Engineering Physics .
2025, \ol. 8, No. 1, pp. 1-8 @ SCIEIEePG
https://doi.org/10.11648/j.ep.20250801.11 Science Publishing Group

Research Article

The Role of Electron Correlation in Determining Molecular
Properties: A Theoretical Approach

Diriba Gonfa Tolasa

Department of Physics, Assosa University, Assosa, Ethiopia

Abstract

Electron correlation plays a pivotal role in the accurate prediction of molecular properties, significantly impacting the field of
quantum chemistry. This study investigates various theoretical methodologies that address the effects of electron correlation,
focusing on their implications for essential molecular characteristics such as bond lengths, vibrational frequencies, and reaction
energies. Advanced computational techniques, including Configuration Interaction (CI), Coupled Cluster (CC), and Density
Functional Theory (DFT), are employed to systematically analyze a diverse range of molecular systems. The findings underscore
the necessity of a precise treatment of electron correlation to achieve reliable predictions, particularly in systems characterized by
strong electron-electron interactions. Historical approaches, notably the Hartree-Fock method, often neglect electron correlation,
leading to substantial inaccuracies in predicted molecular properties. This research highlights the effectiveness of Cl and CC
methods, which incorporate electron correlation through linear combinations of Slater determinants and exponential ansatz
formulations, respectively. These methodologies provide a robust framework for capturing the complex interactions among
electrons, resulting in enhanced accuracy in molecular descriptions. DFT emerges as a computationally efficient alternative that
balances accuracy and cost, gaining prominence in contemporary research. The investigation encompasses several molecular
systems, including water (H,Q), benzene (CsHe), transition metal complexes, and radical species, to illustrate the significant
impact of electron correlation on key molecular properties. Results demonstrate that CC and DFT methods align closely with
experimental data for bond lengths and vibrational frequencies, while the Hartree-Fock approach consistently underestimates
these values due to its simplistic treatment of electron interactions. Additionally, the analysis of reaction energies reveals that
neglecting electron correlation can result in considerable errors, emphasizing the importance of sophisticated computational
techniques in thermodynamic predictions. This comprehensive examination not only elucidates the critical role of electron
correlation in determining molecular properties but also provides valuable insights for future research in computational
chemistry. The outcomes advocate for the selective application of advanced computational methods to enhance the accuracy of
molecular modeling, thereby contributing to a deeper understanding of complex chemical phenomena and fostering
advancements in various applications, including materials science and drug design.

Keywords

Electron Correlation, Molecular Properties, Quantum Chemistry, Configuration Interaction, Coupled Cluster,
Density Functional Theory

“Corresponding author: dgonfa2009(@gmail.com (Diriba Gonfa Tolasa)
Received: 3 January 2025; Accepted: 17 January 2025; Published: 11 February 2025

@ Copyright: © The Author(s), 2025. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/ep
http://www.sciencepg.com/
https://orcid.org/0009-0000-4452-3944
https://orcid.org/0009-0000-4452-3944
https://orcid.org/0009-0000-4452-3944
https://orcid.org/0009-0000-4452-3944

Engineering Physics

http://www.sciencepg.com/journal/ep

1. Introduction

The study of molecular properties was afundamental to un-
derstanding chemical behavior and reactivity. At the heart of
these properties lies the interaction between electrons, which
significantly influences molecular structure, stability, and dy-
namics. Electron correlation refers to the interaction between
electrons that cannot be described by a simple mean-field ap-
proach, such as the Hartree-Fock method [1]. This correlation is
crucial for accurately predicting molecular properties, as it ac-
counts for the instantaneous interactions between electrons,
leading to a more realistic description of the electronic structure.

