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1. Introduction

wide range of chemical, physical, and

biological processes depend heavily

on non-covalent interactions, a class

of intermolecular forces. Non-

covalent interactions result from
electrostatic, Van der Waals, and other weak
forces, as opposed to covalent connections,
which include the sharing of electrons between
atoms. The stability of diverse molecular and
supramolecular structures, molecular
recognition, self-assembly, and protein folding
depends on these interactions [1]. Many
scientific fields, including chemistry,
biochemistry, materials science, and medicine,
depend on non-covalent interactions in one
way or another. The basic forces that control
molecular recognition, self-assembly, and
stability in various systems are non-covalent
interactions, we may say. The development and
stability of molecular structures is made
possible by a wide variety of their interactions,
including electrostatic forces, Van der Waals
forces, hydrophobic interactions, cation-
interactions, halogen bonding, and hydrogen
bonding [2]. When a hydrogen atom is bound to
a strongly electronegative atom (such nitrogen,
oxygen, or fluorine) and is drawn to another
electronegative atom in a nearby molecule, this
process is known as hydrogen bonding.
Hydrogen bonds are essential for the structure
and operation of biomolecules like DNA,
proteins, and water, as shown in Figure 1
because they are more powerful than
conventional dipole-dipole interactions [3]. The
stability of biomolecules like proteins and DNA,

as well as the hydrogen bonding in water is
displayed in Figure 1 [4].

In a molecule, when a hydrogen atom is linked
to a highly electronegative atom, it attracts the
shared pair of electrons more, and so this end of
the molecule becomes slightly negative while
the other end becomes slightly positive. The
negative end of one molecule attracts the
positive end of the other, and as a result, a weak
bond is formed between them. This bond is
called the hydrogen bond [5]. As a result of
hydrogen bonding, a hydrogen atom links the
two electronegative atoms simultaneously, one
by a covalent bond and the other by a hydrogen
bond. The conditions for hydrogen bonding are
as follows: the molecule should contain a highly
electronegative atom linked to the hydrogen
atom. With higher electronegativity, the
polarization of the molecule increases and the
size of the electronegative atom should be
small. Indeed, the smaller the size, the greater
the electrostatic attraction [6]. However, in
many chemical, physical, and biological

processes, hydrogen bonding is a particular

° Covalent bond o
X 4

Figure 1. Hydrogen bond in water [4]
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kind of non-covalent contact that is important.
It happens when a hydrogen atom makes an
electrostatic ~ connection  with  another
electronegative atom in a different molecule or
within the same molecule after being covalently
bound to an electronegative atom, such as
nitrogen (N), oxygen (0), or fluorine (F) [7]. The
strength of hydrogen bonds, which have a
considerable impact on molecule structure,
characteristics, and reactivity, is greater than
that of conventional dipole-dipole interactions.
Based on the chemical composition and
configuration of the involved atoms, there are
several forms of hydrogen bonding which
include the intermolecular and intramolecular
hydrogen  bonding. Intermolecular and
intramolecular hydrogen bonding are key
phenomenon in chemistry and biology. It
involves the attractive con nection between a
hydrogen atom and an electronegative atom
(usually oxygen, nitrogen, or fluorine) in
another molecule. It is essential to understand
how various molecular systems, including
liquids, solids, and biomolecules, are structured,
stable, and reactive [8]. For disciplines like
materials science, drug development, and
catalysis to advance, an understanding of the
nature and characteristics of intermolecular
hydrogen bonding is crucial. In a material,
different molecules form intermolecular
hydrogen bonds. As long as hydrogen donors
and acceptors are present and at places where
they may interact with one another, they can
happen between any numbers of similar or
dissimilar molecules. For instance, NH3
molecules alone, H0 molecules alone, or NH3
plus H20 molecules can form intermolecular
hydrogen bonds, as depicted in Figure 2 [9].

Figure 2. Intermolecular hydrogen bonding in NH3
and between NH3 and H20 [9]
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When a hydrogen atom concurrently
establishes a hydrogen connection with one
electronegative atom and another
electronegative atom within the same molecule,
it exhibits an interesting and significant
phenomenon known as intramolecular
hydrogen bonding [10]. The prevalence and
importance of intramolecular hydrogen
bonding are demonstrated by a number of
instances. One example is the structure of 2,6-
dihydroxybenzoic acid, where an
intramolecular hydrogen bond is created as a
result of intramolecular hydrogen bonding
between the hydroxyl group and the carboxylic
acid group. The stability and characteristics of
the chemical are influenced by this hydrogen
bonding. Another example of intramolecular
hydrogen bonding occurs in ethylene glycol
(C2H4(OH)2) between its two hydroxyl groups
due to the molecular geometry, as shown in
Figure 3 [11].

The creation of hydrogen bonds within a
molecule, or intramolecular hydrogen bonding,
is an intriguing phenomenon with important

consequences for  molecular  structure,
conformation, and characteristics. = How
intramolecular hydrogen bonding affects

molecule behaviour and interactions requires a
thorough comprehension of this phenomenon.
The nature and dynamics of intramolecular
hydrogen bonding have been studied and
clarified with the use of experimental and
computational methods [12].

Understanding the presence, strength, and
shape of hydrogen bonding inside molecules is
made possible through experimental methods.
Hydrogen bonding interactions have frequently
been studied using spectroscopic techniques
including nuclear magnetic resonance (NMR)
and infrared (IR) spectroscopy. The

Figure 3. Intramolecular hydrogen bonding in
ethylene glycol molecule [11]
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determination of bond strengths and lengths is
made possible by the information about
vibrational = frequencies and intensities
associated with hydrogen bonding that is
provided by IR spectroscopy. On the other
hand, NMR spectroscopy may provide light on
chemical shifts and coupling constants, offering
details on the dynamics and geometries of
hydrogen bonds [13]. To understand
intramolecular and intermolecular hydrogen
bonding, computational methods have become
essential tools. Details regarding the electronic
structure, energetics, and kind of hydrogen
bonding interactions are revealed by quantum
mechanical simulations. In addition to the
charge distribution and electron density related
to these interactions, these simulations help
clarify the strength, directionality, and stability
of hydrogen bonds [14]. Another computer
technique, molecular dynamics simulations,
allow for the analysis of the dynamic behaviour
and adaptability of intermolecular and
intramolecular hydrogen bonding. Molecular
dynamics simulations can shed light on the
function of  hydrogen bonding in
conformational changes, molecular recognition,
and solvent effects by modelling the mobility
and interactions of atoms over time [15].

