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RESEARCH IN Abstract:
CHEMISTRY %
EDUCATION = Background and Objective: In spite of the fact that the concept of hydrogen bond has been
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used not only in chemistry but also in other branches of science for more than a century, there
is still some doubt about what this basic term means. Due to the importance of hydrogen bond
and lately observed experimental results, an attempt has been made to discuss interesting
aspects of the hydrogen bonding concept in this review paper, which are not elaborated upon
properly in the textbooks. Hopefully, this study will be beneficial for chemistry teachers and
students.

Materials and Methods: This study was carried out based on literature survey using reliable
scientific databases, such as Google Scholar. In this study, an effort was undertaken to
examine the collected data and present a consistent perspective on the definition of hydrogen
bond, its categories, some and related aspects.

Findings: A practical definition of hydrogen bonding was obtained by a careful review of the
REVIEW ARTICLE literature. In addition, the various reports about hydrogen bond indicate that it can form not
only with nitrogen, oxygen, and fluorine atoms but also, under specific conditions, with other
How to Cite: Zarei, E. (2026). A conceptual atoms such as boron, carbon, and even hydrogen itself. Subsequent sections are devoted to the
approach to hydrogen bonding. Research in discussion of symmetric hydrogen bonds and the results of quantum chemical calculations
Chemistry Education, 8(3), 1-26. related to this topic.
Conclusion: This research, focusing on redefinition of the hydrogen bond, offers a
comprehensive review about this subject with a special focus on the symmetric hydrogen
bond. Regarding the vast information available on hydrogen bond, this article aims to shed
light on certain aspects of this peculiar bond. It is recommended that quantum chemical
calculations should be used to further investigate hydrogen bond in order to get a deeper and
thorough understanding of this intricate chemical bond.
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Extended Abstract

Introduction

The first scientific paper on hydrogen bonding was published by Latimer and Rudbusch (1920). They applied the concept
of hydrogen bonding to the bonding of water molecules. In their paper, they stated that a hydrogen nucleus held between two
octahedral oxygen atoms forms a weak bond. Latimer and Rudbusch acknowledged in their paper that Huggins had used the
idea of a hydrogen nucleus between two atoms as a theory for some organic compounds in some of his unpublished works
(Latimer & Rudebusch, 1920). However, in his review paper published in 1971, in which he summarized his 50 years of
research, Huggins stated that he had mentioned the concept of hydrogen bonding in his master's thesis (Huggins, 1971).

Since the publication of the paper by Latimer and Rudbusch in 1920, many articles have been published on various aspects
of hydrogen bonding (Filax et al., 1999; Mott-Ner, 2005; Mamadova et al., 2020; Kondo & Nakamura, 2023; Grabowski, 2024;
Martin-Fernandez et al., 2024). Several books have also been published on hydrogen bonding, including ‘Hydrogen Bonding’
(Hadzi, 1959), ‘Weak Hydrogen Bonding’ (Desirajo & Steiner, 1999), ‘Hydrogen Bonding: New Perspectives’ (Grabowski,
2006), and ‘The Nature of Hydrogen Bonding’ (Giley & Giley, 2009).

The Penguin Dictionary defines hydrogen bonding as: “A weak electrostatic chemical bond formed between covalently
bonded hydrogen atoms and a highly electronegative atom with a lone pair of electrons” (Arionan et al., 2011,). The clever
juxtaposition of the words chemical and electrostatic in the term ‘electrostatic chemical bond’ yields the important conclusion
that a hydrogen bond is a bond that is weaker in strength than interatomic chemical bonds and stronger than dipole-dipole
attractive interactions between molecules. Based on a panel convened by IUPAC in 2007, which used a group of experts to
determine the nature of hydrogen bonding, the following definition was proposed (Arionan, 2007): “A hydrogen bond is an
attractive interaction between an X—H group and an atom or group of atoms Y in the same or different molecule(s), where there
is evidence of bond formation.” The debate about the origin of hydrogen bonding is very old (Coulson, 1957). The quantum
mechanical nature of chemical bonding is now universally accepted. Researchers have used the molecular orbital method to
calculate the energies associated with hydrogen bonding in ‘O—H:--O’ systems (Hue, 1983).