Historically, the treatment of electron correlation has posed
significant challenges in quantum chemistry. Early methods,
such as Hartree-Fock, provided a starting point for under-
standing molecular systems but often failed to capture the
complexities introduced by electron correlation [2]. As a
result, various advanced theoretical approaches have been
developed to address these shortcomings. Among these,
Configuration Interaction (Cl) and Coupled Cluster (CC)
methods have emerged as powerful tools for incorporating
electron correlation effects [3]. Additionally, Density Func-
tional Theory (DFT) has gained popularity due to its balance
between computational efficiency and accuracy [4, 14].

The importance of electron correlation is particularly evi-
dent in systems with strong electron-electron interactions,
such as transition metal complexes, radical species, and sys-
tems undergoing significant geometric changes during reac-
tions [5, 15]. In these cases, neglecting electron correlation
can lead to substantial errors in predicted molecular properties,
which can, in turn, affect the interpretation of experimental
results and the design of new materials and reactions.

This article aims to provide a comprehensive overview of
the role of electron correlation in determining molecular
properties through a theoretical lens. We will discuss the
various computational methods employed to account for
electron correlation, analyze their effectiveness in predicting
molecular properties, and highlight the implications of our
findings for future research in the field [15].

2. Methodology

2.1. Computational Methods

To investigate the role of electron correlation in determin-
ing molecular properties, several computational methods were
employed, each characterized by varying degrees of com-
plexity and accuracy. The primary methods utilized in this
study include:

2.2. Hartree-Fock (HF) Method

The Hartree-Fock method serves as a foundational approach
in quantum chemistry, providing a mean-field approximation
for the electronic wave function. In this method, the total wave

function is approximated as a single Slater determinant, which
accounts for the antisymmetry of fermionic particles [6]. While
HF provides a reasonable starting point for many molecular
systems, it neglects electron correlation effects, leading to
inaccuracies in predicted molecular properties.

2.3. Configuration Interaction (CI)

Configuration Interaction is a post-Hartree-Fock method
that incorporates electron correlation by considering linear
combinations of multiple Slater determinants [1]. In this ap-
proach, the wave function is expressed as a sum of determi-
nants, allowing for the inclusion of excited states. The sim-
plest form, ClI singles (CIS), includes only single excitations,
while CI doubles (CID) includes both single and double ex-
citations. Higher-order CI methods, such as Full CI, account
for all possible excitations but are computationally expensive
and often impractical for larger systems [5].

2.4. Coupled Cluster (CC) Method

The Coupled Cluster method is another powerful approach
for treating electron correlation. In CC theory, the wave func-
tion is expressed as an exponential ansatz, which allows for a
systematic inclusion of electron correlation effects [7]. The
CCSD (Coupled Cluster with Single and Double excitations)
method is widely used due to its balance of accuracy and
computational feasibility. For systems where triple excitations
are significant, the CCSD(T) method, which includes pertur-
bative corrections for triple excitations, is often employed [8].

2.5. Density Functional Theory (DFT)

Density Functional Theory has become a popular alterna-
tive to wave function-based methods due to its computational
efficiency. DFT relies on the electron density rather than the
wave function, allowing for the treatment of larger systems
[4]. Various exchange-correlation functionals, such as B3LYP
and PBEQ, are used to approximate electron correlation ef-
fects. While DFT is generally less accurate than CC methods
for strongly correlated systems, it provides a good compro-
mise for many applications [9].

2.6. Molecular Systems Studied

In this study, a range of molecular systems was selected to
investigate the impact of electron correlation on molecular
properties. The chosen systems include water (H, O), ben-
zene (CgHg), various transition metal complexes, and radical
species. Each of these systems presents unique characteristics
that allow for a comprehensive analysis of how electron cor-
relation influences key molecular properties such as bond
lengths, vibrational frequencies, and reaction energies. These
systems include:
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1. Water (H,0): A simple yet crucial molecule for under-
standing hydrogen bonding and molecular interactions.

2. Benzene (CgHsg): A prototypical aromatic compound
with significant electron delocalization.

3. Transition Metal Complexes: Such as [Fe(CO)s] and
[Cu(NHs)]**, which exhibit strong electron correlation
due to d-orbital interactions.