Furthermore, computational methods have the
benefit of examining a variety of molecular
systems and circumstances, offering a
theoretical framework to explain and support
experimental findings. A thorough knowledge
of intermolecular and intramolecular hydrogen
bonding is made possible by the combination of
experimental data with computational models,
which opens up new perspectives on the
underlying ideas and behaviours of these
interactions [16-17]. The aim of this article is to
explore the experimental and computational
methods in intermolecular and intramolecular
hydrogen bonding. The objective is to examine
key procedures and techniques utilized in
experimental  research, including NMR
spectroscopy, and IR spectroscopy. We will also
explore the computational approaches used to
study the intermolecular and intramolecular
hydrogen bonding, such as quantum
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mechanical calculations and  molecular
dynamics simulations, demonstrating their
capacity to offer insightful knowledge about the
structure and dynamics of these interactions.

2. Intramolecular Hydrogen Bonding

2.1. Structural effects of intramolecular
hydrogen bonding
The structure, geometry, and preferred

conformational states of the molecules are all
significantly influenced by intramolecular
hydrogen bonds [18]. The structural effects of
intramolecular hydrogen bonding along with its
impact on molecular shape and geometry and
its function in maintaining molecular
conformations are discussed as follow:

A. Influence on molecular shape and geometry

i. Bent and linear intramolecular hydrogen
bonds: There are two basic geometries for
intramolecular hydrogen bonds: bent and
linear. The hydrogen atom, together with the
other two atoms participating in the
interaction, creates a non-linear configuration
in a bent hydrogen bond. This frequently
happens when the hydrogen bond giver and
acceptor atoms in the molecule are close to one
another, resulting in an angular or curved
configuration [19]. For instance, the hydrogen
link between the hydroxyl hydrogen and the
carbonyl oxygen in malonaldehyde (C3H402)
results in a twisted hydrogen bond [20].

The steric interactions between the two oxygen
atoms are what cause this bent shape, as
demonstrated in Figure 4. On the other hand, a
linear hydrogen bond happens when the
hydrogen atom and the two bonding atoms are
all positioned in a straight line. When the atoms
that form a hydrogen bond are arranged in a
straight line, this geometry is visible. The
hydroxyl group creates a hydrogen connection
with the carbonyl oxygen in the -hydroxy
carboxylic acids, resulting in a linear
arrangement. This is an example of a linear
intramolecular hydrogen bond [21].
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Figure 4. Hydrogen linkage in malonaldehyde [20]

ii. Effects on torsional and bond angles: Within a
molecule, intramolecular hydrogen bonding can
have a considerable impact on torsional and
bond angles. Due to electrostatic repulsion or
steric obstruction between the hydrogen atom
and the surrounding atoms, the existence of a
hydrogen bond might result in variations from
the predicted bond angles [22]. For instance, in
acetic acid, the hydroxyl hydrogen and carbonyl
oxygen form intramolecular hydrogen bonds
that result in a greater bond angle than would
be predicted for a conventional sp3 hybridized
carbon. Furthermore, torsional angles may be
constrained by intramolecular hydrogen
bonding, which restricts rotation around
certain molecules links. This limitation is seen
in situations when intramolecular hydrogen
bonding affects the preferred conformation. For
instance, in f-diketones, the presence of an
intramolecular hydrogen bond can fix the
torsional angle [23].

B. Molecular conformation stabilization

i. Role of intramolecular hydrogen bonding in
ring creation: The creation and stability of cyclic
structures in organic compounds is greatly
aided by intramolecular hydrogen bonding
[24]. A molecule's hydrogen bonding can
strengthen its cyclic structure and lessen ring
strain. For example, in 2, 5-dihydrofuran, as
shown in Figure 5, the hydroxyl hydrogen and
the oxygen atom in the furan ring form an
intramolecular hydrogen bond that aids in
stabilizing the cyclic structure.

Journal of Chemical Reviews
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Figure 5. Structure of 2,5-dihydrofuran [24]

The preferred shape of cyclic compounds can
also be determined by intramolecular hydrogen
bonding. In essence, the hydrogen bonds "lock"
the molecule into a certain conformation,
causing stable rings with clearly defined
geometries to develop [25-26]. This is shown in
cyclic compounds like 5-aminotetrazole in
Figure 6, where the cyclic structure is
stabilized and the geometry is affected by
intramolecular hydrogen bonding.

Figure 6. Structure of 5-aminotetrazole [27]

ii. Impact on molecular stiffness and flexibility:
The stiffness and flexibility of a molecule can be
dramatically influenced by intramolecular
hydrogen bonding. Hydrogen bond formation
can limit molecular mobility and lessen the
flexibility of the molecule's conformation. This
constraint becomes clear when inflexible cyclic
structures or bulky groups are involved in
intramolecular hydrogen bonding [28].

2.2. Experimental techniques for characterizing
intramolecular hydrogen bonding

2.3. Spectroscopic methods
2.3.1. Infrared spectroscopy

Infrared spectroscopy is a potent experimental
method that is frequently used to describe
intramolecular hydrogen bonding [29]. It offers
insightful information on the existence,
potency, and shape of hydrogen bonds inside
molecules. The  fundamentals of IR
spectroscopy will be covered in this part, along
with how it may be used to examine
intramolecular hydrogen bonds.
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Figure 7. IR spectra of ethanol [32]

Utilizing IR  spectroscopy  to
intramolecular hydrogen bonding

analyse

1. Identification of hydrogen bonded functional
groups: The identification of functional groups
involved in intramolecular hydrogen bonding is
possible through the use of IR spectroscopy.
The vibrational frequencies of the relevant
functional groups can change when a hydrogen
bond is present [30-31]. In general, the IR
spectrum alters in a distinctive way as a result
of hydrogen bonding involving the OH, NH, or
CH groups. For instance, in alcohols, the O-H
stretching band can expand and move to lower
wave numbers due to intramolecular hydrogen
bonding between the hydroxyl group and an
electronegative atom, as illustrated in Figure 7.
This change is a sign that a hydrogen bond is
forming [32].

A similar shift in the amide I and amide II bands
in the IR spectra can happen because of
intramolecular hydrogen bonding involving the
amide group in peptides and proteins [33-34].

2. Hydrogen bond distance and strength
determination: IR spectroscopy may reveal
details about the distance and strength of
hydrogen bonds within a molecule. The
strength of the bond may be determined by the
intensity of the absorption band corresponding

to the hydrogen bond. Higher absorption
intensities are seen for stronger hydrogen
bonds [35]. Furthermore, information on the
geometry and distance of the hydrogen bond
may be gleaned from the position and shape of
the absorption band. The bond strength may be
connected to the wave number at which the
absorption takes place, and the width of the
absorption band can reveal details about the
length and degree of hydrogen bond
cooperativity [36].

3. Examining the impact of environment and
solvents: IR spectroscopy is helpful in
determining how solvents and other
environmental elements affect intramolecular
hydrogen bonding. By changing the polarity and
hydrogen bond accepting capacity of the
medium, the solvent can modify the strength
and shape of the hydrogen bond [37]. It is
feasible to spot variations in the hydrogen
bonding behaviour by contrasting the IR
spectra of a molecule in various solvents or
environmental settings. By competing with the
molecule to generate intermolecular hydrogen
bonds, protic solvents, for example, can break
intramolecular hydrogen bonds, shifting the IR
absorption bands linked to the hydrogen bond
[38].

