second Hohenberg—Kohn theorem, we
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can conclude that electron density plays a central role in determining the energy of a system
in the ground state, functioning analogously to the variational principle applied to the wave
function.

This theorem ensures that any trial electron density that satisfies the basic physical
conditions will result in an energy greater than or equal to the true ground state energy,
provided that the energy functional used is exact. Although, in practice, the functionals used
in DFT are approximate and do not always maintain the variational- y character, the theorem
establishes the conceptual basis for treating the energy of the system as a functional of
density, allowing quantum modeling to become more efficient and less costly than traditional
ab initio methods (Lewars, 2011).

Thus, the DFT method, consolidated by the calculations and studies of the authors
mentioned, presents itself as an excellent option for qualitative research involving molecular
computational modeling. In addition to offering reliable results, this method allows for
faster processing compared to other methods of quantum chemistry, while also requiring
significantly lower computational costs.

TIME SAVINGS, WASTE REDUCTION, SAFETY

Over the years, Density Functional Theory has become one of the most important
methods for calculating electronic structure in molecules and solids. Traditional wave
function, variational, or perturbative methods can be applied to find highly accurate results
in smaller systems, providing parameters for the development of density functionals, which
can then be applied to much larger systems. This reduces computational cost and memory
space used, establishing itself as a simple and accurate alternative method.

Many docking protocols have been developed to try to assess the probability of
various orientations and positions of binding to the substrate. Initially, docking studies were
used mainly by the pharmaceutical industry to establish drug binding and interactions and
drug interactions with enzymes. However, these protocols can also be used to configure
a QM/MM model to insert a substrate into a crystal structure without a substrate prior
to minimization. Docking protocols typically use molecular information, including atom
types and structure, as well as atomic/atomic/group charges and polarity, and compare
the structural characteristics of the substrate with those of the protein surface to establish
a lock-and-key match. A popular docking procedure is to use the online server called
SwissDock (available at www.swissdock.ch). However, with systems that have hydrophobic
active sites positioned far from the enzyme surface or when there is good evidence of
the substrate binding position, it may be more advantageous to use one that incorporates
grids and thus significantly decreases computation time. The Autodock software package
includes “autogrid,” which can be used to drastically decrease the target area within the
macromolecule available for substrate binding, while the “ e atomic affinity grid” can assist
with substrate orientation. Grids are mainly used to speed up calculations, a goal that can
often be aided by limiting the space to be probed.
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To improve most QSAR models that predict biological activity for only one endpoint,
multi-target QSAR has been suggested as a tool for creating models for multiple endpoints
(Prado-Prado et al., 2009; Prado-Prado et al., 2010; Speck-Planche et al., 2010). This design
has attractive advantages, as it provides the user with a list of information with expected
numerical data for groups of endpoints that affect the phenomenon under consideration,
e.g., therapeutic effect, inhibition, biocidal potential, etc. (Toropov and Toropova, 2020).

Endpoints can be expressed through correlation weights of molecular features
extracted from SMILES, and their similarities can be a heuristic tool for controlling biochemical
knowledge (Toropova et al., 2018; Toropova et al., 2018; Toropova et al., 2017). In principle,
the spectrum of physicochemical conditions with a clear impact on biochemical endpoints
(toxicity, therapeutic potential) is capable of providing clues for establishing similarity
(dissimilarity) for two endpoints relevant to drug discovery, toxicity, risk assessment, and
others (Toropov and Toropova, 2020).

CURRENT LIMITATIONS AND CHALLENGES

The Ab initio and DFT methods use quantum physics through the Schroedinger
equation to obtain both the wave function (Ab initio) and electronic density (DFT) in order
to describe the atom with greater complexity, as there is a visualization of its orbitals. Both
methods are not parameterized, which means that there are no experimental parameters that
will assist in obtaining results, although hybrid DFT has values that adjust the calculations,
but not experimental ones. This absence of parameters makes the method computationally
expensive.

The training of chemistry specialists needs to cover all or most of the options that may
be constructive in their future profession and contribute to society, including computational
chemistry. However, this recognition has not yet spread sufficiently in education, mainly
because it is a new area and requires prior knowledge in various aspects, such as the
phenomena that give rise to an infrared spectrum or the physical-chemical interactions
of a species. Students’ exposure to the potential and practices of this type of exploration
between areas remains very inadequate. Undergraduate preparation focuses mainly on
the training necessary for students to pass individual course exams, and graduate training
focuses on the selected area of specialization. The space for discourse and exploration
between areas remains limited or nonexistent (Mammino, 2022).

