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The interaction between a halogen atom and an electron-rich species is known
as halogen bonding. Due to its importance in numerous scientific domains,
including materials science, drug design, and others, it has attracted
considerable interest. Halogen bonding interactions are investigated using
experimental characterization methods such X-ray crystallography, NMR
spectroscopy, and vibrational spectroscopy. Halogen bonding interactions are
also studied theoretically using techniques like quantum mechanical topology
(QMT), molecular dynamics simulations, and density functional theory (DFT).
Understanding the nature of halogen bonding and its applications in diverse
sectors holds great potential for the combination of experimental and
theoretical methodologies. This article provides a succinct assessment of
different methods for characterizing halogen bonding, emphasizing their
significance in deepening our understanding of halogen bonding and its uses in
a variety of fields.
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1. Introduction

eak intermolecular forces,

commonly referred to as non-

covalent interactions, are

important in a variety of

biological, chemical, and
physical processes. These bonds are often
weaker than covalent ones and take place
between molecules or different portions of the
same molecule. [1-2]. Numerous scientific
domains can benefit from understanding and
using non-covalent interactions. Drug-target
interactions depend greatly on non-covalent
interactions. Understanding and improving
non-covalent interactions between small
molecules and target proteins is essential for
rational drug design to obtain the appropriate
binding affinities and selectivity. In addition,
supramolecular chemistry, which focuses on
the design and synthesis of complex molecular
assemblies by non-covalent bonding, is
fundamentally dependent on non-covalent
interactions. Non-covalent interactions are also
necessary for the engineering and design of
materials with desired qualities. For instance,
well-defined nanostructures and useful
materials can be created when molecules self-
assemble through non-covalent interactions.
The characteristics of polymers, liquid crystals,
molecular recognition, and catalysis, and
crystal engineering are further influenced by
non-covalent interactions [2-5].

Halogen atoms and electron-rich substances
can interact noncovalently through halogen
bonding. Due to its importance in numerous
scientific domains, including materials science,
drug design, and others, it has attracted
considerable interest. Halogen bonds are a
particular kind of intermolecular interaction
that are crucial for the development of
supramolecular structures [6]. The halogen
atom serves as an electrophile and the electron-
rich species as a nucleophile in this interaction.
The size of the halogen atom, its
electronegativity, and the makeup of the
electron-rich species are only a few of the
variables that affect how strong the halogen
bond is. To characterize halogen bonding
interactions and comprehend their
applications in many sectors, experimental and
theoretical methods are used [7]. Furthermore,
to characterize and comprehend the nature of
halogen bonding interactions as shown in
Figure 1, as well as to gain important insights
into its behavior and applications, experimental
and theoretical approaches play a significant
role. The direct observation and measurement
of halogen bonding are made possible by
various techniques used in experimental
procedures. One of these methods is X-ray
crystallography, which offers highly detailed
structural details
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Figure 1. Schematic diagram of halogen bonding

and enables researchers to see the spatial
arrangement and geometrical characteristics of
halogen bonds in crystal structures. Strength,
kinetics, and electronic characteristics of
halogen bonding interactions are revealed by
spectroscopic  techniques such nuclear
magnetic resonance (NMR), IR, and ultraviolet-
visible (UV-Vis) spectroscopy [7, 8]. These
experimental methods help identify and
characterize halogen bonding in various
chemical systems when paired with
computational tools. Halogen bonding at the
molecular level can be studied and understood
using theoretical methodologies, particularly
computational chemistry techniques. Density
functional theory (DFT) studies, molecular
dynamics  simulations, and  quantum
mechanical calculations all shed light on the
electronic structure, energetics, and geometric
characteristics of halogen bonds. The strength
and selectivity of halogen bonding interactions
can be predicted and explained using these
theoretical techniques, which can also give us a
better knowledge of the underlying causes
influencing their behavior [9].

It is very beneficial to combine theoretical and
experimental methods to characterize halogen
bonding. Experimental data offer essential
benchmarks and validation for theoretical
calculations, allowing for the development of
more accurate and efficient computer models
[10]. On the other hand, theoretical calculations
can help explain complex experimental data by
providing  insights into  experimental
observations. The interaction of these methods
enables a thorough comprehension of halogen

bonding interactions, bridging the discrepancy
between experimental findings and theoretical
forecasts [11]. The aim of this article is to
examine experimental and theoretical methods
for characterizing halogen bonding. The
objectives include exploring the experimental
techniques used for characterizing halogen
bonding, such as X-ray crystallography, NMR
spectroscopy, IR spectroscopy, and UV-Vis
spectroscopy. Theoretical methods include
density functional theory, molecular dynamics
simulations, and quantum  mechanical
topology. Combinations of experimental and
theoretical methods are also explored, along
with their respective advancements [12].

1.1. Experimental approaches

Halogen bonding must be well characterized to
get important understanding of its structural,
energetic, and dynamic features. Various
methods are used to investigate and assess
halogen bonding interactions [13-15]. The
following list of experimental techniques is
detailed:

1.1.1. X-ray crystallography

One of the most often utilized methods for
describing halogen bonding is X-ray
crystallography. It enables scientists to
pinpoint the specific atom arrangement in a
crystal lattice. The locations of halogen atoms
and their interactions with electron-rich
species can be seen by obtaining high-
resolution X-ray diffraction data. This method
offers important insights into the geometry and
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configuration of the interaction by providing
information about the halogen bond lengths,
angles, and other structural factors [16].
Getting a good single crystal of the target
chemical that displays halogen bonding is the
initial stage in X-ray crystallography. To ensure
the creation of a crystal lattice with clear
boundaries, the compound should crystallize
under the proper circumstances. The crystal
can be turned to different orientations because
itis positioned atop a goniometer. The crystal is
subsequently exposed to X-ray radiation, and
the diffracted X-rays are gathered on a detector
[17]. A complete dataset is generated by
methodically rotating the crystal and gathering
data from various angles. The interference
patterns that are the consequence of X-rays
interacting with the crystal lattice are
described in the obtained diffraction data. An
electron density map is produced after
processing this data with mathematical
techniques to extract the amplitudes and
phases of the diffracted waves. The positions of
individual atoms within the crystal can be seen
and understood using the electron density map
generated from the diffraction data. It makes it
possible to identify and characterize the donor-
acceptor pairs involved in halogen bonding
[18]. The particular distances and orientations
between the halogen atom (donor) and the
electron-rich site (acceptor) involved in the
halogen bonding interaction can be seen in the
electron density map. Quantitative
characteristics can be obtained if the halogen
bonding interaction is identified in the crystal
structure. These include additional geometric
factors as well as the halogen bond length (the
separation between the donor and acceptor)
and halogen bond angle (the angle created by
the donor, acceptor, and halogen atom). These
findings provide insight into the structure and
strength of the halogen bonding interaction.
Finding similar patterns and qualities across
many compounds that exhibit halogen bonding
can be done by comparing and analyzing the
crystallographic data. One can verify the
observed halogen bonding by looking at the
geometrical parameters and comparing them
to recognized norms for halogen bonding
interactions [19].

Journal of Applied Organometallic Chemistry

1.1.2. Nuclear magnetic resonance (NMR)
spectroscopy

The structure and power of the halogen
bonding interaction are now better understood
thanks to these discoveries. By comparing and
evaluating the crystallographic data, similar
patterns and traits can be found in different
compounds that display halogen bonding. By
examining the geometrical characteristics and
contrasting them with accepted standards for
halogen bonding interactions, one can confirm
the presence of the observed halogen bonding
[20].

(i) Chemical Shift Analysis: The resonance
frequencies of atomic nuclei in a magnetic field
are examined using NMR spectroscopy. The
chemical shift, expressed in parts per million
(ppm), provides information regarding the
electrical configuration of the atom. In the case
of halogen bonding, it is possible to detect
whether an atom is a part of a halogen bond by
looking at its chemical shift. If the chemical shift
value differs from a reference compound, a
halogen bond might be present [21].

(ii) Proton NMR (1H NMR) Spectroscopy: This
technique  determines the  resonance
frequencies of hydrogen atoms. When a
halogen atom establishes a halogen bond, the
electrical environment around the hydrogen
atoms nearby may alter. As a result, the
chemical shifts of these hydrogen nuclei may
differ. By looking at the chemical alterations of
the hydrogen atoms nearby the halogen, it is
possible to show the presence and kind of the
halogen bonding relationship [22-23].