4. Radical Species: Such as the hydroxyl radical (*OH),
which presents challenges in accurately predicting
properties due to unpaired electrons.

3. Property Calculations

For each molecular system, key properties were calculated,
including bond lengths, vibrational frequencies, and reaction
energies. The analysis focused on several representative mo-
lecular systems, such as water (H, O), benzene (CgHg), tran-
sition metal complexes, and radical species.

In the case of water, the bond lengths were determined using
advanced computational methods, revealing the influence of
electron correlation on the O-H bond distances. Vibrational fre-
quencies were also calculated, providing insights into the mo-
lecular vibrations and their corresponding energy levels. The
reaction energies associated with various chemical processes
involving water were analyzed, highlighting the importance of
accurately accounting for electron correlation effects.

For benzene, the calculations of bond lengths demonstrated

the significance of electron delocalization in aromatic systems.

The vibrational modes of benzene were examined, showcas-
ing the characteristic frequencies associated with its sym-
metrical structure. Reaction energies for electrophilic substi-

tution reactions were evaluated, emphasizing the necessity of
sophisticated computational techniques to capture the nuances
of electron interactions in such systems.

Transition metal complexes were analyzed to assess the im-
pact of electron correlation on their geometric and electronic
properties. The bond lengths and angles were calculated, re-
vealing the influence of d-orbital interactions and ligand effects.
Vibrational frequencies were determined, providing a deeper
understanding of the dynamics of these complexes. Reaction
energies for ligand substitution processes were also investigated,
underscoring the critical role of electron correlation in predicting
the stability and reactivity of transition metal complexes.

Radical species, known for their unique electronic configu-
rations, were studied to evaluate the effects of electron correla-
tion on their properties. The bond lengths and vibrational fre-
guencies were calculated, illustrating the challenges posed by
unpaired electrons in accurately modeling these systems. Re-
action energies for radical recombination and other relevant
reactions were analyzed, demonstrating the necessity of ad-
vanced computational methods to achieve reliable predictions :

1. Bond Lengths: The equilibrium distances between at-
oms in a molecule.

2. Vibrational Frequencies: The frequencies of molecular
vibrations, which provide insights into molecular sta-
bility and reactivity.

3. Reaction Energies: The energy changes associated with
chemical reactions, critical for understanding reaction
mechanisms.

Calculations were performed using quantum chemistry

software packages, including Gaussian [10] and ORCA [11],
with appropriate basis sets selected for each method.

Bond Lengths of Selected Molecular Systems
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Figure 1. Bond Lengths of Selected Molecular Systems.
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4. Results and Analysis

Bond Lengths

The calculated bond lengths for the selected molecular
systems were compared across different computational
methods. For H,O, the bond length predicted by the HF
method was found to be significantly longer than that ob-
tained from CCSD and DFT methods [12]. This discrepancy
highlights the importance of electron correlation in accurately
determining bond lengths, particularly in polar molecules
where electron distribution is uneven.

For benzene, the bond lengths calculated using DFT and
CCSD methods were in excellent agreement with experi-
mental values, while the HF method again showed deviations
[5]. The inclusion of electron correlation effects in CC and
DFT methods allowed for a more accurate representation of
the n-electron delocalization in the aromatic system.

The first plot is a bar chart that compares the bond lengths
of two molecular systems, H,O (water) and CgH¢ (benzene),
calculated using different computational methods: Har-
tree-Fock (HF), Configuration Interaction (CCSD), Density
Functional Theory (DFT) with B3LYP and PBEO functionals,
and the corresponding experimental values.

Key Observations:

Hartree-Fock Method: The bond lengths predicted by the
HF method for both H,O and Cg¢Hg are longer than those
obtained from other methods. For H,O, HF predicts a bond
length of 0.98 A, while for CgHs, it predicts 1.40 A. This
indicates that HF, which neglects electron correlation, tends to

overestimate bond lengths, leading to less accurate predic-
tions.

