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The unique fundamental force related to chemical bonds, hydrogen bonds, and van der Waals interactions is the electromagnetic force, 
where the electrostatic force plays the major role. But, to our knowledge, no paper so far has explored the use of the electrostatic 
force explicitly to account for any molecular property (boiling point, solubility, etc.), except for the book Introductory Organic 
Chemistry and Hydrocarbons.1 This work uses the electrostatic force applied to chemistry to explain some molecular properties in 
organic chemistry. It also evaluates the understanding of Brazilian undergraduate students with respect to some topics of organic 
chemistry based on the electrostatic force. One questionnaire was applied to chemistry undergraduate students about Coulomb’s law 
and its application to organic chemistry, and the results indicate that most undergraduate students understand the electrostatic force 
equation applied to chemical education.
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INTRODUCTION

The nature of the covalent bonds (and some related topics) is 
usually taught using the orbital models (molecular orbital and valence 
bond theories). There are very few examples in chemical education 
using Coulomb’s law or electron density: the electrostatic force 
has been used to account for the membrane chemistry of chitosan 
smeared with ionic liquid2 as a pre-service chemistry for the teachers 
of chemistry; and the electron density was depicted as a tool to teach 
some issues of chemistry.3

There are different models to represent chemical bonds in a 
molecule,4 but only orbital models are used to describe the nature of 
covalent bonds.5 However, the transfer or sharing of electrons between 
atomic centers forming a covalent bond is based on the electrostatic 
attraction between the protons in nuclei and the electrons in orbitals.6

Literature uses the term “intermolecular forces” with no relation 
to the fundamental forces in nature.7 Consequently, this term appears 
to have a loose relation with Coulomb’s law, although it is well-
known that all chemical bonds and intermolecular interactions are 
electrostatic in origin.8,9 Venkataraman10 emphasized the importance 
of the electrostatic interactions between atoms to help students 
understand why atoms form chemical bonds, by decreasing the 
potential energy to a minimum.

Some chemistry textbooks,11,12 some internet sources,13,14 and even 
the IUPAC definition of a covalent bond15 establish the electrostatic 
nature of the covalent bonds. But many textbooks16-19 and internet 
sources20-24 disregard the relation between the electrostatic force and 
the covalent bond. Gillespie,25 well-known by his great contribution 
to the VSEPR model,26 has already alerted that introductory courses 
do not mention the electrostatic nature of chemical bonds. He said: 
“in introductory courses is fraught with many difficulties and at times 
may even obscure the fundamental reason for the chemical bond 
– the electrostatic attraction between positive nuclei and negative 
electrons”. As Taber stated:27,28 “often students learn to “explain” 
bonds as electron sharing in school science (…), and this becomes 
a habitual way of talking and thinking by the time they progress 
to college-level study”. He observed that the “initial (instinctive) 

response was to explain the bond in terms of electrons shared to 
fill electrons shells”, indicating one difficulty of the students to 
associate covalent bonds to its electrostatic nature. In addition, to our 
knowledge, except for our textbook,1 neither undergraduate organic 
chemistry textbooks nor papers explicitly explore the electrostatic 
force equation to explain a molecular property from different 
substances in organic chemistry.

In this work it was developed one Google Forms’ questionnaire 
whose questions are self-explanatory applied to undergraduate 
chemistry students. The questionnaire explored some topics in organic 
chemistry based on the concept of the electrostatic force. The student’s 
understanding of these topics in the questionnaire was evaluated. 
This work aims to present a novel pedagogical approach to explain 
some physical properties in organic chemistry. It also introduced new 
applications of the electrostatic force, which were not explored in the 
book Introductory Organic Chemistry and Hydrocarbons.1 

Rationale for the electrostatic force in chemistry

Schrödinger’s wave equation29 for the hydrogen atom (Equation 1) 
is: 

	 (1)

where:  and 

where ψ is the wave function, m is the mass of the electron, e is the 
charge of the electron, r is the distance between electron and hydrogen 
nucleus, ћ is the reduced Planck constant, Ĥ is the Hamiltonian 
operator. 