(iii) 13C-NMR spectroscopy of carbon: This
method investigates the resonance frequencies
of the carbon nuclei. In the context of halogen
bonding, the halogen bond may affect the
electrical characteristics of the carbon atoms
close by. Chemical alterations in these carbon
nuclei may undergo visible changes. By
examining the 13C-NMR spectra, it is able to gain
a better understanding of how the halogen
bond impacts the electrical environment of
surrounding carbon atoms.
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Figure 2. Block diagram of IR and Raman spectrometer [28]

(iv) The Nuclear Overhauser Effect (NOE), which
occurs when one nucleus' magnetization affects
another nucleus’ magnetization through
dipolar coupling, is the fourth phenomenon. A
halogen bond may cause the hydrogen atom
that forms the bond to transfer its
magnetization to nearby hydrogen atoms in the
case of halogen bonding. As a result, the NMR
signals of these hydrogen nuclei will be
amplified, indicating that the halogen bond is
close by and affects them.

(v) Nuclear Spin Relaxation Times: NMR
spectroscopy also reveals nuclear spin
relaxation times, such as the spin-lattice
relaxation time (T1) and the spin-spin
relaxation time (T2). The relaxation periods of
the nuclei participating in the bonding
interaction can be impacted by the existence of
a halogen bond. Insights on the dynamics and
mobility of molecules participating in halogen
bonding can be gleaned by analyzing the
relaxation times [24].

1.1.3. Vibrational spectroscopy

Halogen bonding interactions can be studied
using vibrational spectroscopy techniques
including IR and Raman spectroscopy as shown
in Figure 2. Molecular absorption of infrared
light, which corresponds to the excitation of
molecular vibrations, is measured in IR
spectroscopy. Frequency shifts, red-shifted
halogen bond vibrations, intermolecular vs.

intramolecular  vibrations, and Raman
spectroscopy measure the inelastic scattering
of photons when incident light interacts with a
molecule. These IR spectroscopy features are
pertinent to characterizing halogen bonding. It
offers details on the molecular structure and
vibrational modes [25]. These spectroscopic
techniques examine molecules’ vibrational
frequencies, which are responsive to the type
and strength of the interaction. Specific halogen
atom vibrational modes, such as stretching or
bending frequencies, might change as a result of
halogen bonding. Molecular adsorption of CO
on metallic surfaces is one of the well-known
instances of a field in which vibrational
spectroscopy has made a substantial
contribution to the comprehension of the
surface chemistry of an adsorbate. Adsorbed
carbon monoxide typically results in significant
absorptions at the (C-0) stretching frequency in
both the IR and EELS spectra. Typically, EELS
has also access to the metal-carbon stretching
mode (400 cm-1). Since the structure of these
complexes is often known from x-ray single
crystal  diffraction  investigations, the
interpretation of CO's spectra as an adsorbed
surface species primarily relies on IR spectra
from related inorganic cluster and coordination
complexes. According to this comparison, the
CO stretching frequency can give a reliable
indication of the molecule's surface
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coordination. As an illustration, CO
chemisorbed on a spotless Pt surface [26-28].

1.2. Theoretical approaches

To fully understand the electronic structure,
energetics, and other characteristics of halogen
bonding, theoretical approaches are essential.
They also offer in-depth insights into these
interactions' other characteristics. Halogen
bonding systems are studied using a variety of
computational methods, which provide an
additional viewpoint to experimental findings.
Here are a few of the theoretical techniques that
are frequently used to characterize halogen
bonding:

1.2.1. Density functional theory (DFT)

The idea of non-covalent interactions is used by
density functional theory (DFT), a quantum
mechanical modeling technique, to forecast the
electronic structure and characteristics of
molecules and solids. Non-covalent
interactions, often known as weak interactions,
occur between atoms or molecules as a result of
various factors, including hydrogen bonds,
electrostatic interactions, Van der Waals forces,
and stacking of ions. Calculations are made
easier in DFT because the electronic structure
of a system is described by the electron density
rather than the wavefunction [20, 21]. The
fundamental idea behind DFT is shown by the
mechanism in Figure 3 which is by minimizing
the total electronic energy in relation to the
electron density, one may ascertain a system's
ground state attributes. The electron density in
DFT is often found by solving the Kohn-Sham
equations, which are derived from a set of self-
consistent equations. An effective potential is
used in these equations to reflect the average
interaction between the electrons and the
external potential, including non-covalent
interactions [29].
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Figure 3. Mechanism of Density Functional Theory
[29]
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Halogen bonding research frequently uses the
theoretical framework of DFT. The foundation
of it is the solution of the quantum mechanical
equations that describe the properties and
electronic structure of molecules. DFT
approximates the exchange-correlation
functional to determine the electron density
distribution, energy, and other variables. Using
this strategy, researchers can examine the
geometrical characteristics, energy profiles,
and electron density redistribution connected
to halogen bonding interactions. DFT can be
used to determine the strength, directionality,
and type of halogen bonds, according to [30].

1.2.2. Molecular dynamics (MD) simulations
Non-covalent interactions are used to simulate
the motion and behavior of atoms and
molecules over time using computational
techniques referred to as molecular dynamics
(MD) simulations. Non-covalent interactions
are essential for accurate MD simulations
because they play a crucial role in shaping the
structure, dynamics, and properties of
molecular systems.MD simulations are
computational methods for simulating atom
and molecule motion and interactions over
time. Halogen bonding system dynamics and
behavior can be studied using MD simulations
[31-32].

By accounting for intermolecular forces,
temperature variations, and solvent effects, MD
simulations can shed light on the stability,
conformational changes, and lifetimes of
halogen bonding complexes. These simulations
can be further used to study how variations in
solvent, temperature, and pressure impact the
interactions between halogen atoms [33-35].

1.2.3. Quantum Mechanical Topology (QMT)

Non-covalent interactions are used in a
theoretical framework known as quantum
mechanical topology (QMT) to study and
comprehend the electronic structure of
molecules and other materials. It concentrates
on the topological properties of the electron
density and the associated quantum
mechanically produced fields [36]. Quantum
mechanical theory (QMT) is based on the
electron density function, which expresses the
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Figure 4. Quantum mechanical model [38]

probability density of finding an electron at a
specific location in space. The pattern and
distribution of the electron density are
significantly influenced by non-covalent
interactions, such as Van dar Waals forces,
hydrogen bonds, and stacking [37].

Through topological analysis, QMT offers a
distinctive viewpoint for describing halogen
bonding interactions. Halogen bonds can be
quantitatively described and categorized using
QMT by examining the electron density
distribution as shown in Figure 4. In-depth
research on halogen bonding interactions has
been conducted wusing these theoretical
techniques, which offer important insights into
the electronic structure, energetics, and other
characteristics of these interactions [39]. In
QMT, the modification of the electron density
resulting from the creation of the halogen bond
is also examined. Bond pathways, which are
trajectories linking the BCPs and revealing
details about the redistribution of electron
density during the halogen bonding interaction,
are examined as part of this investigation
density of electrons [40].

Applications of QMT in Characterizing Halogen
Bonding

Halogen bonding interactions in various
systems have been extensively studied and
characterized using QMT techniques. A few
noteworthy applications are:

a) Quantitative Analysis of Halogen Bond
Strength: QMT enables the evaluation of
characteristics such the electron density at the
BCP (BCP) to quantitatively quantify the

2023, Volume 3, Issue 3

strength of halogen bonding interactions. This
analysis makes it possible to compare several
halogen bonding systems and pinpoint
elements that affect the interaction's potency.

b) Determination of Halogen Bonding
Geometry: Halogen bonding geometry can be
determined via QMT, which also sheds light on
the directionality and geometry of halogen
bonds. QMT can determine the preferred
orientation and arrangement of the halogen
bond by examining the electron density
topology and bond routes, which aids in
understanding the variables influencing the
geometric preferences of halogen bonding [41].

c) Halogen Bonding Analysis in Complex
Systems: QMT has been utilized to examine
halogen bonding in more complex
environments, including  supramolecular
assemblies and protein-ligand complexes. The
understanding of molecular recognition, self-
assembly, and halogen bonding in biological
systems is aided by this method [42-44].

lodine, bromine, and chlorine bonds are only a
few examples of the several halogen bonding
interactions that can be compared using QMT.
By quantitatively analyzing the topological
properties of different halogen bonds, QMT can
shed insight on the similarities and differences
between various halogen bonding interactions.
QMT also examines how the development of the
halogen bond impacts the deformation of the
electron density. Bond pathways, which are
trajectories linking the BCPs and revealing
details about the redistribution of electron
density during the halogen bonding interaction,
are examined as part of the investigation [45].