One of the important topics raised in this research is to provide a practical definition for hydrogen bonding. Also, in this
research, the types of hydrogen bonds are stated from different perspectives. In the rest of this research, topics such as the
independence of this bond from merely three elements of nitrogen, oxygen and fluorine, the orientation in the formation of this
bond, polarization and resonance enhanced by hydrogen bonding, secondary electrostatic interactions along with primary
hydrogen bonds, symmetrical hydrogen bonds, and hydrogen-bridged systems are discussed.

Methodology

This research was conducted using a library study. To collect data, a search was used in reputable scientific databases such
as Google Scholar. Keywords such as ‘definition of hydrogen bonding’, ‘symmetric hydrogen bonding’, were used to find
related articles and books. The selected sources included research, review, and conference articles and books. The criteria for
selecting sources are as follows:

1- Sources extracted from reputable publications or high-level scientific conferences.

2- Using newly published sources whenever possible.

3- Emphasis on articles that provide educational and practical perspectives on simple experiments.
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In this research, an attempt has been made to analyze the collected sources and express an effective and structured view of
the concepts related to hydrogen bonding in simple language for greater understanding by teachers and students of chemistry
education.

Results and Discussion

In chemistry, hydrogen bonding is a special type of molecular interaction that partially exhibits covalent properties and
cannot be described as a purely electrostatic force. In fact, common definitions of hydrogen bonding in textbooks tend to
support the logic of dipole-dipole attraction (Weinhold and Klein, 2014). It is commonly believed that hydrogen bonding is
simply the ultimate manifestation of dipole-dipole interactions in which a hydrogen atom acts as a bridge between two
electronegative atoms, holding one of them together by a covalent bond and the other by an electrostatic force. In other words,
a hydrogen bond can be represented as A—H---B, where B is an electron donor in the form of a 6 or © (Lewis base) and A is an
atom more electronegative than H. Contrary to the common definitions in textbooks, all the empirical evidence, such as bond
length and energy, points to the superiority of the partial covalent view over the dipole-dipole attractive nature of hydrogen
bonds, and it is on this basis that the term "bond" is used instead of "interaction™. However, it seems that this bond is so different
in some respects that it requires a brief and detailed discussion. Furthermore, there is no general agreement on the best
description of the nature of hydrogen bonding forces. It is a practical and practical definition of hydrogen bonding that a
hydrogen bond is formed when a hydrogen atom is bonded to two or more other atoms (Hamilton & Ebers, 1968; Josten, 1982).

The basis for the formation of medium-strength hydrogen bonds can be explained on the basis of electrostatic attraction.
Accordingly, in a species, whether a molecule or an ion, any atom with a partial negative charge that is in the vicinity of a
positively charged hydrogen atom can form a hydrogen bond with this hydrogen atom. It has been proven that the hydrogen
atom can play a role as an electron donor in the formation of hydrogen bonds. Similar to the hydrogens bound to Al in LiAlH,,
the hydrogen atoms bound to most transition metals have a partial negative charge. One of these compounds is the iridium
complex (Fig. 1). In this compound, an interaction occurs due to the short distance (1.8 A) between the metal hydride and the

hydrogen atom of the alcohol functional group, and as a result, a hydrogen bond is formed (Lee et al., 1994).