From Schrödinger equation (of the hydrogen atom, multi-electron 
atom, or molecule), the energy of an atom or a molecular system, E, 
depends on the kinetic and the potential energy operators. However, 
according to the virial theorem,30 at the equilibrium geometry, 
T  =  –0.5V, where T is the kinetic energy, and V is the potential 
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energy. Then, when a chemical bond is formed (for example, in the 
potential energy surface of the hydrogen molecule as a function of 
the internuclear distance) where the internuclear distance approaches 
the equilibrium geometry, the decrease in the potential energy 
is accompanied by an increase in the kinetic energy by a half. 
Consequently, the potential energy always dominates, and then it 
seems appropriate to use a model based on the electrostatic force 
(which is related to the potential energy).

There are four fundamental forces in nature, but the unique 
fundamental force related to chemical bonds and inter/intramolecular 
interactions is the electromagnetic force, where the most relevant 
is the electrostatic force31 based on Coulomb’s law,32 according to 
Equation 2.

	 (2)

where  is the force exerted by q1 on q2 and  is the force exerted 
by q2 on q1, ε0 is the vacuum permittivity (8.854 × 10-12 C2 N-1 m-2), 
K is the Coulomb’s constant (9 × 109 N m2 C-2). One Coulomb of 
charge repels equal charge with a force 9 × 109 N when the charges 
are 1 m apart in a vacuum.

Coulomb’s law is limited to the cases which obeys the inverse 
square law and the potential energy from Coulomb’s law, VC, is 
(Equation 3):

	 	 (3)

Nonetheless, other components of the energy associated with the 
potential energy exist. For example, the effective potential energy of 
the hydrogen atom33 is the sum of the Coulomb potential (VC) and the 
centrifugal potential (VL), the potential dependent on the secondary 
quantum number, l. 

As Bader8 himself stated: “there are only two forces operative 
in chemistry, the Feynman force exerted on the nuclei and the 
Ehrenfest force exerted on the electrons”. Bader34 decomposed the 
electrostatic force acting on the molecules into two components: the 
Ehrenfest force (the force acting on the electrons on the entire atom 
in a molecule) and the Feynman force (the force acting on a nucleus). 

The sum of all Feynman forces (the summation of the force of all 
electrons acting on each nucleus and the summation of the force of 
all nuclei, except for the reference nucleus, acting on each reference 
nucleus) is zero in a molecule at equilibrium geometry. 

The Feynman force,35 Fα, on the nucleus A can be expressed as 
(Equation 4):

	(4)

where n represents all nuclei except for A, e represents all the 
electrons, ρ(r) is the charge density at position r, R is the position of 
the nucleus A or B, and Zeff is the effective atomic number.

The Ehrenfest force acting on all electrons from atom A equals 
the force exerted on its surface which is similar to the integration of 
the divergence of the stress tensor, ∇s(r). The stress tensor, s(r), is 
the quantum mechanical equivalent for the pressure of a force acting 
on a surface (Equation 5). 

	 (5)

At equilibrium geometry, there are two important facts: (i) the 
sum of all Feynman forces is zero, and the only force that is non-
zero is the Ehrenfest force; and (ii) the virial theorem relates the 
total kinetic energy to the total potential energy from the equation 
2T = –V, where T is the kinetic energy, and V is the potential energy. 
In the virial theorem, the potential energy decreases, and the kinetic 
energy increases. 

Due to a positive charge in the nucleus and a negative charge 
around the nucleus, all intermolecular/intramolecular interactions and 
chemical bonds have an electrostatic character. Consequently, they 
all can be analyzed from the perspective of Coulomb’s law. 

However, Levine and Head-Gordon36 also showed the importance 
of constructive quantum interference to rationalize the chemical bond. 
They stated that “the chemical bond was originally viewed and is 
still sometimes discussed and taught, as being electrostatic in origin. 
This was based on the virial theorem: for a (negative) bond energy, 
the electron potential energy changes (decreases) twice as much as 
the electron kinetic energy increases in an exact quantum calculation 
at the equilibrium geometry (…) seminal work by Ruedenberg 
established for H2

+ and H2 that despite the correctness of the virial 
theorem, roughly 66% of the binding energy can be associated with 
constructive quantum interference that lowers the kinetic energy”.36 

Then, the energetic interpretation of the chemical bond depends 
on the used theory: (i) from the perspective of the Quantum Theory 
of Atoms in Molecules, QTAIM,37 the virial theorem based on the 
electrostatic force prevails; and (ii) from the molecular orbital model, 
the resonance (or wavefunction interference) origin of the chemical 
bonding is predominant, although Levine and Head-Gordon36 
themselves recognized that the increase or decrease of the kinetic 
energy depends on the molecular orbital model used and the chosen 
system.