1.3. Combined experimental and theoretical
approaches

1.3.1. X-ray crystallography and DFT

Although they do so in distinct ways, X-ray
crystallography and density functional theory
(DFT) are two complimentary approaches that
make use of non-covalent interactions to
investigate the structure and characteristics of
molecules and materials. Density Functional
Theory (DFT) computations in conjunction
with X-ray crystallography provide a potent
method for the thorough analysis of halogen
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bonding interactions. This integrative approach
advances our understanding of halogen
bonding phenomena by confirming,
interpreting, and refining experimental results
[46].

a) X-ray crystallography: X-ray crystallography
is initially a very popular experimental
technique for acquiring high-resolution
structural data on molecules and their
interactions. X-ray crystallography, which
determines the positions of atoms inside a
crystal lattice, allows for the direct observation
of halogen bonding interactions. It provides
crucial data on bond lengths, angles, and
intermolecular distances that are necessary to
characterize and understand the geometry and
arrangement of halogen bonds in crystal
structures.

b) Density Functional Theory (DFT)
calculations: DFT is a widely used theoretical
method that makes it possible to calculate the
electronic structure, energy, and properties of
molecules. The nature, energetics, and
electrical properties of halogen bonding
interactions can be furthered understood via
DFT calculations. DFT calculations can be used
to examine the redistribution of electron
density, elucidate the orbital interactions
involved in bonding, and determine the
strength of halogen bonds [47].

c) Validation and Complementarily of
Experimental Data: The combination of DFT
calculations with X-ray crystallography enables
the validation and adequacy of experimental
data. DFT simulations can validate the results of
the investigations by reproducing the
structural features and attributes identified by
X-ray crystallography. By guaranteeing the
dependability and accuracy of the experimental
results, this validation raises our level of
confidence in the existence and
characterization of  halogen bonding
interactions.

d) Interpretation and understanding of halogen
bonding phenomena: The integration of X-ray
crystallography and DFT calculations facilitates
the interpretation and understanding of
halogen bonding phenomena. DFT calculations,
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which can provide exact insights into the
electronic structure and properties of halogen
bonding  systems, enable a clearer
understanding of the parameters determining
the strength, directionality, and type of these
interactions. The mechanisms driving the
formation and stability of halogen bonding
complexes can be better understood by
theoretical investigations, which can be further
utilized to identify significant interactions and
explain experimental results.

e) Prediction and Design of Halogen Bonding
Systems: The prediction and design of halogen
bonding systems are also made possible by the
merging of experimental and theoretical
methodologies. In systems with sparse
experimental data, DFT computations can be
used to investigate and forecast halogen
bonding interactions. The properties and uses
of molecules with certain halogen bonding
motifs can be optimized in various domains,
including materials science, drug design, and
catalysis, by combining theoretical calculations
with experimental validation [48].

1.3.2. NMR Spectroscopy and Molecular
Dynamics Simulations

Both NMR spectroscopy and molecular
dynamics (MD) simulations depend on non-
covalent interactions, and these methods use
non-covalent interactions to reveal important
details about the structure, behavior, and
characteristics of molecules. A potent method
for understanding the dynamic behavior of
halogen bonding interactions in solution is the
integration of NMR spectroscopy and molecular
dynamics (MD) simulations. A more thorough
comprehension of the thermodynamics and
kinetics of halogen bonding is possible thanks
to this integrated approach, which enables the
connection of experimental NMR data with
hypothetical trajectory calculations [49].

NMR Spectroscopy: NMR spectroscopy is a
flexible experimental method that sheds light
on the dynamics, interactions, and structural
characteristics of molecules in solution. NMR
spectroscopy can shed light on how halogen
bonding complexes behave in solutions when it
comes to halogen bonding. NMR spectroscopy
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can reveal details regarding the geometry,
stability, and dynamic characteristics of
halogen bonding interactions by keeping an eye
on chemical shifts, coupling constants, and
relaxation parameters.

Simulations based on molecular dynamics (MD)
are computer methods for simulating the
interactions and behavior of molecules over
time. MD simulations can offer atomistic-level
insights into the dynamics and behavior of
halogen bonding complexes in solution in the
setting of halogen bonding. The dynamic
behavior of halogen bonding systems can be
captured by MD simulations by taking into
account intermolecular interactions, solvent
effects, and thermal fluctuations.

a) Correlation of Experimental NMR Data with
Simulated Trajectories: NMR spectroscopy and
MD simulations work together to make it
possible to correlate experimental NMR data
with simulated trajectories. The corresponding
values produced from MD simulations can be
compared with experimental NMR parameters,
such as chemical shifts and relaxation rates.
The thermodynamics and kinetics of halogen
bonding interactions in solution are better
understood because to this correlation.

b) Halogen Bonding Thermodynamics: NMR
spectroscopy and MD simulations can shed
light on the thermodynamics of halogen
bonding interactions. By examining binding
constants, temperature dependence of
chemical shifts, and thermodynamic variables
(such as enthalpy and entropy changes), one
can compute the energetics of halogen bonding.
Experimental NMR data and MD simulations
are compared to validate and enhance
theoretical models and provide a more precise
understanding of the thermodynamics of
halogen bonding [49].

c) Halogen Bonding Kinetics: To understand
the kinetics of halogen bonding interactions,
both NMR spectroscopy and MD simulations
can be used. Relaxation measurements and
exchange spectroscopy research can be used to
ascertain the rates of halogen bonding complex
generation and dissociation. MD simulations
can provide insights into the dynamics and
kinetics of halogen bonding at the molecular
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level and enable the interpretation of
experimental NMR data and the generation of
kinetic parameters.

d) Solvent Effects and Dynamics: By combining
NMR spectroscopy and MD simulations, it is
feasible to investigate the effects and dynamics
of solvents on halogen bonding interactions.
MD simulations must account for solvent
molecules and their interactions with the
halogen bonding complex to comprehend how
solvents affect the stability, shape, and
dynamics of halogen bonds. To comprehend
how solvation affects halogen bonding,
experimental NMR characteristics like solvent
shifts and relaxation rates can be compared to
MD models [49].

2. Advancements in
Approaches

Experimental

The characterization and comprehension of
halogen bonding, a particular type of non-
covalent contact involving the interaction
between a halogen atom (such as chlorine,
bromine, or iodine) and an electron donor atom
or group, have significantly benefited from
advances in experimental methods. Halogen
bonding has been studied using various
experimental  techniques, and  recent
improvements in these methods have
improved our understanding of its
characteristics and practical uses [50]. The
following significant developments:

i. High-Resolution X-ray Crystallography: The
development of advanced X-ray diffraction
techniques and equipment has made it possible
to determine high-resolution crystal structures,
providing specific details about the geometry,
arrangement, and intermolecular interactions
of halogen bonding complexes. By enhancing
the accuracy and precision of structural
characteristics  through improved data
gathering  techniques and  refinement
algorithms, halogen bonding can now be more
precisely characterized.

ii. Solid-State NMR Spectroscopy: This powerful
method has become increasingly popular for
examining halogen bonding in solid-state
materials. This approach can shed light on the
immediate surroundings and dynamics of
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halogen bonding complexes even in the
absence of crystals with a clear structure. The
application and sensitivity of solid-state NMR
have improved as a result of advancements in
hardware, pulse sequences, and data analysis
methodologies. Because of this, halogen
bonding in a larger range of materials may now
be studied [51].

iii. Solution-State NMR Spectroscopy: The
dynamics, kinetics, and thermodynamics of
halogen bonding complexes in solution have all
been clarified through diffusion NMR,
relaxation investigations, and the invention of
particular  labeling  techniques.  These
advancements have given us a better
understanding of how halogen bonding
functions in practical situations [52].

iv. Cryo-Electron Microscopy (Cryo-EM): By
making it possible to determine the high-
resolution structures of macromolecular
complexes, cryo-EM has transformed the
science of structural biology. This method has
been used to investigate the interactions
between halogen atoms and massive
biomolecular systems, like protein-ligand
complexes [52].

v. Over time, there have been substantial
improvements in the experimental techniques
used to examine halogen bonding. Detailed
information regarding the geometry and
intermolecular interactions of halogen bonding
complexes can be found through high-
resolution X-ray crystallography. Insights into
the local environment and dynamics of halogen
bonding complexes in solid-state materials are
provided by solid-state NMR spectroscopy. The
investigation of halogen bonding interactions
in solutions is made possible by solution-state
NMR spectroscopy. By permitting the
determination of the high-resolution structures
of macromolecular complexes, cryo-electron
microscopy has completely changed structural
biology. These developments have helped us
gain a deeper knowledge of how halogen
bonding behaves in real-world settings [53].