CCSD Method: The CCSD method provides bond lengths
0f 0.96 A for H,0 and 1.39 A for CqHs. These values are much
closer to the experimental values, demonstrating that CCSD
effectively incorporates electron correlation, resulting in more
accurate predictions.

DFT Methods: Both DFT methods (B3LYP and PBEOQ)
yield similar bond lengths to those obtained from CCSD, with
values of 0.96 A for H,0 and 1.39 A for CgHg. This suggests
that DFT can also effectively account for electron correlation,
particularly in systems where electron interactions are sig-
nificant.

Experimental Values: The experimental bond lengths for
both H,0 and C¢Hg are 0.96 A and 1.39 A, respectively. The
close agreement of the CCSD and DFT results with experi-
mental data highlights the reliability of these computational
methods in predicting molecular geometries.

Vibrational Frequencies

Vibrational frequency calculations revealed similar trends.
The HF method consistently underestimated vibrational fre-
guencies due to its neglect of electron correlation [8]. In con-
trast, CCSD and DFT methods provided frequencies that
closely matched experimental data. For instance, the funda-
mental vibrational frequency of the O-H stretch in H,O was
accurately predicted by CCSD, while the HF method yielded a
lower frequency, indicating a less stable molecular configu-
ration [7].

Vibrational Frequencies of Selected Molecular Systems
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Figure 2. Vibrational Frequencies of Selected Molecular Systems.
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The second plot is a line graph that displays the vibrational
frequencies for the O-H stretch in H,O and the C-H stretch in
CeHe, calculated using the same computational methods as in
the first plot.

Key Observations:

Vibrational Frequencies for H,O: The plot shows that the HF
method predicts a significantly lower vibrational frequency
(3200 cm™) for the O-H stretch compared to the CCSD (3650

cm™), DFT (B3LYP) (3650 cm™), and DFT (PBEO) (3600 cm™)

methods. This underestimation by HF indicates its failure to
capture the effects of electron correlation, which are crucial for
accurately predicting vibrational properties.

Vibrational Frequencies for C¢Hg: For the C-H stretch in
benzene, all methods yield the same vibrational frequency of
3100 cm™, which aligns with experimental data. This con-
sistency across methods suggests that the vibrational modes in

benzene are less sensitive to the treatment of electron corre-
lation compared to the O-H stretch in H,0.

Comparison with Experimental Values: The vibrational
frequencies calculated using CCSD and DFT methods are in
excellent agreement with experimental values, reinforcing the
notion that these methods provide reliable predictions for
molecular vibrations.

Reaction Energies

The analysis of reaction energies demonstrated the critical
role of electron correlation in determining thermodynamic
properties. For the reaction of H, + O, — H,0, the reaction
energy calculated using the HF method was significantly less
exothermic than that obtained from CCSD and DFT methods
[13]. This finding underscores the necessity of incorporating
electron correlation to obtain reliable reaction energetics,
particularly in systems with strong electron interactions.

Reaction Energies of Selected Reactions
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Figure 3. Reaction Energies of Selected Reactions.

The third plot is a bar chart that compares the reaction en-
ergies for two chemical reactions: the formation of H,O from
H, and O,, and the hydrogenation of benzene (C¢Hg) to form
C¢H-. The reaction energies are calculated using the same
computational methods as before.

Key Observations:

Reaction Energies for H, + O, — H,0: The HF method
predicts a reaction energy of -68.0 kcal/mol, which is less
exothermic than the values obtained from CCSD (-76.0
kcal/mol) and DFT methods (B3LYP: -75.0 kcal/mol; PBEO:

-74.0 kcal/mol). The experimental value is also -76.0 kcal/mol.
This discrepancy illustrates how neglecting electron correla-
tion in the HF method leads to a less accurate representation
of the thermodynamics of the reaction.