The electrostatic force and QTAIM descriptors were used for 
developing the local potential energy density, LPE, in Equation 6. 
The LPE is used to obtain the binding energy density of intra/
intermolecular interaction and indirectly the binding energies 
of the corresponding complexes from its linear relation with 
the supramolecular energy of the studied complexes.38,39 When 
analyzing the complexes linked by intermolecular interactions, the 
electrostatic component is just one of four components in the energy 
decomposition analysis.39

The LPE equation is an average of the sum of the potential energy 
from two electrostatic interactions: rbcp interacting with Zeff(I) and 
rbcp interacting with Zeff(II). 

	 (6)

where I and II are the interacting atoms of the intermolecular or 
intramolecular interaction; rbcp is the charge density of the bond 
critical point (bcp); rI-bcp and rII-bcp are the distance of the bond path 
from the bond critical point to the interacting atoms I and II, in Bohr 
unit, in the corresponding bond path.

The electrostatic force applied to organic chemistry

In all examples presented in this work, there is a comparison 
of a specific molecular property (boiling point, solubility, stability, 
and strength of the double bond) between two (or more) molecular 
systems where the intermolecular interaction, or chemical bond, or the 
electron delocalization were evaluated by means of the electrostatic 
force equation.

The generic equation of the electrostatic force is Equation 7 
where q+ is an atom or fragment with (partial) positive atomic charge 
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and q– is an atom with (partial) negative atomic charge.

	 	 (7)

For simplicity purposes, in the examples in the questionnaire 
questions of this work, the distance between the atomic charges, 
r, is considered invariant. There are some variations of Equation 7 
which are explained in the text of each question and depicted in 
corresponding figures.

Important to emphasize that Coulomb’s law only applies for point 
charges at rest. When analyzing the charge density of a molecule, it 
is expected to use the integration of the charge density at r position, 
ρ(r), interacting with each nucleus over the squared distance as it is 
depicted in Feynman force Fα(A)e in Equation 4. But, for the sake of 
simplicity, the charge density distribution was approximated to a local 
point charge, q-, at the electronegative atom. 

METHODOLOGY

It was applied one Google Forms questionnaire to the 
undergraduate students of chemistry course from the Federal 
University of Rio Grande do Norte, Brazil who were attending the 
first discipline of theoretical organic chemistry. The questionnaire 
was applied at the end of the first semester of 2023. There were 
34 participants. The questions and answers were in their native 
language, Portuguese. Students were requested to answer the 
questions remotely and in asynchronous mode. Students had 
only one opportunity to answer the questionnaire, i.e., it was not 
possible to redo the questionnaire after its submission. Soon after 
the questionnaire was closed, the questions were translated into 
English by Google Translator following some manual corrections. 
Some manual corrections were needed, and the numbering of figures 
and equations in each question was adapted to this paper (Tables 1 
and 2). Figures 1 and 2 were in English format in the Google Forms 
questionnaire, whose corresponding translations were given in the 
text of each question. The numbering of the equations in Figure 3 
was also adapted to this paper. Google Forms automatically generated 
the statistical analyses, but Google Translator did not translate the 
data in their images. Then, they were manually edited and translated. 

The students received a short introduction to the electrostatic 
force applied to chemical bonds in one class for five-ten minutes. 
Assuming that they had insufficient information about Coulomb’s law 
applied to chemistry, all needed information was provided in each 
question. The students accessed the Google Forms link and answered 
the questions remotely. The students had three weeks to complete 
the questionnaire. No additional supporting material was provided 
to the students except for the information in the questions and a 
short presentation on this topic in one class at the beginning of the 
semester. No individual answer is depicted or analyzed in this work. 
The responses were only used in the statistical analyses of this work. 