Even with improvements over the last decade, the QSPR/QSAR technique has some
“disadvantageous peculiarities” that still persist. The possibility of “casual correlations,”
the possibility of overtraining, and the possibility of poor reproducibility of the statistical
quality of a suggested approach. These peculiarities have led to other disadvantages of the
technique, such as the gradual increase in the number of statistical characteristics used to
measure the predictive potential of a model. This diversity of different criteria for predictive
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potential is a tool for improving the quality of QSPR/QSAR models. However, this situation
sometimes causes uncertainty in choosing the best model, and these contradictions in the
recommendations of various criteria force the researcher to seek the best choice in a larger
maze of possibilities. Another peculiarity that has emerged is that, naturally, the contribution
of molecular structure is of primary importance for a parameter; however, most QSPR/QSAR
has been developed without taking into account anything beyond molecular structure. It
should be noted, however, that in some cases, molecular structure is not informative for
creating a predictive model of endpoints. Meanwhile, defining a model with a mathematical
function of experimental conditions, aligned with the molecular structure, is a shorter and,
consequently, more attractive way to solve the corresponding task (Toropov and Toropova,
2020).

APPLICATIONS OF COMPUTATIONAL MODELING IN THE PRINCIPLES OF
GREEN CHEMISTRY

Estimation of Yield and Byproducts through Simulations

Using computer simulations to predict yield, toxicity, and solvent efficiency is in line
with the green chemistry principles of waste prevention, using methodologies that generate
products with reduced toxicity, generating effective but non-toxic products, and reducing the
potential for chemical accidents, which were introduced by Paul Anastas and John Warner
in 1998 (Mohammed; Ali; Errayes, 2020; Rafi, 2023).

Predicting the yields of chemical reactions is a particularly challenging task because
it is influenced not only by the variables of the reaction under study but also by all possible
side reactions (Saebi et al., 2023, p. 4997). Computer-Aided Synthetic Planning (CASP)
software such as Reaction Design for Organic Synthesis (EROS) and Chematica stand out
for offering innovative and unusual alternatives, making it possible to prevent waste.

EROS assists chemists in identifying active functional groups using reactivity rules
and calculations (Joshi, 2023, p. 9094). It is also capable of predicting reactions that have
not been made available in the literature and allows the study of organic reactions such as
general hydrolysis, amide hydrolysis, and electrophilic substitution (Wang et al., 2021, p.
22). It is based on methods for calculating bond polarity, electronegativity in the molecule,
and resonance effects to predict the results of reactions using nominal user-input reagents
(Goel et al., 2022, p. 5).

Another software, Chematica, stands out for its hybrid approach based on rules of
reactions performed experimentally and published in the literature and network analysis.
With a robust database containing millions of compounds and reactions, the system allows
manual or fully automatic retrosyntheses to be performed, considering factors such as cost,
selectivity, reagent availability, and even the need for protective groups (Engkvist et al.,
2018; Szymku¢ et al., 2016).

Engenharias: Ciéncia, Tecnologia e Inovagao na Engenharia Quimica Capitulo 7

104



Obijectivity in choosing the best route to take for the development of molecules using
computer simulations provides a better approach to synthesis by ensuring the prevention of
toxic waste formulations, reagent waste, and environmentally harmful by-products.

Toxicity Prediction in the Design of Less Hazardous Products

Through molecular properties, computational chemistry influences the design of
products with less or no toxicity. The stages of molecular docking and molecular dynamics
allow the selection of favorable structures from a range of possibilities. This ensures that
only promising molecules are synthesized for experimental testing (Mammino, 2023).

Quantitative structure-activity relationship (QSAR) models used to predict the
biological activity, such as toxicity, of chemicals are useful tools for screening molecules
prior to synthesis. These models are based on machine learning or neural networks, where
they are trained with structural characteristics and/or physicochemical properties from a
large amount of existing data (Krebs; McKeague, 2020).

One proposed tool is ToxinPred3.0, a web server that predicts the toxicity of
peptides. It is based on machine learning and deep learning methods that have been trained
on a large dataset of experimentally validated toxic and non-toxic peptides (Gupta et al.,
2013). The open-source application Toxtree uses machine learning to estimate toxic risks,
specifically the decision tree. Toxtree proves to be a useful tool for facilitating the systematic
toxicological evaluation of compounds that may pose a risk to human health (Patlewicz et
al., 2008).

In silico studies guarantee results in the research and development of new products,
as they allow computational modeling, simulation of molecules, and toxicological properties
even before synthesis and laboratory testing. This guides researchers in the generation
of effective non-toxic products or products with reduced toxicity to human health and the
environment.

CONCLUSION

Density Functional Theory has established itself as one of the most powerful and
accessible approaches in modern quantum chemistry, balancing reliability and computational
efficiency. Despite its challenges, such as dependence on approximate functionals and
some limitations in accurately describing complex interactions, DFT remains an essential
tool for molecular modeling and the design of new materials and drugs. Its integration with
advanced simulation methods, such as QSAR, QSPR, and molecular dynamics, further
expands its potential, allowing not only for the theoretical understanding of systems, but
also for practical applications in green chemistry, toxicology, and synthetic planning. In this
sense, DFT is not just a calculation methodology, but a link between theory, innovation, and
sustainability, making it indispensable for the scientific and technological advancement of
contemporary chemistry.
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