2.1. Advancements in theoretical methods

Halogen bonding is a particular kind of non-
covalentinteraction in which an electron-donor
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atom or group interacts with a halogen atom
(such as chlorine, bromine, or iodine). In
addition to the experimental methods,
theoretical techniques have greatly aided in
characterizing and comprehending halogen
bonding [54]. The nature, power, and attributes
of halogen bonding are better understood by
theoretical methods. Investigations into the
nature of halogen bonding in recent years and
the development of quantum mechanical,
molecular mechanical, and empirical scoring
function methods for accurately describing
halogen-bonding interactions are recent
developments in theoretical methods for
characterizing halogen bonding [55]. Here are
some significant developments in theoretical
approaches to halogen bonding
characterization:

(i) Quantum Mechanical Calculations: The
accuracy of theoretical calculations for
quantifying halogen bonding has substantially
increased with the advent of more precise and
effective quantum mechanical methods, such as
high-level ab initio methods and hybrid density
functionals. These methods provide insights
into the electronic structure, energetics, and
nature of halogen bonding interactions,
enabling a quantitative description and
prediction of halogen bonding properties [56].

(ii) Quantum Mechanical Topology (QMT):
Quantum mechanical topology (QMT), which is
based on the quantum theory of atoms in
molecules (QTAIM), provides a precise
framework for the topological exploration of
halogen bonding. Halogen bonding can be
quantitatively evaluated using QMT by
examining electron density properties such as
BCPs, Laplacian, and energy density [57]. This
approach enables understanding of the
intensity, directionality, and structure of
halogen bonding interactions.

(iii) Molecular Dynamics Simulations: Advances
in computer power and simulation methods
have made it possible to explore halogen
bonding interactions using molecular dynamics
(MD) simulations. MD simulations can be used
to investigate the dynamics, thermodynamics,
and solvent effects of halogen bonding
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complexes. New force fields and sampling
techniques have increased the precision of MD
simulations in simulating the behavior of
halogen bonding in real situations [58].

(iv) Machine Learning and Data Mining: These
techniques are now frequently employed to
analyze large datasets of halogen bonding
interactions. These methods can identify
trends, correlations, and patterns in
experimental and theoretical data, enabling the
investigation of structure-property
connections, the discovery of fresh halogen
bonding motifs, and the development of
predictive models [60].

3. Limitations of the Study

Experimental techniques may be influenced by
external factors such as solvent effects,
temperature, and pressure, which can affect the
strength and behavior of halogen bonding
interactions. It can be challenging to accurately
quantify and control these factors in
experimental setups [61]. Some experimental
techniques, such as NMR spectroscopy or X-ray
crystallography, may have limitations in terms
of sensitivity or resolution, which can affect the
detection and precise characterization of
halogen bonding interactions, especially in
systems with weak or transient interactions.
The available experimental data on halogen
bonding interactions are still limited compared
to other types of non-covalent interactions.
This can constrain the understanding and
characterization of halogen bonding, especially
in complex biological or supramolecular
systems [62-63].

4. Conclusion

In a nutshell it has been critical to characterize
theoretical and experimentally-based halogen
bonding interactions. A few of the experimental
methods that have provided insight into the
geometry, organization, dynamics, and
thermodynamics  of  halogen  bonding
complexes in various systems and contexts
include cryo-EM, solid-state and solution-state
NMR spectroscopy, and high-resolution X-ray
crystallography. By permitting the direct
visualization and validation of such
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interactions, these techniques have increased
our understanding of the fundamental
properties of halogen bonding interactions.

However, theoretical methods have made it
possible to better understand the electronic
structure, energetic, dynamics, and properties
of halogen bonding. Quantum mechanical
computations, quantum mechanical topology
(QMT), and molecular dynamics (MD)
simulations are a few of these methods.
Theoretical techniques have quantified and
categorized halogen bonding interactions,
enabling the improvement of halogen bonding
systems as well as forecasting and logical
design. They have also made it simpler to study
kinetics, solvent effects, and halogen bonding
behavior in real-world situations. Our
understanding of halogen bonding has greatly
benefited from improvements in theoretical
and experimental techniques. Halogen bonding
parameters can now be determined and
validated with greater precision thanks to high-
resolution  techniques, enhanced data
processing, and the integration of numerous
experimental approaches. The nature, strength,
and behavior of halogen bonding interactions
have been thoroughly analyzed thanks to
theoretical developments such as more precise
quantum mechanical calculations, the creation
of QMT, and the use of cutting-edge simulation
tools.

Because it enables the validation,
interpretation, and improvement of
experimental results using theoretical

calculations, the combination of theoretical and
experimental approaches has shown to be
extremely potent. A thorough characterization
of halogen bonding interactions, including their
thermodynamics, kinetics, solvent effects, and
dynamic behavior in solution, has been made
possible by the integration of X-ray
crystallography and density functional theory
(DFT), as well as the combination of NMR
spectroscopy and molecular dynamics
simulations.

In addition to increase our understanding of the
fundamental characteristics and behaviors of
halogen bonding, these developments in
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experimental and theoretical methodologies
have also created new opportunities for the
design and use of halogen bonding interactions
in a variety of scientific domains. The
comprehension and control of halogen bonding
have the potential to spur breakthroughs and
progress significant applications in fields
ranging from materials research to drug
discovery and catalysis. Our understanding of
halogen bonding interactions has substantially
increased thanks to ongoing improvements in
theoretical and experimental methods. This has
opened the door to the investigation and
application of these fascinating non-covalent
interactions in various scientific fields. It is
interesting to note that defining halogen
bonding interactions has benefited greatly by
the combination of theoretical calculations and
experimental evidence. Density functional
theory (DFT) simulations and X-ray
crystallography have been used to provide a
more thorough knowledge of the geometry,
energetic, and dynamics of halogen bonding
complexes. In the same vein, understanding the
behavior of halogen bonding in solution has
been aided by the combination of NMR
spectroscopy and molecular dynamics
simulations.

The experimental and theoretical approaches
for characterizing halogen bonding have
several applications in different areas of
chemistry. Halogen bonding has been
acknowledged as a significant interaction in
medication development. Understanding the
nature of halogen bonding interactions
between pharmacological compounds and
target receptors is made easier by theoretical
and experimental approaches. This information
can be used to create more powerful and
targeted medications. Halogen bonding is
essential for the assembly and stabilization of
materials including supramolecular structures,
liquid crystals, and coordination polymers. The
relationship between structure and property
can be better understood through theoretical
and experimental research, which can further
help to design more sophisticated functional
models. Halogen bonding in catalytic
applications has demonstrated remarkable
potential. Experimental and theoretical
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methods can help in the design of more
effective and selective catalysts for diverse
chemical transformations by analyzing the
halogen bonding interactions in catalyst-
substrate complexes. Crystal engineering,
which is the creation of solid-state materials
with certain properties, relies heavily on an
understanding of halogen bonding interactions.
Halogen bonding networks in crystal structures
can be precisely characterized by combining
theoretical predictions with experimental
methods like X-ray crystallography. In the field
of supramolecular chemistry, theoretical and
experimental methods are used to clarify the
mechanisms and driving forces underlying
halogen-based supramolecular assemblages.
This information aids in the creation and
synthesis of useful supramolecular structures
such molecular sensors, switches, and host-
guest systems.

Orcids

Samuel Humphrey Sam
https://orcid.org/0009-0001-7480-4234

Emmanuel E. Etim
https://orcid.org/0000-0001-8304-9771

Acknowledgements

Authors would like to express their gratitude to
all members of the Physical and Computational
research group in the Department of Chemical
Sciences, Federal University Wukari, Taraba
State.