There were six questions in the questionnaire. The first two 
questions had only two answers: yes or no (binary questions). 
The following four questions were at a more cognitive level. All 
questions were self-explanatory, and there was no need to search 
for an external source to answer the questions. Then, we survey the 
students’ understanding of these topics from the perspective of the 
electrostatic force. 

Informed consent

All participants of this study have consented that their answers 
were included in the statistical analysis. No individual answer was 

depicted or analyzed. No identification was requested to fill in the 
Google Forms, except for their emails. There were two alternatives 
(yes or no) for the Terms of Consent below and all of them have 
consented to share the results of their questionnaires. 

Term of consent: I accept that my responses are used, in aggregate 
form for statistics and not being treated individually, for the research 
of Professor Caio Lima Firme. I was informed that my personal data 
will not be disclosed in the survey, nor will my individual responses 
be shown separately in the survey. 

RESULTS AND DISCUSSION

Questionnaires for students

The questionnaires were given to the students in their native 
language, Portuguese. Later, the questions were translated into 
English by Google Translator and some manual corrections were 
needed. The students had a very short presentation of the electrostatic 
force applied to organic chemistry in one single class for five-ten 
minutes. No further information was given until the questionnaire 
was available to them.

Table 1 depicts the first two introductory questions of the 
questionnaire. They are binary questions, and the results of the 
students’ answers are shown in Figure 1. 

Question 1 explains how Coulomb’s law can be adapted to 
chemistry involving two atoms of partial or full charges. 85.3% of 
the students found the explanation easy to understand. Question 2 
explains why water has a greater boiling point than ammonia using 
the resource of the electrostatic force associated with the hydrogen 
bond. It was necessary only one paragraph to explain the reasoning 
developed in question 2 and 91.2% of the students found it easy to 
understand. Both questions were intended to prepare the students for 
more complex questions ahead in the questionnaire. 

Table 2 depicts the questions of the second part of the 
questionnaire. There are four single select multiple choice questions. 
The reference of the figures and the numbering of the equations from 
these questions were adapted to this work, following its numbering 
sequence.

Question 3 explains the solubility difference between octanoic 
acid and sodium octanoate through Coulomb’s law applied to 
chemistry. From the electrostatic force equations (Equations 8 and 9), 
the text in Table 2 (supported by Figure 2A) explains that the higher 
atomic charge of the oxygen atom in sodium octanoate is responsible 
for greater electrostatic interaction with water through the hydrogen 
bond in comparison with that between octanoic acid and water. This 
higher electrostatic interaction of the hydrogen bond between sodium 
octanoate and water explains the higher affinity between the salt and 
water than the corresponding acid interacting with water. 

Question 4 is about the boiling points of ethanol and ethanethiol, 
which are related to their intermolecular interaction, mainly the 
hydrogen bond (Figure 2B). This question mentions the partial 
negative and positive atomic charges, which are the terms of 
the product in the numerator of the electrostatic force equation 
(Figure 2B). The alternatives to this question comprise five pairs of 
right and wrong statements, accounting for the greater boiling point 
of ethanol with respect to ethanethiol rationalized by electrostatic 
force applied to their corresponding hydrogen bonds. 

Question 5 provides, along with Figure 2C, the elements to 
understand how electrostatic force could explain the stronger force 
of the double bond in carbonyl group (C=O) compared to that from 
a vinyl group (C=C). In the end, it is requested to establish which 
electrostatic force factor specifically could explain this. Only one 
alternative to this question is correct. 
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Question 6 explains that the order of stability: octatetrayne > 
hexatriyne > butadiyne > ethyne, can be reasoned through resonance 
theory according to the number of resonance structures (depicted 
in Figure 2D) for each oligoyne where ethyne is used as reference. 
Indeed, the text in question 6 provides a further element to rationalize 
this order of stability: the strength of the π bond (the one which moves 
across the resonance structures) in the conjugated oligoynes and the 
inverse relationship between strength and energy. Equations 15 to 18 
in Figure 2D indicate that the only difference in the strength of π bond 
in the oligoynes is the term multiplying the electrostatic equations, 
which is the product of the total number of resonating π bond electrons 
and carbon atoms. There is only one correct alternative providing the 
right number for the term multiplying the electrostatic equation of 
the π bond in butadiyne, hexatriyne and octatetrayne.