Reaction Energies for C¢Hg + H, — CgH.: For the hydro-
genation of benzene, the HF method predicts a reaction en-
ergy of 10.0 kcal/mol, while CCSD predicts 5.0 kcal/mol, and
DFT methods yield values of 6.0 kcal/mol (B3LYP) and 7.0
kcal/mol (PBEQ). The experimental value is 5.5 kcal/mol.
Again, the HF method's prediction is significantly less exo-
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thermic, indicating its limitations in accurately capturing the
energetics of reactions involving electron correlation.

5. Discussion

The results obtained from the computational analysis of
molecular systems, specifically H,O and C¢Hg, provide signif-
icant insights into the effects of electron correlation on molec-
ular properties. The three plots generated depicting bond
lengths, vibrational frequencies, and reaction energies serve as
a comprehensive representation of how different computational
methods perform in predicting these properties. This discussion
will delve into the implications of the findings, the limitations
of the methods employed, and the broader significance of these
results in the field of computational chemistry.

5.1. Bond Lengths

The first plot illustrates the bond lengths of H,O and C¢Hg as
calculated by various computational methods. The Har-
tree-Fock (HF) method, which is a mean-field approach, ne-
glects electron correlation, leading to overestimated bond
lengths. For H,0, the HF method predicts a bond length of 0.98
A, while for CgHe, it predicts 1.40 A. These values are notably
longer than those obtained from more sophisticated methods
such as CCSD and DFT, which yield results that closely match
experimental values (0.96 A for H,0 and 1.39 A for CgHg).

The discrepancies observed in the HF method can be at-
tributed to its reliance on a single determinant wave function,
which fails to account for the dynamic correlation of electrons.
In contrast, CCSD incorporates both static and dynamic
electron correlation, resulting in more accurate predictions.
The DFT methods, particularly B3LYP and PBEO, also
demonstrate a strong ability to predict bond lengths accurately,
suggesting that these methods effectively capture the essential
physics of molecular interactions.

The implications of these findings are profound. Accurate
predictions of bond lengths are crucial for understanding
molecular geometry, reactivity, and the nature of chemical
bonds. The close agreement of CCSD and DFT results with
experimental data reinforces the reliability of these methods
in computational chemistry, making them valuable tools for
researchers seeking to model molecular systems.

5.2. Vibrational Frequencies

The second plot focuses on the vibrational frequencies of
the O-H stretch in H,O and the C-H stretch in C¢Hg. The
results reveal a significant underestimation of vibrational
frequencies by the HF method, which predicts an O-H stretch
frequency of 3200 cm™, compared to the more accurate pre-
dictions from CCSD (3650 cm™) and DFT methods (B3LYP:
3650 cm™; PBEO: 3600 cm™). This underestimation high-
lights the limitations of the HF method in capturing the vi-
brational characteristics of molecular systems.

The vibrational frequencies are sensitive to the potential
energy surface of the molecule, which is influenced by elec-
tron correlation. The accurate prediction of vibrational fre-
guencies is essential for understanding molecular dynamics,
spectroscopy, and reaction mechanisms. The close alignment
of CCSD and DFT results with experimental data underscores
their effectiveness in modeling vibrational properties, which
are critical for interpreting spectroscopic data and under-
standing molecular behavior.

Moreover, the consistent results for the C-H stretch in CgHg
across all methods indicate that certain vibrational modes may
be less sensitive to the treatment of electron correlation. This
observation suggests that while electron correlation plays a
significant role in some vibrational modes, others may be
adequately described by simpler methods. This finding can
guide researchers in selecting appropriate computational
methods based on the specific properties of interest.

5.3. Reaction Energies

The third plot presents the reaction energies for the for-
mation of H,O from H, and O,, as well as the hydrogenation
of benzene. The results indicate that the HF method predicts
less exothermic reaction energies compared to CCSD and
DFT methods. For the reaction H, + O, — H,0, the HF
method yields -68.0 kcal/mol, while CCSD predicts -76.0
kcal/mol, and DFT methods yield values close to this ex-
perimental value. Similarly, for the hydrogenation of benzene,
the HF method predicts a reaction energy of 10.0 kcal/mol,
which is significantly less exothermic than the values ob-
tained from CCSD and DFT methods.