4. Intramolecular hydrogen bond structural
analysis: Infrared spectroscopy and isotopic
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labelling can give precise structural details
regarding intramolecular hydrogen bonds. It is
possible to discriminate between the stretching
and bending vibrations of the hydrogen bond
and other vibrational modes by substituting
one or both of the hydrogen atoms in the
hydrogen bond with deuterium. Isotopic
labelling can provide light on the particular
atoms participating in the hydrogen bond and
assist distinguish intramolecular hydrogen
bonding from other weak interactions. The
geometry, lengths, and angles related to the
hydrogen bond inside the molecule may all be
determined using this method [39]. Infrared
spectroscopy is a flexible method for describing
intramolecular hydrogen bonding. It makes it
possible to recognize hydrogen-bonded
functional groups, ascertain the geometry and
strength of hydrogen bonds, investigate the
effects of solvents and the environment, and
perform structural analyses of intramolecular
hydrogen bonds [40]. IR spectroscopy aids to a
greater knowledge of the behaviour and
characteristics of molecules with
intramolecular hydrogen bonding by offering
insightful information on these features [41].

2.3.2. NMR spectroscopy

The strong experimental method of Nuclear
Magnetic Resonance (NMR) spectroscopy is
utilized to describe intramolecular hydrogen
bonding. The detection and characterisation of
hydrogen bonding interactions are made
possible by the useful information that NMR

Otterk 2.7 ppm

HO—C—CH—C—OH

CHQCHg
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spectroscopy offers about the chemical
environment of hydrogen atoms within
molecules. The use of proton chemical shift
variations as markers of hydrogen bonding and
the calculation of intramolecular hydrogen
bond lengths and angles will be covered in this
section's discussion of how NMR spectroscopy
is used to research intramolecular hydrogen
bonding [42-43].

i. Proton chemical shift changes as hydrogen

bonding indicators: In NMR spectroscopy,
protons' chemical shifts in a molecule provide
details  about  their local electronic

surroundings. The intensity and existence of
intramolecular hydrogen bonding may be
determined by changes in the chemical shifts of
the protons participating in the hydrogen bond
induced by hydrogen bonding interactions [44].
A downfield shift of the proton's resonance
frequency is frequently caused by hydrogen
bonding, which raises the chemical shift value.
This downfield shift happens as a result of the
hydrogen bond's de-shielding action, which
lowers the electron density surrounding the
hydrogen atom. The distance between the
hydrogen bond donor and acceptor and the
bond's strength are two variables that affect
how much downfield shift occurs. For example,
the hydrogen linked hydroxyl proton in
carboxylic acids undergoes a downfield shift as
a result of the de-shielding action produced by
the nearby carbonyl oxygen atom, as shown in
Figure 8 [45].

biack
triplet
quintet a

triplet

7 B 8 4 2 1

Figure 8. NMR spectra of carboxylic acid [45]
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i. Shielding effects on proton shifts: In certain
intramolecular hydrogen
bonding can have a shielding impact on the
resonance frequency of the proton, resulting in
a lower chemical shift value. When a hydrogen
bond creates a closed ring or cyclic structure, it
alters the electron distribution
molecule and causes the shielding effect. Cyclic
chemicals like 5-aminotetrazole serve as an
illustration of a shielding effect. The chemical
shifts of the protons engaged in the hydrogen
bond are protected by the existence of
intramolecular hydrogen bonding in the cyclic
structure [48].

circumstances,

inside the

ii. Determination of intramolecular hydrogen
bond distance and angle: The lengths and angles
related to intramolecular hydrogen bonding can
also be determined by NMR spectroscopy [46].
It is possible to ascertain the spatial
configurations and closeness of the hydrogen
atoms engaged in the hydrogen bond by
examining the J-coupling constants between
them [47]. The spin-spin interactions between
linked nuclei in a molecule give rise to scalar
couplings, sometimes referred to as ]J-couplings.
The dihedral angles between the linked nuclei
have an impact on the magnitude of J-coupling,
which may be calculated from the splitting
patterns seen in the NMR spectra [48]. Scalar
couplings can shed light on the torsional angles
and conformations related to the hydrogen
bond in the context of intramolecular hydrogen
bonding. It is feasible to ascertain the relative
orientations and separations between the
hydrogen atoms engaged in the hydrogen bond
by measuring the J-couplings between them
[49].

iii. NOE effects: Another NMR phenomenon that
may be used to examine
hydrogen bonding is the Nuclear Overhauser
Effect (NOE). NOE is a phenomenon that results
from dipolar interactions between nuclear
spins and is characterized by an increase in the

intramolecular
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signal strength of one nucleus (for example, the
proton implicated in the hydrogen bond) when
another nucleus (for example, the hydrogen
bond acceptor) is present nearby. It is feasible
to ascertain the separations and spatial
configurations between the hydrogen atoms
engaged in the hydrogen bond by monitoring
the NOE effects between them [50].

Along with these approaches, 2D NMR
techniques like Nuclear Overhauser Effect
Spectroscopy (NOESY) and Rotating-frame
Overhauser Effect Spectroscopy (ROESY) can
provide more details regarding the connectivity
and spatial closeness of hydrogen atoms
engaged in N—H:+:O in intramolecular
hydrogen bonding, as demonstrated in Figure

(

-~

Figure 9. Formation of intramolecular N—H---0
hydrogen bonds [50]

2.4. Computational approaches for
characterizing intramolecular hydrogen bonding

To fully understand intramolecular hydrogen
bonding, computational approaches are
essential. They offer important new
perspectives on the dynamics, energetics, and
structural preferences of these interactions
[51]. To simulate intramolecular hydrogen
bond dynamics and forecast conformational
preferences driven by hydrogen bonding, this
section will address molecular dynamics
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simulations as a computational tool for
researching intramolecular hydrogen bonding.