Table 1. First two questions (binary questions) of the Google Forms questionnaire applied to undergraduate students of chemistry course in Brazil

Question number Question

(1) Coulomb’s law of electrostatic force (F = KQq/r²), where Q and q are both positive or negative charges or one positive and one negative, 
can be applied in chemistry to show the strength of an attractive interaction between a negative charge and positive charge from a chemical 
bond (covalent or ionic) or from an intermolecular interaction.
The negative charge can be a sigma or pi bond electron, the partial negative atomic charge (δ–) of an electronegative atom bonded to other 
more electropositive atoms, or the negative atomic charge of an anion (represented by the formal charge q-). The positive charge can be the 
positive atomic partial charge (δ+) of an electropositive atom joined to other more electronegative atoms, the positive atomic charge of a 
cation (represented by the positive formal charge q+), or effective atomic number, Zeff, of an atomic nucleus. The r is the distance separating 
the charges, and K is a constant. This equation can be applied to only two charges. The atomic nucleus can be thought of as only a single 
charge of Zeff value because the protons in the nucleus are clustered in a very small volume relative to the electrosphere.

Did you find it easy to explain how the electrostatic force is adapted to chemistry?

(2) Read the following explanation: “Ammonia, NH3, has a lower boiling point than water, H2O, because the hydrogen bond between ammonia 
molecules (electrostatic interaction between H and N) is weaker than the hydrogen bond between water molecules (electrostatic interaction 
between H and O). This occurs because oxygen is more electronegative than nitrogen, causing the partial negative atomic charge, in modulus, 
on O (oxygen atom) to be greater than on N (nitrogen atom), leading to greater electrostatic strength of hydrogen bonding between water 
molecules than between ammonia molecules”.
Understand “in module” as a mathematical operation to remove the negative sign from a variable or a number.
Understand “partial atomic charge” as the charge of an atom, less than 1 and greater than 0, in modulus, due to its heterogeneous covalent 
bond with other atoms more or less electropositive or electronegative than it.

Did you find this explanation easy to understand?

Figure 1. Results of students’ answers to the first two binary questions of 
the questionnaire to undergraduate students of the Federal University of Rio 
Grande do Norte, Brazil about (A) Coulomb’s law (question 1) and (B) its 
application to organic chemistry (question 2)

Table 2. Second part of Google Forms questionnaire applied to undergraduate students of chemistry course in Brazil. The numbering of the equations and figures 
is according to the sequence of the questions of this work 

Question number Question

(3) Solubility according to electrostatic force

Read the following text: Solubility measures how much a solute dissolves in a given amount of a solvent, for example, water, at a given 
temperature. It mainly depends on the intermolecular interactions between the solute and the solvent.

Figure 2Aa shows the hydrogen bond between water and two different solutes: carboxylic acid (octanoic acid), and its corresponding salt 
(sodium octanoate). Each molecule of a carboxylic acid and its salt can have multiple hydrogen bonding interactions with water molecules, 
but for the sake of simplicity, only one hydrogen bonding interaction has been chosen.
The solubility of the carboxylic acid (octanoic acid) in water and its salt (sodium octanoate) are shown in Figure 2Aa. We observed that 
octanoic acid is almost insoluble in water (0.68 g L-1 of water), and the water solubility of sodium octanoate is 70 times greater.
Figure 2Aa shows the electrostatic force equations related to the two hydrogen bonds indicated in the text above (one between octanoic acid 
and water, in Equation 8b, and the other between sodium octanoate and water, in Equation 9b) in a system of two charges: one positive (the 
partial positive atomic charge of the hydrogen atom in water, δ+) and the other negative (the partial negative atomic charge δ–, of the neutral 
oxygen atom in the acid, and the formal charge, q–, of the negatively charged oxygen atom of the salt) separated by a distance r. In these 
electrostatic force equations, K is a constant. Assume r of equal value for both systems.
We are making the following association: the greater the electrostatic strength of the hydrogen bond, the greater the solubility.
It is important to note that: the formal negative charge (q-) of oxygen is greater, in modulus, than the partial atomic charge (δ) of the neutral 
oxygen atom.
Remember that when we say “in module”, we remove the negative sign from a variable or number.