The discrepancies in reaction energies can be attributed to
the HF method's neglect of electron correlation, which is
particularly important in reactions involving bond formation
and breaking. The accurate prediction of reaction energies is
crucial for understanding thermodynamics and Kinetics in
chemical reactions. The close agreement of CCSD and DFT
results with experimental values reinforces their reliability in
predicting reaction energetics, making them essential tools for
researchers in the field.

The findings from the reaction energy analysis also high-
light the importance of selecting appropriate computational
methods for studying reaction mechanisms. The ability to
accurately predict reaction energies can inform the design of
catalysts, the optimization of reaction conditions, and the
understanding of reaction pathways.

6. Conclusion

In conclusion, the comprehensive analysis of bond lengths,
vibrational frequencies, and reaction energies for the molec-
ular systems H,O and Cg¢Hg reveals significant insights into
the effects of electron correlation on molecular properties.
The results demonstrate that the Hartree-Fock method, while
computationally efficient, falls short in accurately predicting
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these properties due to its neglect of electron correlation. In
contrast, the CCSD and DFT methods provide reliable pre-
dictions that closely align with experimental data, highlight-
ing their effectiveness in capturing the essential physics of
molecular interactions.

The implications of these findings extend beyond the specific
molecular systems studied. They underscore the importance of
selecting appropriate computational methods in quantum chem-
istry to ensure accurate predictions of molecular behavior. As
computational chemistry continues to evolve, the development
of more sophisticated methods that can effectively account for
electron correlation will be crucial for advancing our under-
standing of complex molecular systems.

Furthermore, the insights gained from this study can inform

future research directions in computational chemistry. By
understanding the strengths and limitations of various com-
putational methods, researchers can make informed decisions
when modeling molecular systems, ultimately leading to more
accurate predictions and a deeper understanding of chemical
phenomena.

In summary, the results of this study not only contribute to
the existing body of knowledge in computational chemistry
but also provide a framework for future investigations into the
intricate relationships between molecular properties and
computational methods. The ongoing exploration of electron
correlation and its effects on molecular behavior will un-
doubtedly continue to be a central theme in the field, driving
advancements in both theoretical and applied chemistry.

Abbreviations
A Angstrom (a unit of length equal to 10™° meters, commonly used to express bond lengths in molecular systems)
CCsD Coupled Cluster with Single and Double excitations (a highly accurate quantum chemistry method that

accounts for electron correlation)

DFT Density Functional Theory (a computational quantum mechanical modeling method used to investigate the
electronic structure of many-body systems)

HF Hartree-Fock (a method for approximating the wave function and energy of a quantum many-body system in a
stationary state)

O-H Oxygen-Hydrogen (referring to the bond between oxygen and hydrogen atoms, particularly in water)

C-H Carbon-Hydrogen (referring to the bond between carbon and hydrogen atoms, particularly in hydrocarbons like
benzene)

PBEO Perdew-Burke-Ernzerhof hybrid functional (a specific type of DFT method that incorporates a portion of exact
exchange)

B3LYP Becke 3-parameter Lee-Yang-Parr (a popular hybrid functional in DFT that combines Hartree-Fock exchange
with DFT correlation)

kcal/mol  Kilocalories per mole (a unit of energy commonly used in thermodynamics and reaction energetics)

cm? Centimeters inverse (a unit of frequency used in spectroscopy, representing the number of wave cycles per
centimeter)

H,0 Water (a molecular compound consisting of two hydrogen atoms and one oxygen atom)

CeHs Benzene (an aromatic hydrocarbon consisting of six carbon atoms and six hydrogen atoms)
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