2.4.1. Molecular dynamics simulations

Computing techniques called molecular
dynamics (MD) simulations are used to
examine how atoms and molecules move and
behave over time. MD simulations may offer
precise information regarding the dynamic
behaviour, energetics, and conformational
preferences of molecules with intramolecular
hydrogen bonding by solving the equations of
motion for a system of interacting particles
[52]. MD simulations are particularly useful for
studying the dynamics of intramolecular
hydrogen bonding. These simulations can shed
light on how hydrogen bonds change, develop,
and are broken inside molecules. MD
simulations can capture the transient character
of hydrogen bonding and highlight the kinetics
and thermodynamics involved with hydrogen
bond dynamics by following the locations and
interactions of atoms across time [53]. With the
use of MD simulations, it is possible to examine
the impact of variables like temperature,
solvent effects, and molecular flexibility on the
longevity and stability of intramolecular
hydrogen bonds. They can also provide insight
into how hydrogen bonds play a part in
conformational changes, such as shifts between
various hydrogen-bonded conformations [54].
MD simulations may be used to study and
predict the conformational preferences of
molecules affected by intramolecular hydrogen
bonding. MD simulations give information on
the stable conformations taken by a molecule
and the impact of hydrogen bonding on these
conformations by modelling the mobility and
interactions of atoms [55]. MD simulations can
assist  in identifying  the preferred
conformations connected to intramolecular
hydrogen bonding by determining the relative
populations and energy of various hydrogen-
bonded conformations. These details help
explain how hydrogen bonds affect molecule
structure, stability, and reactivity [56].

In addition, to overcome energy barriers and
more effectively explore the conformational
space, additional sampling approaches
including improved sampling methods (such

Journal of Chemical Reviews

replica exchange molecular dynamics and meta-
dynamics) can be used in MD simulations. A
more complete picture of the conformational
preferences driven by intramolecular hydrogen
bonding may be obtained using these
approaches, which allow the sampling of
uncommon or high-energy conformations [57].
To acquire more precise and thorough
information regarding the electronic structure,
energetics, and nature of intramolecular
hydrogen bonding, MD simulations can be
further integrated with quantum mechanical
calculations. These hybrid methods, referred to
as quantum mechanics/molecular mechanics
(QM/MM) simulations, provide a more precise
description of the intramolecular hydrogen
bond while taking the surrounding molecular
environment into account [58].

2.4.2. Quantum mechanical calculations

It is possible to examine intramolecular
hydrogen bonding using quantum mechanical
computations, which are computational
techniques based on the ideas of quantum
mechanics. In-depth knowledge regarding the
electronic structure, energetics, and
characteristics of molecules having hydrogen
bonds is provided by these calculations [59].

i. Assessment of intramolecular hydrogen bond
energies and properties: Quantum mechanical
computations are incredibly helpful for
determining the tensile strength and stability of
intramolecular = hydrogen bonds. These
computations can identify the electronic energy
associated with the hydrogen bond and reveal
information about the kind and intensity of the
interaction by solving the Schrédinger equation
for the target molecule. The bond dissociation
energy (BDE) and interaction energy of

hydrogen bonds, for instance, may be
determined by quantum mechanical
calculations [60]. The interaction energy

indicates the total intensity of the hydrogen
bond interaction, whereas the BDE shows the
energy needed to break the hydrogen bond.

ii. Visualization of electron density distribution in
intramolecular hydrogen bonding: Electron
density distribution in hydrogen bonds may be
seen visually thanks to calculations made using
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quantum mechanics, which is crucial for
describing and comprehending the nature of
these bonds. The distribution of electrons
within a molecule is reflected in the electron
density, which also sheds light on the geometry
and strength of the hydrogen bond [61].

To observe the distribution of electron
densities close to the hydrogen bond, electron
density maps can be created through quantum
mechanical computations. These maps make it
possible to locate areas with high electron
densities that are connected to the hydrogen
bond. The kind of the hydrogen bond, such as
whether it is covalent or electrostatic, may be
identified by looking at the electron density
distribution [62].

2.5. Advancements in
intramolecular hydrogen bonding

characterizing

Through various experimental and
computational methodologies, intramolecular
hydrogen bonding has become better
understood. Some of the significant recent
developments will be covered in this section.

i. High-resolution structural methods: The
determination of high-resolution structures of
molecules and materials with intramolecular
hydrogen bonding has been made possible by
improvements in X-ray crystallography and
neutron diffraction methods. These methods
offer thorough details on hydrogen bond
lengths, angles, and the general configuration of
molecules in the crystal lattice [63].
Understanding the function of intramolecular
hydrogen bonds in crystal packing,
polymorphism, and material characteristics is
made easier by high-resolution structural data
[64].

i. Ultrafast spectroscopy: Ultrafast
spectroscopic methods have become effective
instruments for describing the dynamics of
intramolecular hydrogen bonds. Examples
include femtosecond transient absorption
spectroscopy and 2D-IR spectroscopy. These
methods shed light on the elapsed periods and
routes for the production and rupture of

2023, Volume 5, Issue 4

hydrogen bonds as well as the interactions
between hydrogen bonding and other
molecular movements [65]. A thorough
knowledge of temporal characteristics of
intramolecular hydrogen bonding is possible
because to ultrafast spectroscopy, which
enables the investigation of hydrogen bond
dynamics in real-time [66].

iii. Theoretical models and concepts: New
theoretical models and ideas have helped us
grasp how intramolecular hydrogen bonds
function. Refined ideas include the nature of
hydrogen bonding, which includes its
electrostatic and covalent components, and the
function of cooperative effects in hydrogen
bond networks [67]. Deeper understanding of
the contributions of various interactions to
intramolecular hydrogen bonding has come

through the development of innovative
theoretical ~models, such as energy
decomposition analysis and electrostatic

potential analysis [68-69].

iv. Imaging Methods: New imaging methods,
including as atomic force microscopy (AFM)
and scanning tunnelling microscopy (STM),
have made it possible to see intramolecular
hydrogen bonds in their natural state at the
nanoscale. In self-assembled monolayer and
supramolecular structures, these methods give
spatially detailed information about the
arrangement and organization of molecules

[70]. Imaging methods provide insightful
information on the  structure-property
relationships controlled by intramolecular

hydrogen bonds [71].

High-resolution structural approaches, ultrafast
spectroscopy, developments in NMR
spectroscopy, computational methods,
theoretical models, and imaging methods have
all contributed to the improvement of
intramolecular hydrogen bonding
characterization [72-73]. These discoveries
have deepened our understanding of the
nature, dynamics, and characteristics of
intramolecular hydrogen bonding, advancing
our knowledge of its applications across a range
of scientific disciplines and aiding the creation
of useful molecules and materials [74].
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3. Intermolecular Hydrogen Bonding

3.1. Characteristics of intermolecular hydrogen
bonding

When compared to other non-covalent
interactions, intermolecular hydrogen bonding
stands out due to a number of distinctive
features. These traits are crucial in determining
material  qualities, regulating different
biological and chemical processes, and
sculpting molecular structures. Let's go through
the features of intermolecular hydrogen
bonding in detail:

1. Strength and directionality

Strength: Compared to the other non-covalent
interactions like dipole-dipole or Van der Waals
forces, intermolecular hydrogen bonds are
often more powerful. The electronegativity
difference between the hydrogen-bond donor
and acceptor, the separation between the
interacting atoms, and the existence of extra
stabilizing elements are few examples of the
variables that affect the strength of a hydrogen
bond. The strength of hydrogen bonding
typically ranges from 5 to 30 k] /mol [75].
Intermolecular hydrogen bonding has a high
degree of directionality. The hydrogen atom
serves as a link between the acceptor atom in
one molecule and the electronegative atom it is
connected to (hydrogen bond donor) [76]. As a
result, the atoms participating in the hydrogen
bond are arranged in a linear or nearly linear
pattern. Electrostatic interactions and orbital
alignment  produce unique molecular
configurations and geometries in condensed
phases, which determine the directionality [77].