Mark the correct alternative to explain the difference in solubility based on the equations of the electrostatic force of hydrogen bonding be-
tween octanoic acid (octanoic acid) and water (water) (Equation 8) and between sodium octanoate (sodium octanoate) and water (Equation 9).
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Question number Question

(4) Boiling point according to electrostatic force

Read the following text: The boiling point depends on the intermolecular interactions of the pure substance. Here, we make the following 
association: the greater the electrostatic strength of the hydrogen bond, the greater the boiling point.

Figure 2Ba shows the electrostatic force equation applied to a system of two atomic charges, one positive and the other negative, q+ and q–, 
separated by a distance r (Equation 10b). In this electrostatic force equation, K is a constant. This equation can be rewritten for the hydrogen 
bonding interaction between two ethanol molecules (Equation 11b) and between two ethanethiol molecules (Equation 12b), where δ+ and δ– are 
the positive and negative partial atomic charges, respectively, with r being the distance between the H and O (or S) atom. Below the equations, 
it is represented (by dashed lines) the hydrogen bond between two molecules of ethanol and two molecules of ethanethiol. Note that the 
electronegativity of oxygen, χ(o), is greater than that of sulfur, χ(s), and that the boiling point, Bp, of ethanol is greater than that of ethanethiol.

For each pair of statements below, one is right, and one is wrong. Indicate which is right and which is wrong.

(5) Double bond strength

Read the following text: It is known that each term of the electrostatic force equation is applied to only two charged particles. For example, 
in a single C–C bond, composed of a sigma (σ) bond, there are 4 terms of the electrostatic force equation associated with that bond. Each 
electron in the σ bond interacts with each carbon nucleus in isolation. Being 2 nuclei and 2 electrons, it leads to 4 terms of the equation. 
When analyzing a double bond, either C=C or C=O, 8 terms of the electrostatic force equation appear for each of these bonds: 4 terms for 
the sigma bond (σ) and 4 terms for the pi bond (π). In Equations 13b and 14b, in each of its terms, there are two charges in the numerator 
represented by e (the electron charge) and Zeff (effective atomic number of an atom). In the denominator of each term, there is the squared 
distance between the average position of the electron and the atomic nucleus, r² (see Figure 2Ca). To simplify the reasoning, we consider that 
the r² remains constant for the two bonds C=O and C=C.

Here is what is asked: Establish the electrostatic force factor explaining why the carbonyl (C=O) bond is stronger than in the vinyl group (C=C).

(6) Resonance theory and stability

Read the following text: The resonance theory makes it possible to compare the stability of conjugated systems. The amount of resonance 
structures indicates the most delocalized conjugate system and, consequently, the most stable system. The best-known method for obtaining 
the stability of a molecular system is the heat of combustion reaction. The parameterized heat of combustion, ΔHp(comb), indicates the follow-
ing order of stability: octatetrayne > hexatriyne > butadiyne > ethyne, which is directly related to the number of their resonance structures: 
4 (octatetrayne), 3 (hexatriyne), 2 (butadiyne) and 1 from ethyne, representing a localized system (see Figure 2Da).
The resonance hybrid and the resonance structure are considered equivalent when there is only one structure. This occurs in localized systems 
like ethyne. 
In Figure 2Da, the ethyne molecule (1) and the resonance structures, ψ, of butadiyne (2), hexatriyne (3), and octatetrayne (4) are shown.
The stability trend octatetrayne > hexatriyne > butadiyne > ethyne is mainly associated with the π bond system and can be rationalized by 
the π bond strength in the conjugated oligoynes and the inverse relationship between strength and energy.
As all carbon atoms have the same geometry (digonal or linear), the distance between the carbon nucleus and the average position of the π 
electron, r, is almost the same for all the analyzed oligoynes. The same reasoning is used to claim that all Zeff (C), the effective atomic number 
of the carbon atom, in all oligoynes are the same.
For ethyne, butadiyne, hexatriyne, and octatetrayne, there is 2c-2e bonding (two centers-two π electrons), 4c-4e bonding (four centers-four 
π electrons), 6c-6e bonding, and 8c-8e bonding system, respectively, where “c” is center and “e” is π electron. Understand “center” as a 
carbon atom. 
Since conjugated systems are fully delocalized, each resonating π electron interacts with each digonal (or linear) carbon atom. So, for ethyne, 
there is an electrostatic interaction between π electron and a digonal carbon multiplied by 4 (2 × 2), i.e. 2 π electrons multiplied by 2 carbons 
(Equation 15b).
Note that in the last two paragraphs above, we considered only the π electrons that move along the resonance structures. For example, in 
butadiyne, there are two π bonds for each triple bond, but we are only considering one of the π bonds of each triple bond to refer to the 4c-4e 
bond since only one π bond of each triple bond moves in the resonance structures.