References

[1]. P. Auffinger, F.A. Hays, E. Westhof, Proc.
Natl. Acad. Sci, 2004, 101, 16789-16794.
[Crossref], [Google Scholar], [Publisher]

[2]. T. Clark, M. Hennemann, ]. Murray, P.
Politzer, J. Mol. Model, 2007, 13, 291-296.
[Crossref], [Google Scholar], [Publisher]

[3]. P.J. Costa, Phys. Sci. Rev. 2017, 2,20170136.
[Crossref], [Google Scholar], [Publisher]

[4]. P.M.J. Szell, D.L. Bryce, Solid-state NMR
studies of halogen bonding, Modern magnetic


https://orcid.org/0009-0001-7480-4234
https://orcid.org/0000-0001-8304-9771
https://doi.org/10.1073/pnas.0407607101
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonds+in+biological+molecules&btnG=
https://www.pnas.org/doi/full/10.1073/pnas.0407607101
https://doi.org/10.1007/s00894-006-0130-2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding%3A+The+%CF%83-hole.+&btnG=
https://link.springer.com/article/10.1007/s00894-006-0130-2
https://doi.org/10.1515/psr-2017-0136
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+halogen+bond%3A+Nature+and+applications&btnG=
https://www.degruyter.com/document/doi/10.1515/psr-2017-0136/html

Journal of Applied Organometallic Chemistry

resonance, 2016.

[Publisher]

Springer, [Crossref],

[5].]. Reza¢, K.E. Riley, P. Hobza, J. Chem. Theory
Comput, 2012, 8, 4285-4292. |[Crossref],
[Google Scholar], [Publisher]

[6]. A. Priimagi, G. Cavallo, P. Metrangolo, R.
Milani, T. Pilati, A. Priimagi, G. Resnati, Acc.
Chem. Res., 2016, 49, 268-276. [Crossref],
[Google Scholar], [Publisher]

[7]. M. Fourmigué, Curr. Opin. Solid State Mater.
Sci, 2009, 13, 36-45. [Crossref], [Google
Scholar], [Publisher]

[8].S.]. Grabowski, Chem. Rev., 2014, 114, 6740-
6763. [Crossref], [Google Scholar], [Publisher]

[9]. P. Metrangolo, G. Resnati, Halogen bonding:
Fundamentals and applications, Springer,
2013, 114, 6740-6763. [Crossref], [Google
Scholar], [Publisher]

[10]. AM. Hua, S.L. Bidwell, S.I. Baker, H.P.
Hratchian, R.D. Baxte, ACS Catal, 9,2019, 3322-
3326. [Crossref], [Google Scholar], [Publisher]

[11]. P. Metrangolo, G. Resnati, /. Mol. Model,
2006, 12,165-172. [Crossref], [Google Scholar],
[Publisher]

[12]. N. Guo, R. Maurice, D. Teze, ]. Graton, J.
Champion, G. Montavon, N. Galland, Nature
Chem. 2018, 10, 428-434. [Crossref], [Google
Scholar], [Publisher]

[13]. P.M.]. Szell, S. Zablotny, D.L. Bryce, Nat.
Commun., 2019, 10, 916. [Crossref], [Google
Scholar], [Publisher]

[14]. L.C. Gilday, S.W. Robinson, T.A. Barendt,
M.J. Langton, B.R. Mullaney, P.D. Beer, Chem.
Rev, 2015, 115,7118-7195. [Crossref], [Google
Scholar], [Publisher]

[15]. P. Politzer, J.S. Murray, T. Clark, Phys.
Chem. Chem. Phys, 2010, 12, 7748-7757.
[Crossref], [Google Scholar], [Publisher]

[16]. S. Prasad, D.D. Rodene, M.B. Burkholder,
K.J. Donald, B.F. Gupton, ACS Omega, 2021, 6,

2023, Volume 3, Issue 3

27216 27224. [Crossref], [Google Scholar],
[Publisher]

[17] Q.M. Dang, ]J.H. Simpson, C.A. Parish, M.C.
Leopold, J. Phys. Chem. A, 2021, 125, 9377-
9393. [Crossref], [Google Scholar], [Publisher]

[18]. S. Kozuch, ].M.L. Martin, J. Chem. Theory
Comput, 2013, 9, 1918-1931. [Crossref],
[Google Scholar], [Publisher]

[19]. D.P. Devore, T.L. Ellington, K.L. Shuford, J.
Phys. Chem. A, 2020, 124, 10817-10825.
[Crossref], [Google Scholar], [Publisher]

[20]. I. Minenkova, E.L. Osina, L. Cavallo, Y.
Minenkov, Inorg. Chem. 2020, 59, 17084
17095. [Crossref], [Google Scholar], [Publisher]

[21]. B.D. Nguyen, G.P. Chen, M.M. Agee, A.M.
Burow, M.P. Tang, F. Furche, . Chem. Theory
Comput.,, 2020, 16, 2258-2273. [Crossref],
[Google Scholar], [Publisher]

[22]. N. Yang, C.H. Duong, P.J. Kelleher, M.A.
Johnson, J. Phys. Chem. Lett.,, 2018, 9, 3744-
3750. [Crossref], [Google Scholar], [Publisher]

[23]. AK.A. Jaini, L.B. Hughes, M.M. Kitimet, K.J.
Ulep, M.C. Leopold, C.A. Parish, ACS Sens., 2019,
4, 389-397. [Crossref], [Google Scholar],
[Publisher]

[24]. F. Lin, A.D. MacKerell, Jr., J. Chem. Inf.
Model., 2019, 59, 215-228. [Crossref], [Google
Scholar], [Publisher]

[25]. A.C. Carlsson, M.R. Scholfield, R.K. Rowe,
M.C. Ford, A.T. Alexander, R.A. Mehl, P.Shing Ho,
Biochemistry, 2018, 57, 4135-4147. [Crossref],
[Google Scholar], [Publisher]

[26] M. Vasiliu, K.A. Peterson, D.A. Dixon, J. Phys.
Chem. A, 2021, 125, 1892-1902. [Crossref],
[Google Scholar], [Publisher]

[27]. Z.R. Kehoe, G.R. Woller, E.D. Speetzen, ].B.
Lawrence, E. Bosch, N.P. Bowling, J. Org. Chem.,
2018, 83, 6142-6150. [Crossref], [Google
Scholar], [Publisher]

[28]. S.T. Nguyen, T.L. Ellington, K.E. Allen, ].D.
Gorden, A.L. Rheingold, G.S. Tschumper, N.L