2. Electrostatic nature

Hydrogen bonding is essentially an electrical
connection, according to electrostatic
attraction. The electronegative atom of another
molecule (the hydrogen bond acceptor), which
has a partial negative charge, and the hydrogen
atom, which has a partial positive charge, join
forces to create a weak link. Due to the
acceptor's and hydrogen's different
electronegativities, there is an electrostatic
attraction. The hydrogen atom in an
intermolecular hydrogen bond has a partial
positive charge, whereas the acceptor atom has
a partial negative charge. The dipole-dipole
interaction caused by this charge separation
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adds to the hydrogen bond's strength and
directionality [78].

3. Specificity and selectivity

The creation of intermolecular hydrogen bonds
shows selectivity. Not all electronegative atoms
can function as acceptors, and not all atoms
with hydrogen atoms can form hydrogen bonds.
The most frequent hydrogen bond acceptors
are typically oxygen, nitrogen, and fluorine
atoms, whereas hydrogen atoms attached to
oxygen or nitrogen atoms act as donors [79].
The availability of suitable hydrogen bond

donors and acceptors with adequate
geometries and electrical characteristics
determines the selectivity. The atom

geometries and configurations engaged in
hydrogen bonding are likewise particular. The
formation and strength of hydrogen bonds are
governed by the presence of certain functional
groups and the relative orientations of
hydrogen bond donors and acceptors. This
specificity is essential for molecular recognition
processes including DNA base pairing and
protein-ligand binding.

4. Molecular structure

Molecular structure is influenced by effects on
conformation; hydrogen bonds have a
substantial impact on the molecular structure
and conformation of molecules. When hydrogen
bonds are present, they can control how atoms
and groups are arranged around the donor and
acceptor, resulting in certain molecular
conformations. For instance, in proteins, the
secondary structural components (alpha helices
and beta sheets) are determined by hydrogen
bonding between amino acid residues [80].
Furthermore, by serving as internal structural
pillars, hydrogen bonds provide molecular
structures their stability. They support the
general stability of the molecule by balancing
the repelling forces between charged or polar
groups. In substances like ice or certain
crystals, hydrogen bonding networks offer
stability and have an impact on their physical
and chemical characteristics.

5. Effects of solvents

Hydrogen bonding affects how molecules
behave in solvents, which is known as solvent-
solvent interactions. Extensive hydrogen
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bonding networks that occur in protic solvents
like water give rise to special features including
high boiling temperatures, surface tension, and
heat capacity. Compound solubility is further
impacted by hydrogen bonding because
interactions with solvent molecules and
solvation depend on the strength and
availability of hydrogen bonds.

6. Lifetime and dynamics

Hydrogen bonding between molecules is
dynamic and fleeting in nature. They can
quickly develop and break, having lifetimes
between picoseconds to nanoseconds. Proton
transfer processes and conformational changes
are only two examples of how the dynamics of
hydrogen bonds affect the general reactivity
and behaviour of molecules. Hydrogen bonds
are dynamic, which enables molecular
structures to adjust and respond to
environmental changes.

Temperature, pressure, solvent environment,
and adjacent molecule interactions are only a
few examples of the variables that affect the
stability and longevity of hydrogen bonds.
Longer lives and higher stability are associated
with stronger and more favourable hydrogen
bond interactions [81].

3.2. Experimental techniques for characterizing
intermolecular hydrogen bonding

3.3. Spectroscopic methods

3.3.1. Infrared spectroscopy

A potent experimental method often employed
to describe intermolecular hydrogen bonding is
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infrared (IR) spectroscopy. It offers important
details regarding the presence, strength, and
characteristics of hydrogen bonds in many
systems. Based on how infrared radiation
interacts with molecular vibrations, IR
spectroscopy, the distinctive absorption bands
seen in the IR spectrum may be linked to
hydrogen bond stretching and bending
vibrations. Here, accompanied by pertinent
examples, we will go into great detail on how IR
spectroscopy is used to characterize
intermolecular hydrogen bonding:

i. Identification of hydrogen bonding: The
presence of hydrogen bonds in a molecule or
system may be determined via IR spectroscopy.
In hydrogen bonds, the stretching vibrations of
the hydrogen atoms take place at specified
frequencies, usually between 1500 and 3500
cm-l. Hydrogen bonds are present in this area,
as shown by the distinctive broad and strong
absorption bands. For instance, the O-H
stretching vibration of liquid water exhibits a
large absorption band at around 3400 cm! in
the infrared spectrum, which is related to the
creation of vast hydrogen bonding networks.
Another example is analysing multiple
hydrogen bonds in mixtures of two monomers:
urethane  dimethacrylate @ (UDMA)  and
triethylene glycol-divinylbenzyl ether (TEG-
DVBE). The carbonyl stretching band in
infrared  (IR)  absorption  spectra s
deconvoluted into free and hydrogen-bonded
carbonyl group, as shown in Figure 10 [82].

—TEG-DVEE

——LIDMA .

C-H

stretching  plH
stretching

2800 3000 3200 3400

Wavenumber [cm'1}

Figure 10. Infrared (IR) spectra of the two studied monomers [82]
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Figure 11. Infrared spectrum of hexanoic acid [83]

ii. Strength and length of hydrogen bonds: IR
spectroscopy can shed light on the strength and
length of hydrogen bonds. According to the
strength of the hydrogen bond and the length of
the link between the hydrogen donor and
acceptor atoms, the location and intensity of the
absorption bands in the IR spectrum are
connected. In the IR spectrum, stronger
hydrogen bonds often have greater
wavenumbers (cm-) than weaker ones. The
frequency shifts and intensity changes can be
used to evaluate how the strength of the
hydrogen bond will alter when the molecular
environment or interactions change. For
instance, changes in the O-H stretching band
location in the IR spectra of various carboxylic
acid samples correspond to variations in the
hydrogen bond strength and the electrical
environment of the hydroxyl group, as
indicated in Figure 11 [83].

iii. Dynamics and lifespan of hydrogen bonds: IR
spectroscopy in conjunction with time-resolved
methods can provide light on the dynamics and
lifespan of hydrogen bonds. One may examine
the dynamics of bond creation and breakdown
by observing the time-dependent changes in IR
absorption bands linked to hydrogen bonds.
For instance, time-resolved IR spectroscopy has
been applied to study solvent dynamics, proton
transfer, and hydrogen bond formation kinetics
in acid-base processes [84].

iv. Intermolecular interactions and solvent
effects: IR spectroscopy can examine how
solvents and intermolecular interactions affect

hydrogen bonding. Solvents can influence the
strength and characteristics of hydrogen bonds,
shifting or altering the intensities of absorption
bands [85].