Give the values that multiply the electrostatic force equations of the π system for butadiyne, hexatriyne and octatetrayne, Equations 16-18b, 
respectively, based on what was shown for ethyne in the paragraph above. 

aThe reference of the figures is in accordance with the sequence of the numbering of this work. bThe numbering of the equations in each question is in accordance 
with the sequence of the numbering of this work. 

Table 2. Second part of Google Forms questionnaire applied to undergraduate students of chemistry course in Brazil. The numbering of the equations and figures 
is according to the sequence of the questions of this work (cont.)

Equations 8 to 18 are all electrostatic force equations applied 
to different situations in the questionnaire. There are slight 
differences among them which are related to one or more terms in 
these equations which are needed for comparison purposes in each 
question. These equations are important for the correct students’ 
understanding of the electrostatic force in each situation depicted 
in the questionnaire.

Figure 3A shows four alternatives to question 3. All of them 
focus on the numerator factor of the electrostatic force, i.e., the 
charges of the atoms, oxygen, and hydrogen, involved in the 

hydrogen bond of octanoic acid-water and sodium octanoate-water 
intermolecular interactions, specifically the atomic charge of the 
oxygen atom in both cases. The correct alternative is the third one 
from the top to the bottom. 26 students chose the correct alternative 
representing 76.5% of all participants (see Figure 1S(A) from 
Supplementary Material). 

Figure 3B shows the ten statements to question 4, where each 
pair has one right and wrong alternative comprising five correct and 
five wrong answers. The alternatives are statements to explain the 
higher boiling point of ethanol compared to ethanethiol through the 
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reasoning of the electrostatic force in the hydrogen bond of each pair 
of molecules of the same substance. Each pair of alternatives deal 
with the same topic (from the upper left to lower right location in 
Figure 3B): the partial atomic charge of the oxygen atom, the partial 
atomic charge of the sulfur atom, the partial atomic charge of the 
hydrogen atom in ethanol, the partial atomic charge of the hydrogen 
atom in ethanethiol, respectively. The last pair of alternatives (in 
the bottom right of Figure 3B) are statements involving both partial 
atomic charges of the hydrogen bond in ethanol and ethanethiol, 
respectively, reasoning the higher strength of the hydrogen bond. 
The correct alternative to each pair of statements is given in 
Figures  1S(B) to 1S(F) in the Supplementary Material. For the 
first two pairs of alternatives, 85-88% of the students chose the 
right option. For the next two pairs of alternatives, 76-79% of the 
participants marked the right option and only 67.6% chose the 
right statement for the last pair of alternatives. In general, most of 
the students answered correctly the five statements associated to 
question 4. 

Figure 3C shows the five alternatives to question 5, where only 
one is correct: the penultimate alternative from the top to the bottom 
(Zeff of oxygen atom is higher than Zeff of carbon atom). Curiously, 
only 50% of the students chose the right alternative. An expressive 
number of participants (47%) marked the first option or the second 

option which state that the π electron charge, e, in both C=O and C=C 
has different values. This result demonstrates a serious deficiency 
of basic knowledge or misinterpretation of terms “electron charge” 
and “density of the electron charge”. It is suggested to give further 
information about the aforementioned terms in the text of question 5 
in order to evaluate if there will be an increase in the number of correct 
answers to this question. 