https://doi.org/10.1007/978-3-319-28275-6_92-1
https://link.springer.com/referenceworkentry/10.1007/978-3-319-28275-6_92-1
https://doi.org/10.1021/ct300647k
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Benchmark+Calculations+of+Noncovalent+Interactions+of+Halogenated+Molecules&btnG=
https://pubs.acs.org/doi/10.1021/ct300647k
https://doi.org/10.1021/ar400103r
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Cavallo%2C+G.%2C+Metrangolo%2C+P.%2C+Milani%2C+R.%2C+Pilati%2C+T.%2C+Priimagi%2C+A.%2C+%26+Resnati%2C+G.+The+halogen+bond+in+the+design+of+functional+supramolecular+materials%3A+recent+advances.+Accounts+of+Chemical+Research%2C+2016%2C+49%282%29%2C+268-276+&btnG=
https://pubs.acs.org/doi/full/10.1021/ar400103r
https://doi.org/10.1016/j.cossms.2009.05.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding%3A+Recent+advances&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding%3A+Recent+advances&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1359028609000382
https://doi.org/10.1021/cr800346f
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=What+Is+the+Covalency+of+Hydrogen+Bonding%3F&btnG=
https://pubs.acs.org/doi/10.1021/cr800346f
https://books.google.com/books?hl=en&lr=&id=Ok1sCQAAQBAJ&oi=fnd&pg=PA1&dq=Halogen+bonding:+Fundamentals+and+applications&ots=_m4yn-MrWV&sig=pySPwYxjGN4DYLcdE63DWIR_5dk#v=onepage&q=Halogen%20bonding%3A%20Fundamentals%20and%20applications&f=false
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding%3A+Fundamentals+and+applications&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding%3A+Fundamentals+and+applications&btnG=
https://link.springer.com/book/10.1007/978-3-540-74330-9
https://doi.org/10.1021/acscatal.9b00623
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+and+Theoretical+Evidence+for+Nitrogen%E2%80%93Fluorine+Halogen+Bonding+in+Silver-Initiated+Radical+Fluorinations&btnG=
https://pubs.acs.org/doi/10.1021/acscatal.9b00623
https://doi.org/10.1007/s00894-006-0154-7
https://pubmed.ncbi.nlm.nih.gov/17013631/
https://pubmed.ncbi.nlm.nih.gov/17013631/
https://doi.org/10.1038/s41557-018-0011-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+and+computational+evidence+of+halogen+bonds+involving+astatine&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+and+computational+evidence+of+halogen+bonds+involving+astatine&btnG=
https://www.nature.com/articles/s41557-018-0011-1/
https://doi.org/10.1038/s41467-019-08878-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding+as+a+supramolecular+dynamics+catalyst.+Nat+Commun&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding+as+a+supramolecular+dynamics+catalyst.+Nat+Commun&btnG=
https://www.nature.com/articles/s41467-019-08878-8#citeas
https://doi.org/10.1021/cr500674c
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+Halogen+Bonding+in+Supramolecular+Chemistry.2021+Wiley-VCH.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+Halogen+Bonding+in+Supramolecular+Chemistry.2021+Wiley-VCH.+&btnG=
https://pubs.acs.org/doi/full/10.1021/cr500674c
https://doi.org/10.1039/C004189K
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Politzer%2C+P.%2C+Murray%2C+J.+S.%2C+%26+Clark%2C+T.+Halogen+bonding%3A+an+electrostatically-driven+highly+directional+noncovalent+interaction.+Physical+Chemistry+Chemical+Physics%2C+2013%2C+15%2823%29%2C+8149-8161+&btnG=
https://pubs.rsc.org/en/content/articlelanding/2021/xx/c004189k/unauth
https://doi.org/10.1021/acsomega.1c03934
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Substituent+Effects+and+the+Energetics+of+Noncatalyzed+Aryl+Halide+Aminations%3A+A+Theoretical+Investigation&btnG=
https://pubs.acs.org/doi/10.1021/acsomega.1c03934
https://doi.org/10.1021/acs.jpca.1c07554
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Evaluating+Halogen-Bond+Strength+as+a+Function+of+Molecular+Structure+Using+Nuclear+Magnetic+Resonance+Spectroscopy+and+Computational+Analysis&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07554
https://doi.org/10.1021/ct301064t
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+Bonds%3A+Benchmarks+and+Theoretical+Analysis&btnG=
https://pubs.acs.org/doi/10.1021/ct301064t
https://doi.org/10.1021/acs.jpca.0c09154
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Interrogating+the+Interplay+between+Hydrogen+and+Halogen+Bonding+in+Graphitic+Carbon+Nitride+Building+Blocks&btnG=
https://pubs.acs.org/doi/full/10.1021/acs.jpca.0c09154
https://doi.org/10.1021/acs.inorgchem.0c02292
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Gas-Phase+Thermochemistry+of+MX3+and+M2X6+%28M+%3D+Sc%2C+Y%3B+X+%3D+F%2C+Cl%2C+Br%2C+I%29+from+a+Composite+Reaction-Based+Approach%3A+Homolytic+versus+Heterolytic+Cleavage&btnG=
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02292
https://doi.org/10.1021/acs.jctc.9b01176
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Divergence+of+Many-Body+Perturbation+Theory+for+Noncovalent+Interactions+of+Large+Molecules&btnG=
https://pubs.acs.org/doi/10.1021/acs.jctc.9b01176
https://doi.org/10.1021/acs.jpclett.8b01485
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Unmasking+Rare%2C+Large-Amplitude+Motions+in+D2-Tagged+I%E2%80%93%C2%B7%28H2O%292+Isotopomers+with+Two-Color%2C+Infrared%E2%80%93Infrared+Vibrational+Predissociation+Spectroscopy&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpclett.8b01485
https://doi.org/10.1021/acssensors.8b01246
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+Bonding+Interactions+for+Aromatic+and+Nonaromatic+Explosive+Detection&btnG=
https://pubs.acs.org/doi/10.1021/acssensors.8b01246
https://doi.org/10.1021/acs.jcim.8b00616
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Improved+Modeling+of+Halogenated+Ligand%E2%80%93Protein+Interactions+Using+the+Drude+Polarizable+and+CHARMM+Additive+Empirical+Force+Fields&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Improved+Modeling+of+Halogenated+Ligand%E2%80%93Protein+Interactions+Using+the+Drude+Polarizable+and+CHARMM+Additive+Empirical+Force+Fields&btnG=
https://pubs.acs.org/doi/10.1021/acs.jcim.8b00616
https://doi.org/10.1021/acs.biochem.8b00603
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Increasing+Enzyme+Stability+and+Activity+through+Hydrogen+Bond-Enhanced+Halogen+Bonds&btnG=
https://pubs.acs.org/doi/10.1021/acs.biochem.8b00603
https://doi.org/10.1021/acs.jpca.0c11393
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Bond+Dissociation+Energies+in+Heavy+Element+Chalcogen+and+Halogen+Small+Molecules&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpca.0c11393
https://doi.org/10.1021/acs.joc.8b01064%20‎
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+Halogen+and+Hydrogen+Bonding+on+the+Electronics+of+a+Conjugated+Rotor&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+Halogen+and+Hydrogen+Bonding+on+the+Electronics+of+a+Conjugated+Rotor&btnG=
https://pubs.acs.org/doi/10.1021/acs.joc.8b01064

2023, Volume 3, Issue 3

Hammer, D.L. Watkins, Cryst. Growth Des.,
2018, 18, 3244-3254. [Crossref], [Google
Scholar], [Publisher]

[29] D. Khiri, M. Hochlaf, G. Maroulis, G.
Chambaud, J. Phys. Chem., 2018, 122, 2353-
2360. [Crossref], [Google Scholar], [Publisher]

[30]. F. Lin, A.D. MacKerell, J. Chem. Theory
Comput., 2018, 14, 1083-1098. [Crossref],
[Google Scholar], [Publisher]

[31]. H.P. de Magalhdes, A. Togni, H.P. Liithi, J.
Org. Chem.,2017,82,11799-11805. [Crossref],
[Google Scholar], [Publisher]

[32]. Y. Jiao, T.S. Dibble, J. Phys. Chem. A, 2017,
121, 7976-7985. [Crossref], [Google Scholar],
[Publisher]

[33].S.Khanniche, F. Louis, L. Cantrel, I. Cernusak,
ACS Earth Space Chem., 2017, 1, 227-
235. [Crossref], [Google Scholar], [Publisher]

[34]. M.K. Kesharwani, D. Manna, N. Sylvetsky,
J.M.L. Martin, J. Phys. Chem. A, 2018, 122, 2184-
2197. [Crossref], [Google Scholar], [Publisher]

[35]. B.C. De Simone, G. Mazzone, N. Russo, E.
Sicilia, M. Toscano, J. Phys. Chem. A, 2018, 122,
2809-2815. [Crossref], [Google Scholar],
[Publisher]

[36]. M.H. Palmer, M. Biczysko, K.A. Peterson,
C.S. Stapleton, S.P. Wells, J. Phys. Chem. A, 2017,
121, 7917-7924. [Crossref], [Google Scholar],
[Publisher]

[37]. T.M. Beale, M.G. Chudzinski, M.G. Sarwar,
M.S. Taylor, Chem. Soc. Rev, 2013, 42, 1667-
1680. [Crossref], [Google Scholar], [Publisher]

[38]. F. Lin, A.D. MacKerell, . Phys. Chem. B,
2017, 121, 6813-6821. [Crossref], [Google
Scholar], [Publisher]

[39]. R. Wilcken et al, ]. Med. Chem., 56, 2013,
1363-1388. [Crossref], [Google Scholar],
[Publisher]

[40] J. Zhao, B.W. Noffke, K. Raghavachari, A.V.
Teplyakov, J. Phys. Chem. C, 2017, 121, 7208-
7213. [Crossref], [Google Scholar], [Publisher]

Journal of Applied Organometallic Chemistry

[41]. R.A. Shaw, ].G. Hill, A.C. Legon, J. Phys.
Chem. A, 2016, 120, 8461-8468. [Crossref],
[Google Scholar], [Publisher]