3.3.2. Raman spectroscopy

The  characterisation of intermolecular
hydrogen bonding can be greatly aided by the
use of potent experimental method known as
Raman spectroscopy. It is based on the Raman
scattering, an inelastic scattering of light that

happens when molecules go through
vibrational transitions. @ Hydrogen bond
strengths, geometries, dynamics, and the

impact of hydrogen bonding on molecular
structures may all be studied using Raman
spectroscopy [86]. Here, using pertinent
examples, we will go into great detail on how
Raman spectroscopy is used to characterize
intermolecular hydrogen bonding: Raman
spectroscopy enables the investigation of the
vibrational modes connected to hydrogen
bonding. Because hydrogen atoms are involved
in the production of intermolecular hydrogen
bonds, distinctive shifts, and changes in the
Raman spectrum can be seen. Hydrogen bond
strength and existence may be determined by
the unique Raman bands produced by the
stretching and bending vibrations of hydrogen
bonds. For instance, the O-H bending
vibrational coupling shown in Figures 12 and
Figures 13, which are controlled by hydrogen
bonding, are visible in the Raman spectrum of
water and exhibit unique characteristics [87].
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Figure 12. intermolecular O-H bend-bend coupling
[87]
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Figure 13. Raman spectra of H20 molecules [88]

Raman spectroscopy can provide light on the
power of hydrogen bonds. It is possible to
connect the hydrogen bond's strength with the
intensity of the Raman bands linked to its
vibrations. Raman bands are often more intense
for stronger hydrogen bonds [89]. One may
evaluate the relative strength of hydrogen
bonding in various systems or environments by
contrasting the intensity of hydrogen bond-
related Raman peaks. Raman spectroscopy in
conjunction with time-resolved methods allows
for the investigation of hydrogen bonding
kinetics. One may look at the kinetics of
hydrogen bond formation and breaking by
keeping an eye on the time-dependent changes
in Raman spectra. Proton transfer and
hydrogen bond rearrangements' dynamics have
been studied using time-resolved Raman
spectroscopy [90].

Raman spectroscopy sheds light on how
solvents and intermolecular interactions affect
hydrogen bonding. Solvent environments can
vary or move the hydrogen bonding-related
Raman bands by affecting the strength and
other characteristics of hydrogen bonds [91].
To better understand the cooperative effects
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and intermolecular interactions involved,
Raman spectroscopy may also be used to
investigate the interactions between hydrogen
bonds and other functional groups in a
molecule. Raman spectroscopy enables the
quantitative study of hydrogen bond strengths
by employing well-established calibration
techniques. Hydrogen bond energies or
strengths can be attributed to the intensity
ratios of Raman peaks connected to hydrogen
bonding [92-94].

Intermolecular hydrogen bonding may be
studied using Raman spectroscopy. It enables
the detection and measurement of hydrogen
bonds by giving insights into vibrational modes
related to hydrogen bonding [95]. Raman
spectroscopy has the ability to measure the
strength of hydrogen bonds, probe kinetics, and
investigate the role of solvents and
intermolecular interactions. Due to its
adaptability and sensitivity, it may be used with
various systems, including biological and
nanoscale materials as well as liquids and
solids. Raman spectroscopy can help scientists
better comprehend intermolecular hydrogen
bonds, advancing the study of many different
scientific disciplines like biology, materials
science, and chemistry [96].

3.3.3. X-ray crystallography

An effective experimental method frequently
employed to describe intermolecular hydrogen
bonds is X-ray crystallography. By examining
the diffraction patterns of X-rays dispersed by a
crystalline substance, it offers high-resolution
structural data. The accurate measurement of
molecular geometries and arrangements made
possible by X-ray crystallography makes it
possible to examine intermolecular
interactions, particularly hydrogen bonds, in
great detail [97]. Here, accompanied by
pertinent examples, we will go into great detail
on how X-ray crystallography is used to
characterize intermolecular hydrogen bonding:
i. Visualization of hydrogen bond geometries:
Hydrogen bond geometries may be directly
seen via X-ray crystallography. Researchers can
precisely calculate the angles and distances
between the donor and acceptor atoms in a
hydrogen bond by examining the crystal
structure. This knowledge sheds light on the
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direction and power of hydrogen bonding. For
example, X-ray crystallography has shown that
hydrogen bonds in DNA base pairs are
extremely directed, with particular hydrogen
bond geometries dictating the pairing of
nucleotide bases [98].

ii. Identification of hydrogen bond networks: The
identification of vast hydrogen bond networks
within a crystal is made possible by X-ray
crystallography. Researchers can determine the
locations and connectivity of hydrogen bonds
inside the crystal lattice by examining the
crystal structure. The cooperative effects and
long-range ordering of hydrogen bonding
interactions are revealed by this data. In
proteins, for instance, where hydrogen bonds
are essential for maintaining protein structures,
X-ray crystallography has proved helpful in
revealing the complicated hydrogen bond
networks.

iii. Characterization of hydrogen bond strength:
By examining bond lengths and corresponding
interatomic distances, X-ray crystallography
can shed light on the strength of hydrogen
bonds. Stronger hydrogen bonds are often
correlated with shorter hydrogen bond lengths.
Further enhancing hydrogen bonding is the
existence of other stabilizing elements like
charge delocalization or aromaticity. Based on
structural factors, X-ray crystallography
enables the quantitative evaluation of hydrogen
bond strengths [99].

iv. Hydrogen bonding in crystals and solvation
effects: X-ray crystallography helps clarify how
solvation affects hydrogen bonding in crystals.
Researchers can examine how changing solvent
conditions impact the formation and strength of
hydrogen bonds by comparing crystal
structures produced under various solvent
conditions. This knowledge sheds light on
solvent-solute interactions and the function of
solvation in  regulating intermolecular
interactions [100].