Fig. 1- Formation of hydrogen bonds between hydrogen atoms

Every bond, even at absolute zero, has thermal motion due to its zero-point vibrational state. For the A—H bond, the
formation of a hydrogen bond with B (A—H---B) restricts the motion of the hydrogen atom, because the hydrogen is now
restrained by two bonds instead of one. Therefore, using infrared spectroscopy to measure the vibrational frequencies of the
A—H bond is a good experimental tool for characterizing hydrogen bonds. The vibrational frequencies of both the A—H bond
and the H---B bond are often observable. When hydrogen bonds are formed, the single potential well that describes the A—H
covalent bond transforms into an energy level with two minima, reflecting the addition of the H---B bond (Fig. 2A). The second
minimum describes the transfer of hydrogen from the donor to the acceptor. In a typical weak hydrogen bond, there is a
significant energy barrier between the preferred form A—H---B and the less preferred form A-:---H—B. Furthermore, the zero-
point energies for both are much lower than the barrier. There are distinct vibrational modes that can be observed in the infrared

spectra that indicate the double potential well and the resulting hydrogen bond formation.
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There are some important properties of hydrogen bonds that are evident in the double potential well of Fig. 2. Imagine the
case where the placement of hydrogen on atoms A and B has equal energy. Furthermore, if the distance between atoms A and
B is shortened, often by about 2.4 to 2.5 angstroms, the hydrogen bond transfer barrier between these atoms approaches the
vibrational zero-point energy that holds the H atom in the complex (Fig. 2B). Hence, when the energies of the A—H--'B and
A---H-B structures are essentially equal, and the distance between A and B is short, and the barrier either becomes very small
or disappears completely. These hydrogen bonds are referred to as low-barrier hydrogen bonds or unbarrier hydrogen bonds
(Figs. 2B and C). When the H transfer barrier is lowered or very close to the zero-point energy, hydrogen moves into a fairly
wide potential well and is concentrated between the two atoms, at the average distance between the A and B atoms. Both low-
barrier and no-barrier hydrogen bonds are known as short, strong hydrogen bonds. Fig. 2D shows examples of compounds with
symmetrical hydrogen bonds.

A B C

A-H-B  A~H-B

O-H-0 | [F--H--F1~
) 0

Fig. 2- Potential energy diagrams for different hydrogen bond states, (A) normal hydrogen bond, (B) low barrier hydrogen bond,
and (C) no barrier hydrogen bond, (D) examples of symmetric hydrogen bonds

Finally, it is important to note that there are other systems of the general form W—H—W that are formally included in the
practical definition of hydrogen bonding given at the beginning of this article. This definition states that a hydrogen bond is
formed when a hydrogen atom is bonded to two or more other atoms. Such bonds can be very strong (Evans et al., 1968).
However, these systems differ fundamentally in the number of bonding electrons and in the presence of electropositive atoms
bonded to the hydrogen atom. To distinguish them from the hydrogen-bonded systems discussed so far (electronegative
hydrogen bonds), they are often called ‘hydrogen-bridged systems.” For example, it is known that in the structure of the BoH7~
anion, a hydrogen atom is placed like a bridge between two boron atoms, thus forming a hydrogen bond (Fig. 3). Calculations

show that the hydrogen bond energy of this species is high, similar to that of the FHF- anion, and therefore, its hydrogen bond

5

(e OH

Fig. 3- Schematic spatial structure of the B2H7—- anion and representation of symmetrical hydrogen bonding in its structure

is of a symmetric type (Hivey, 1983).




Zarei | A conceptual approach to hydrogen bonding

Conclusions

Hydrogen bonding was discovered almost 100 years ago, but it is still an important and vital topic in scientific research. The
reason for this important and long-standing position is related to the outstanding importance of hydrogen bonds in the structure,
function, and dynamics of a large number of inorganic and biological chemical systems. From an educational point of view,
there are very important concepts about hydrogen bonds in scientific sources that help teachers and students to understand
hydrogen bonding in a deeper way. Among the concepts that have been discussed in this study, we can mention the definition
of hydrogen bonding, the fact that the formation of this bond does not depend on only three elements nitrogen, oxygen and
fluorine, the orientation in the formation of this bond, polarization and resonance enhanced by hydrogen bonding, secondary
electrostatic interactions along with primary hydrogen bonds, symmetrical hydrogen bonds and hydrogen-bridged systems.
Given the large number of new research based on theoretical calculations, it is suggested that software based on quantum

chemical calculations, which have been used in scientific research to investigate various aspects of hydrogen bonds, be
reviewed in a new study.
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