[42]. M.O. Zimmermann, A. Lange, S. Zahn, T.E.
Exner, F.M. Boeckler, J. Chem. Inf. Model,, 2016,
56, 1373-1383. [Crossref], [Google Scholar],
[Publisher]

[43]. S. lyer, F. Lopez-Hilfiker, B.H. Lee, ]J.A.
Thornton, T. Kurtén, J. Phys. Chem. A, 2016, 120,
576-587.  [Crossref], [Google Scholar],
[Publisher]

[44]. KM.L. Lapere, M. Kettner, P.D. Watson, A.].
McKinley, D.A. Wild, J. Phys. Chem. A, 2015, 119,
9722-9728. [Crossref], [Google Scholar],
[Publisher]

[45]. S. Canneaux, B. Xerri, F. Louis, L. Cantrel, J.
Phys. Chem. A, 2010, 114, 9270-9288.
[Crossref], [Google Scholar], [Publisher]

[46]. S. Khanniche, F. Louis, L. Cantrel, I
Cernusak, ACS Earth Space Chem., 2017, 1, 39-
49. [Crossref], [Google Scholar], [Publisher]

[47].]. Moon, ]. Kim, J. Phys. Chem. A, 2016, 120,
7496-7502. [Crossref], [Google Scholar],
[Publisher]

[48]. S. Khanniche, F. Louis, L. Cantrel, I
Cernusak, J. Phys. Chem. A, 2016, 120, 1737-
1749. [Crossref], [Google Scholar], [Publisher]

[49]. Y. Jiao, T.S. Dibble, J. Phys. Chem. 4,, 2015,
119,10502-10510. [Crossref], [Google Scholar],
[Publisher]

[50]. M.R. Scholfield, M.C. Ford, C.M. Vander
Zanden, M.M. Billman, P. Shing Ho, A.K. Rappé,
J. Phys. Chem. B, 2015, 119, 9140-9149.
[Crossref], [Google Scholar], [Publisher]

[51]. S. Bailleux, D. Duflot, K. Taniguchi, S. Sakai,
H. Ozeki, T. Okabayashi, W. C. Bailey, J. Phys.
Chem. A, 2014, 118, 11744-11750. [Crossref],
[Google Scholar], [Publisher]

[52]. A. Lange, M.O. Zimmermann, R. Wilcken, S.
Zahn, F.M. Boeckler, J. Chem. Inf. Model., 2013,
53, 3178-3189. [Crossref], [Google Scholar],
[Publisher]


https://doi.org/10.1021/acs.cgd.8b00398
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Systematic+Experimental+and+Computational+Studies+of+Substitution+and+Hybridization+Effects+in+Solid-State+Halogen+Bonded+Assemblies&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Systematic+Experimental+and+Computational+Studies+of+Substitution+and+Hybridization+Effects+in+Solid-State+Halogen+Bonded+Assemblies&btnG=
https://pubs.acs.org/doi/10.1021/acs.cgd.8b00398
https://doi.org/10.1021/acs.jpca.7b09240
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Spin%E2%80%93Orbit+Effects+in+the+Spectroscopy+of+the+X2%CE%A0+and+a4%CE%A3%E2%80%93+Electronic+States+of+Carbon+Iodide%2C+CI&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpca.7b09240
https://doi.org/10.1021/acs.jctc.7b01086
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Polarizable+Empirical+Force+Field+for+Halogen-Containing+Compounds+Based+on+the+Classical+Drude+Oscillator&btnG=
https://pubs.acs.org/doi/10.1021/acs.jctc.7b01086
https://doi.org/10.1021/acs.joc.7b01716
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Importance+of+Nonclassical+%CF%83-Hole+Interactions+for+the+Reactivity+of+%CE%BB3-Iodane+Complexes&btnG=
https://pubs.acs.org/doi/10.1021/acs.joc.7b01716
https://doi.org/10.1021/acs.jpca.7b06829
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Structures%2C+Vibrational+Frequencies%2C+and+Bond+Energies+of+the+BrHgOX+and+BrHgXO+Species+Formed+in+Atmospheric+Mercury+Depletion+Events&btnG=
https://pubs.acs.org/doi/full/10.1021/acs.jpca.7b06829
https://doi.org/10.1021/acsearthspacechem.7b00038
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+the+Reaction+Mechanism+and+Kinetics+of+Iodic+Acid+with+OH+Radical+Using+Quantum+Chemistry&btnG=
https://pubs.acs.org/doi/10.1021/acsearthspacechem.7b00038
https://doi.org/10.1021/acs.jpca.7b10958
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=he+X40%C3%9710+Halogen+Bonding+Benchmark+Revisited%3A+Surprising+Importance+of+%28n%E2%80%931%29d+Subvalence+Correlation&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpca.7b10958
https://doi.org/10.1021/acs.jpca.8b00414
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Computational+Investigation+of+the+Influence+of+Halogen+Atoms+on+the+Photophysical+Properties+of+Tetraphenylporphyrin+and+Its+Zinc%28II%29+Complexes&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpca.8b00414
https://doi.org/10.1021/acs.jpca.7b08399
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Structural+and+Vibrational+Properties+of+Iodopentafluorobenzene%3A+A+Combined+Raman+and+Infrared+Spectral+and+Theoretical+Study&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpca.7b08399
https://doi.org/10.1039/C2CS35213C
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+bonding+in+solution%3A+thermodynamics+and+applications.+&btnG=
https://pubs.rsc.org/en/content/articlelanding/2013/cs/c2cs35213c/unauth
https://doi.org/10.1021/acs.jpcb.7b04198
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Do+Halogen%E2%80%93Hydrogen+Bond+Donor+Interactions+Dominate+the+Favorable+Contribution+of+Halogens+to+Ligand%E2%80%93Protein+Binding%3F&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Do+Halogen%E2%80%93Hydrogen+Bond+Donor+Interactions+Dominate+the+Favorable+Contribution+of+Halogens+to+Ligand%E2%80%93Protein+Binding%3F&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpcb.7b04198
https://doi.org/10.1021/jm3012068
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Principles+and+Applications+of+Halogen+Bonding+in+Medicinal+Chemistry+and+Chemical+Biology&btnG=
https://pubs.acs.org/doi/full/10.1021/jm3012068
https://doi.org/10.1021/acs.jpcc.6b12184
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Temperature-Programmed+Desorption+%28TPD%29+and+Density+Functional+Theory+%28DFT%29+Study+Comparing+the+Adsorption+of+Ethyl+Halides+on+the+Si%28100%29+Surface&btnG=
https://pubs.acs.org/doi/10.1021/acs.jpcc.6b12184
https://doi.org/10.1021/acs.jpca.6b08945
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+Bonding+with+Phosphine%3A+Evidence+for+Mulliken+Inner+Complexes+and+the+Importance+of+Relaxation+Energy&btnG=
https://pubs.acs.org/doi/abs/10.1021/acs.jpca.6b08945
https://doi.org/10.1021/acs.jcim.6b00075
https://scholar.google.com/scholar?q=Using+Surface+Scans+for+the+Evaluation+of+Halogen+Bonds+toward+the+Side+Chains+of+Aspartate,+Asparagine,+Glutamate,+and+Glutamine&hl=en&as_sdt=0,5
https://pubs.acs.org/doi/abs/10.1021/acs.jcim.6b00075
https://doi.org/10.1021/acs.jpca.5b09837
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modeling+the+Detection+of+Organic+and+Inorganic+Compounds+Using+Iodide-Based+Chemical+Ionization.+&btnG=
https://pubs.acs.org/doi/abs/10.1021/acs.jpca.5b09837
https://doi.org/10.1021/acs.jpca.5b06348
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halide%E2%80%93Nitrogen+Gas-Phase+Clusters%3A+Anion+Photoelectron+Spectroscopy+and+High+Level+ab+Initio+Calculations&btnG=
https://pubs.acs.org/doi/abs/10.1021/acs.jpca.5b06348
https://doi.org/10.1021/jp104163t
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Theoretical+Study+of+the+Gas-Phase+Reactions+of+Iodine+Atoms+%282P3%2F2%29+with+H2%2C+H2O%2C+HI%2C+and+OH.+&btnG=
https://pubs.acs.org/doi/abs/10.1021/jp104163t
https://doi.org/10.1021/acsearthspacechem.6b00010
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thermochemistry+of+HIO2+Species+and+Reactivity+of+Iodous+Acid+with+OH+Radical%3A+A+Computational+Study&btnG=
https://pubs.acs.org/doi/full/10.1021/acsearthspacechem.6b00010
https://doi.org/10.1021/acs.jpca.6b06176
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Spin%E2%80%93Orbit+Effect+on+the+Molecular+Properties+of+TeXn+%28X+%3D+F%2C+Cl%2C+Br%2C+and+I%3B+n+%3D+1%2C+2%2C+and+4%29%3A+A+Density+Functional+Theory+and+Ab+Initio+Study&btnG=
https://pubs.acs.org/doi/abs/10.1021/acs.jpca.6b06176
https://doi.org/10.1021/acs.jpca.6b00047
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Density+Functional+Theory+and+ab+Initio+Investigation+of+the+Oxidation+Reaction+of+CO+by+IO+Radicals&btnG=
https://pubs.acs.org/doi/abs/10.1021/acs.jpca.6b00047
https://doi.org/10.1021/acs.jpca.5b04889
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Quality+Structures%2C+Vibrational+Frequencies%2C+and+Thermochemistry+of+the+Products+of+Reaction+of+BrHg%E2%80%A2+with+NO2%2C+HO2%2C+ClO%2C+BrO%2C+and+IO&btnG=
https://pubs.acs.org/doi/full/10.1021/acs.jpca.5b04889
https://doi.org/10.1021/jp509003r
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=.+Force+Field+Model+of+Periodic+Trends+in+Biomolecular+Halogen+Bonds&btnG=
https://pubs.acs.org/doi/abs/10.1021/jp509003r
https://doi.org/10.1021/jp510119e
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fourier+Transform+Microwave+and+Millimeter-Wave+Spectroscopy+of+Bromoiodomethane%2C+CH2BrI.+&btnG=
https://pubs.acs.org/doi/abs/10.1021/jp510119e
https://doi.org/10.1021/ci4004305
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Targeting+Histidine+Side+Chains+in+Molecular+Design+through+Nitrogen%E2%80%93Halogen+Bonds&btnG=
https://pubs.acs.org/doi/abs/10.1021/ci4004305