3.4 Computational Approaches for
Characterizing Intermolecular Hydrogen
Bonding

3.4.1. Molecular dynamics simulations

Intermolecular hydrogen bonding may now be
studied computationally using molecular

Journal of Chemical Reviews

dynamics (MD) simulations. To understand the
dynamics, energetics, and characteristics of
intermolecular interactions, particularly
hydrogen bonding, researchers use MD
simulations to model the mobility and
behaviour of atoms and molecules across time
[101]. The wuse of MD simulations to
characterize intermolecular hydrogen bonding
will be covered in-depth here, with examples
that are pertinent.

i. Exploration of Hydrogen Bond Dynamics: By
revealing atomistic details of bond formation,
breaking, and fluctuations, MD simulations
make it possible to explore hydrogen bond
dynamics. Researchers can explore the
lifetimes, frequency, and stability of hydrogen
bonds using simulations. For instance, MD
simulations have been used to study the
dynamics of hydrogen bonds in water, showing
how they form and break on a picoseconds time
scale.  Another example is  dynamic
intermolecular interactions through hydrogen
bonding of water promote heat conduction
[102].

ii. Quantification of Hydrogen Bond Properties:
MD simulations can offer numerical insights
into the characteristics of hydrogen bonds.
Bond lengths, strengths, and orientations may
be calculated by analysing the energy, angles,
and distances involved in hydrogen bonding
interactions. For example, MD simulations have
been used to determine the hydrogen bond
energies in protein-ligand complexes, revealing
information on the stability and binding affinity
of the structures [103].

iii. Hydrogen Bond Network Analysis: MD
simulations make it possible to investigate
intricate hydrogen bond networks in molecular
systems. Researchers can recognize and
examine the connectivity and cooperation of
hydrogen bonding interactions by modelling
huge ensembles of molecules. This knowledge
may demonstrate how hydrogen bond
networks affect the structural and dynamic
characteristics of materials [39-40]. For
instance, MD simulations have been used to
examine the hydrogen bond network in ice and
reveal how it affects the formation and stability
of ice crystals, as shown in Figure 14 [104].
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Figure 14. Schematic diagram of hydrogen bond
network in ice [104]

iv. Hydrogen bond lifetime prediction: By
predicting the lifetimes of hydrogen bonds, MD
simulations can shed light on the resilience and
endurance of these interactions. Researchers
can gather information on hydrogen bond
durations and analyse their influence on
environmental conditions by modelling
chemical systems over extended timeframes
[105]. Understanding the kinetics and
thermodynamics of hydrogen bond creation
and breaking benefits from knowing this fact.
For instance, the hydrogen bond durations in
liquid water under various situations have been
predicted using MD simulations [106].

3.4.2. Quantum mechanical calculations

Intermolecular hydrogen bonding is frequently
studied using quantum mechanical simulations,

which offer important insights into the
electronic structure, energetics, and
characteristics of these interactions [107].

Quantum mechanical calculations may precisely
predict and characterize the behaviour of
molecules at the atomic and subatomic level by
resolving the Schrodinger equation. Here, we
will go into great detail on how quantum
mechanical calculations may be used to
describe intermolecular hydrogen bonding.

A. Electronic structures and energy

i. Orbital interactions: Calculations based on
gquantum mechanics make it possible to analyse
the orbital interactions that are a part of
intermolecular hydrogen bonding. These

2023, Volume 5, Issue 4

computations investigate the overlap and
energy matching of molecular orbitals to shed
light on the creation and maintenance of
hydrogen bonds. The interaction between the
donor and acceptor molecular orbitals controls
the hydrogen bond's type and strength [108].

ii. Energy constituents: The energy of a
hydrogen bond may be broken down into
several components using quantum mechanical
techniques [109]. The many energy
contributions, such as electrostatic interactions,
polarization effects, dispersion forces, and
charge transfer effects, may all be quantified
using this methodology. It is possible to gain a
thorough understanding of the stability and
characteristics of hydrogen bonding
interactions by understanding these energy
components [110].

B. Geometric and binding energies

i. Geometric parameters: Bond lengths, angles,
and orientations of hydrogen bonds are
correctly predicted and optimized by quantum
mechanical computations. To determine the
strength and directionality of the contact, these
computations offer exact information about the
positioning and alignment of the atoms
participating in the hydrogen bond [107].

ii. Binding energies: Quantum mechanical
computations may determine the hydrogen
bonds' binding energies, giving information
about the force of the connection. The stability
and thermodynamics of the hydrogen bond may
be calculated using the energy difference
between the bound and separated states. The
relative potency of various hydrogen bonding
interactions may be determined using this
information [98].

C. Predictive capabilities and rational design:

Quantum  mechanical computations are
essential for the rational design of materials
with appropriate hydrogen bonding
characteristics. These computations support
the selection and optimization of molecules for
particular applications, such as catalysis, drug
creation, and materials research, by assessing
the electronic structure and energetic [97].
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Quantum mechanical calculations have the
capacity to forecast, which enables scientists to
evaluate the stability, characteristics, and
behaviour of hydrogen bonding in various
chemical system [23]. These simulations shed
light on the impacts of environmental variables,
cooperative effects, and structural alterations
on hydrogen bonding. Quantum mechanical
calculations' predictive nature assists in the
interpretation of experimental findings and
directs the design of new experiments [24].

3.5. Advancements in
intermolecular hydrogen bonding

characterizing

A fuller knowledge of the characteristics,
dynamics, and practical uses of intermolecular
hydrogen bonding has been made possible by
recent developments in the field. Here are a few
significant developments in this area: The study
of intermolecular hydrogen bonding dynamics
on extremely brief timescales has been
transformed by ultrafast spectroscopy methods.
Researchers may examine the ultrafast
vibrational and structural dynamics of
hydrogen bonds using time-resolved infrared
spectroscopy and two-dimensional infrared
spectroscopy. These methods have provided
insights into the kinetics and mechanics of
hydrogen bonding by exposing transient
hydrogen bond creation and breaking events.
Direct observation and control of individual
hydrogen bonds are now possible because to
single-molecule manipulation techniques like
atomic force microscopy (AFM) and scanning
tunnelling microscopy (STM). These methods
offer thorough information on the mechanical,
stability, and strength characteristics of single
hydrogen bonds. Hydrogen bonding plays an
important part in molecular recognition, self-
assembly, and mechanical characteristics of
materials, according to single-molecule
research [25].

The accuracy and predictive capability of
researching intermolecular hydrogen bonding
have improved thanks to developments in
computer approaches, notably in quantum
mechanics calculations and molecular dynamics
simulations.  Hydrogen  bond energies,
geometries, and spectroscopic characteristics
may all be precisely predicted by high-level ab
initio quantum mechanical computations [34].
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The ability to simulate complicated systems,
such as biomolecules and materials, is made
possible by improved force fields and hybrid
quantum  mechanics/molecular mechanics
(QM/MM) techniques.

Intermolecular hydrogen bonding has been
investigated in the context of nanomaterials
with the purpose of designing and building
useful nanoscale structures. Researchers have
shown how to manipulate hydrogen bonding
interactions to provide desirable qualities
including improved conductivity, mechanical
strength, and selective adsorption in
nanoparticle assemblies, nanowires, and
supramolecular networks [27].

The significance of intermolecular hydrogen
bonding in energy storage and conversion
should be understood if energy storage and
conversion technologies are to advance.
Researchers have looked at how materials used
in batteries, fuel cells, and hydrogen storage
devices behave in relation to hydrogen bonding.
In  energy-related materials, modifying
hydrogen bonding interactions can enhance
stability, ionic conductivity, and charge
transport characteristics [28].