Figure 3D shows the four alternatives to question 6 related to 
the number of the term multiplying the electrostatic force of the 
resonating π bond interacting with carbon atom in the oligoynes. 
There is only one correct alternative: the second one from the top 
to the bottom. 58.8% of the students marked the right option, but an 
expressive number of participants (32.4%) chose the first option (see 
Figure 1S(H) from Supplementary Material). Probably, the students 
who chose the first alternative have not correctly understood the 
idea of the 4c-4e, 6c-6e, and 8c-8e resonating bonding systems for 
butadiyne, hexatriyne and octatetrayne, respectively, and this relation 
with Coulomb’s law since the concept of multi-bonding systems is 
not usually explored in the disciplines of organic chemistry in the 
undergraduate courses.

Figure 4 shows the bar graph of the total score versus the number 
of participants of the questionnaire. Both median and average are 
nearly the same (65.5 and 65, respectively). It means that there is 

Figure 2. (A) Schematic representation of the hydrogen bond in octanoic acid and sodium octanoate interacting with water along with their solubilities in water 
and Equations 8 and 9. (B) Equations 10-12 and schematic representation of the hydrogen bond between a pair of ethanol and a pair of ethanethiol molecules 
of the question 4 from the questionnaire. (C) Equations 13 and 14 associated with the π bond of C=C and C=O groups, respectively. (D) Resonance structures 
of butadiyne (2), hexatriyne (3) and octatetrayne (4) and the structure of ethyne (1) for comparison reason along with their corresponding Equations (15-18) 
of the electrostatic force of π bonds. The numbering of the equations was adapted to this work
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Figure 3. (A) Multiple-choice alternatives to question 3 of the questionnaire where the numbering of the equations was adapted to this work; (B) Multiple-
choice alternatives from question 4 of the questionnaire in Table 2. (C) Multiple-choice alternatives from question 5 of the questionnaire. (D) Multiple-choice 
alternatives from question 6 of the questionnaire in Table 2 where the numbering of the equations was adapted to this work
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a normal distribution of the total score, i.e., the distribution is not 
distorted, and we can draw accurate conclusions from the data. 
The average of the total score is moderate. 23 students (67% of all 
participants) scored 50 or higher. Out of the group of students who 
scored below 50, 10 out of 11 had total score ranging from 36 to 49, 
with an average score of 42. 

CONCLUSIONS

There is a deficiency in teaching organic chemistry focused on 
Coulomb’s law, which could favor the explanation of some physical 
properties of organic compounds. To date, some undergraduate 
organic chemistry textbooks only mention the electrostatic nature 
of covalent bonds, and almost none of them explore Coulomb’s 
law in organic chemistry more explicitly, to our knowledge. The 
electrostatic force applied to chemistry can be used to rationalize 
several properties of organic chemistry: the strength of hydrogen 
bond (and its relationship with boiling point and solubility), the 
strength of a chemical bond, and the stability of resonating molecular 
systems. This work provides self-explanatory questions that can be 
used to teach some physical properties in organic chemistry from a 
novel perspective.

We have applied a Google Forms questionnaire to 34 
undergraduate students of organic chemistry which had a sparce 
previous information of the electrostatic force applied to chemistry 
(ten minutes of only one class). The texts of the 6 questions (two 
introductory binary questions and four single select multiple choice 
questions) provided all needed information related to the analyzed 
chemistry property and the application of the electrostatic force 
to it, along with figures which assured a better understanding to 
the questions. Consequently, the median and average of the total 
score were nearly the same above 60 (65.5 and 65, respectively). 
23 participants (67%) scored 50 or above. 

Therefore, we conclude that the electrostatic force can be 
successfully applied to explain some properties of organic chemistry 
and general chemistry. 

SUPPLEMENTARY MATERIAL

The supplementary material of this work is available in http://
quimicanova.sbq.org.br, in the form of PDF file, with free access. It 
contains the participants’ answers in bar chart for all questions applied 
in the questionnaire of this work. 
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