Journal of Applied Organometallic Chemistry

[53]. A. Valkonen, M. Chukhlieb, ]J. Moilanen,
H.M. Tuononen, K. Rissanen, Cryst. Growth Des.,
2013, 13, 4769-4775. |[Crossref], [Google
Scholar], [Publisher]

[54]. S. Kozuch, ].M.L. Martin, J. Chem. Theory
Comput, 2013, 9, 1918-1931. [Crossref],
[Google Scholar], [Publisher]

[55] M. Jabtoniski, J. Phys. Chem. A, 2012, 116,
3753-3764. [Crossref], [Google Scholar],
[Publisher]

[56]. M. Groess], Z. Fei, P.J. Dyson, S.A. Katsyuba,
K.L. Vikse, ].S. McIndoe, Inorg. Chem., 2011, 50,
9728-9733. [Crossref], [Google Scholar],
[Publisher]

[57]. R. Wilcken, M.O. Zimmermann, A. Lange, S.
Zahn, B. Kirchner, F.M. Boeckler, J. Chem. Theory
Comput., 2011, 7, 2307-2315. [Crossref],
[Google Scholar], [Publisher]

2023, Volume 3, Issue 3

[58] O. de-la-Roza, E.R. Johnson, G.A. DiLabio, J.
Chem. Theory Comput., 2014, 10, 5436-5447.
[Crossref], [Google Scholar], [Publisher]

[59]. O.G. Grendal, A.B. Blichfeld, S.L. Skjeervg,
W. Van Beek, S.M. Selbach, T. Grande, M.A.
Einarsrud, Crystals, 2018, 8, 253. [Crossref],
[Google Scholar], [Publisher]

[60]. S. Jahangiri, G. Dolgonos, T. Frauenheim,
G.H. Peslherbe, J. Chem. Theory Comput., 2013,
9, 3321-3332. [Crossref], [Google Scholar],
[Publisher]

[61]. X. Li, T. Haunold, S. Werkovits, L.D.
Marks, P. Blaha, G. Rupprechter, J. Phys. Chem.
C, 2022, 126, 6578-6589. [Crossref], [Google
Scholar], [Publisher]

[62]. M.G. Chudzinski, C.A. McClary, M.S. Taylor,
J. Am. Chem. Soc., 2011, 133, 10559-10567.
[Crossref], [Google Scholar], [Publisher]

[63].S. Guo, W. Sattler, C. Mamat, H.-]. Pietzsch,
Nature Chem., 2018, 10, 428-434. [Crossref],
[Google Scholar], [Publisher]

Copyright © 2023 by SPC (Sami Publishing Company) + is an open access article distributed under

the Creative Commons

Attribution

License (CC BY) license

(https://creativecommons.org/licenses /by/4.0/), which permits unrestricted use, distribution,

and reproduction in any medium, provided the original work is properly cited.



https://doi.org/10.1021/cg400924n
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+and+Hydrogen+Bonded+Complexes+of+5-Iodouracil.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+and+Hydrogen+Bonded+Complexes+of+5-Iodouracil.&btnG=
https://pubs.acs.org/doi/abs/10.1021/cg400924n
https://doi.org/10.1021/ct301064t
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+Bonds%3A+Benchmarks+and+Theoretical+Analysis&btnG=
https://pubs.acs.org/doi/full/10.1021/ct301064t
https://doi.org/10.1021/jp300993b
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Energetic+and+Geometrical+Evidence+of+Nonbonding+Character+of+Some+Intramolecular+Halogen%C2%B7%C2%B7%C2%B7Oxygen+and+Other+Y%C2%B7%C2%B7%C2%B7Y+Interactions&btnG=
https://pubs.acs.org/doi/abs/10.1021/jp300993b
https://doi.org/10.1021/ic201642k
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mass+Spectrometric+and+Theoretical+Study+of+Polyiodides%3A+The+Connection+between+Solid+State%2C+Solution%2C+and+Gas+Phases&btnG=
https://pubs.acs.org/doi/abs/10.1021/ic201642k
https://doi.org/10.1021/ct200245e
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Addressing+Methionine+in+Molecular+Design+through+Directed+Sulfur%E2%80%93Halogen+Bonds.+&btnG=
https://pubs.acs.org/doi/abs/10.1021/ct200245e
https://doi.org/10.1021/ct500899h
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Halogen+Bonding+from+Dispersion-Corrected+Density-Functional+Theory%3A+The+Role+of+Delocalization+Error.&btnG=
https://pubs.acs.org/doi/abs/10.1021/ct500899h
https://doi.org/10.3390/cryst8060253
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Facile+Low+Temperature+Hydrothermal+Synthesis+of+BaTiO3+Nanoparticles+Studied+by+In+Situ+X-ray+Diffraction&btnG=
https://www.mdpi.com/2073-4352/8/6/253
https://doi.org/10.1021/ct300919h
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thomas+Frauenheim%2C+and+Gilles+H.+Peslherbe+.+Parameterization+of+Halogens+for+the+Density-Functional+Tight-Binding+Description+of+Halide+Hydration&btnG=
https://pubs.acs.org/doi/abs/10.1021/ct300919h
https://doi.org/10.1021/acs.jpcc.2c01141
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=CO+Adsorption+and+Disproportionation+on+Smooth+and+Defect-Rich+Ir%28111%29&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=CO+Adsorption+and+Disproportionation+on+Smooth+and+Defect-Rich+Ir%28111%29&btnG=
https://pubs.acs.org/doi/full/10.1021/acs.jpcc.2c01141
https://doi.org/10.1021/ja202096f
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Anion+Receptors+Composed+of+Hydrogen-+and+Halogen-Bond+Donor+Groups%3A+Modulating+Selectivity+With+Combinations+of+Distinct+Noncovalent+Interactions&btnG=
https://pubs.acs.org/doi/abs/10.1021/ja202096f
https://doi.org/10.1038/s41557-018-0011-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+and+computational+evidence+of+halogen+bonds+involving+astatine.+&btnG=
https://www.nature.com/articles/s41557-018-0011-1
http://www.samipubco.com/
https://creativecommons.org/licenses/by/4.0/