4. Applications and Implications of
Intermolecular and Intramolecular
Hydrogen Bonding

Intermolecular  hydrogen  bonding  has

numerous applications in different scientific
fields. Intermolecular hydrogen bonding is
essential for the creation of materials with
certain features, according to materials science
and engineering. Researchers can develop
materials with improved mechanical strength,
stability, and solubility by taking use of
hydrogen bonding interactions [29]. For
instance, in polymer science, the formation of
hydrogen bonds between polymer chains can
increase the tensile strength and endurance of
materials. Hydrogen bonds may be used to
govern the assembly, stability, and functioning
of self-assembled materials such
supramolecular structures and nanomaterials
[22]. Hydrogen bonding is essential to the
development of pharmaceutical molecules and
the study of drug discovery. In drug-receptor
interactions, hydrogen bonding is crucial
because some hydrogen bond networks can
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improve  binding  affinity and  shape
complementarity. Hydrogen bonding
interactions are often modified throughout the
rational drug design process to increase
medicinal potency and minimize negative
effects [18].

Intermolecular hydrogen bonding, which
enables particular interactions between
molecules, is the basis of molecular recognition
processes, according to supramolecular
chemistry. Hydrogen bonding is involved in the
recognition and binding of molecules in
biological and chemical systems, from host-
guest interactions to enzyme-substrate binding.
Hydrogen bonding is utilized in supramolecular
chemistry to produce functional assemblies
with regulated structure and reactivity.
Hydrogen bonding ability to be selective and
reversible makes it possible to create molecular
receptors, Sensors, and catalysts.
Intermolecular hydrogen bonding has a critical
role in both crystal engineering and solid-state
chemistry. To produce crystals with the
necessary qualities, hydrogen bond networks
should be carefully planned and managed.
Crystal packing, polymorphism, and the
physical characteristics of materials are all
influenced by hydrogen bonds [32]. Melting
temperatures, boiling points, and phase
transitions are only a few examples of the
thermal characteristics influenced by hydrogen
bonding in materials. The thermal stability and
behaviour of liquids and solids can be
dramatically impacted by the existence of dense
hydrogen bonding networks [33]. The viscosity
and surface tension of liquids are both
influenced by hydrogen bonding. Processes like
capillary action and wetting are impacted by
the cohesive forces coming from hydrogen
bonding interactions on the flow behaviour and
sticky qualities of liquids. Intermolecular
hydrogen bonding, which happens between
molecules as opposed to within a single
molecule, has several uses and ramifications in
a variety of scientific disciplines. Some of the
most significant wuses and effects of
intermolecular hydrogen bonding will be
discussed as follow:
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1. Solvent properties

Intermolecular hydrogen bonding is a key
factor in solvent characteristics. Due to the
existence of intermolecular hydrogen bonds,
hydrogen bonding solvents including water,
alcohols, and amines display particular
properties [34]. These solvents can withstand
more heat, have higher boiling temperatures,
and are Dbetter able to dissolve polar
compounds. In disciplines including chemistry,
biology, and material science, intermolecular
hydrogen bonding capacity to promote
solvation and boost solubility has significant
ramifications [29].

2. Crystal properties

One of the main processes in the development
of crystal formations is intermolecular
hydrogen bonding. In solid-state materials, it
frequently determines how molecules are
packed and arranged. Hydrogen bonds'
directed character and strength enable the
development of complex crystal structures with
particular lattice configurations and
intermolecular interactions. Understanding
crystal packing, polymorphism, and the
physical characteristics of materials requires a
thorough understanding of the intermolecular
hydrogen bonds that make up crystal structures
[36].

3. Drug Design and Molecular Recognition

Drug design and molecular recognition
frequently take advantage of intermolecular
hydrogen bonding. Many medications use
interactions with intermolecular hydrogen
bonds to affect their target molecules.
Designing medications with high affinity and
selectivity requires an understanding of the
unique hydrogen bonding interactions between
pharmaceuticals and their targets. Similar to
how protein-ligand interactions and enzyme-
substrate interactions include intermolecular
hydrogen bonds; molecular recognition
processes involve these bonds [94].
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4. Engineering and Material characteristics

Intermolecular hydrogen bonding has a
significant impact on material characteristics. It
has an impact on other physical attributes such
as thermal stability and mechanical strength.
Intermolecular hydrogen bonding, for instance,
contributes to the special mechanical
characteristics of natural fibres like silk and
cellulose. The creation of innovative materials
with enhanced capabilities for a variety of
applications, including textiles, coatings, and
biomaterials, can be facilitated by an
understanding of and ability to manipulate
intermolecular hydrogen bonding in materials
[23, 24].

5. Drug delivery

The knowledge of drug solubility and drug
delivery mechanisms depends on
intermolecular = hydrogen bonding. The
solubility and bioavailability of a medicine are
influenced by the drug's molecule's capacity to
create intermolecular hydrogen bonds with the
solvent or carrier molecule [23-25]. Drug
delivery systems' controlled release and drug
stability can both be affected by intermolecular
hydrogen bonds.

5. Conclusion

Through spectroscopic and computational
methods, the study of intermolecular and
intramolecular hydrogen bonds has shed light
on the complex nature of molecular interactions
and given priceless insights into the behaviour
of diverse substances in both gaseous and
condensed phases. A deeper knowledge of
hydrogen bonding events has been made
possible by the interaction of advanced
computational tools like density functional
theory (DFT) and molecular dynamics
simulations with experimental techniques like
infrared and NMR spectroscopy. Through the
use of spectroscopic techniques, scientists have
been able to directly examine the vibrational
and electronic signatures connected to
hydrogen bonds, providing important details on
the dynamics, length, and strength of the bonds.
With the help of these methods, complex
hydrogen bonding networks in biomolecules,
liquids, and solids have been characterised,
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shedding light on the significance of hydrogen
bonds in influencing the characteristics and
behaviours of molecules. The energetics and
geometry of hydrogen bonding can now be
understood theoretically thanks to quantum
mechanical computations on the computing
front. Researchers have been able to predict
and rationalise hydrogen bonding interactions
by DFT calculations and ab initio techniques,
building a link between experimental results
and theoretical understanding.

By capturing the dynamic nature of hydrogen
bonds over time scales that are sometimes
inaccessible to  experiments, molecular
dynamics simulations have furthered our
understanding of this phenomenon. Combining
spectroscopic and computational methods has
produced a thorough understanding of
hydrogen bonding that has aided in the
development of new materials, the
investigation of reaction mechanisms, and drug
discovery. The representation of solvents,
quantum effects, and long-range interactions, in
particular, remains challenging.  Future
research projects promise to provide deeper
insights into the nuances of hydrogen bonding
and its numerous consequences in chemistry
and biology as technology and methodology
continue to advance.
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