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Abstract: Understanding chemical models can be challenging for many university students studying
chemistry. This study analysed students’ understanding of molecular structures using the Lewis
structure as a model, and examined what hinders their understanding. We conducted pre- and post-
tests to analyse students’ conceptions and changes in them. The measures contained multiple-choice
questions and drawing tasks testing their understanding of concepts, such as polarity, geometry,
charge or formal charge and expanded octet. The pre-test revealed a lack of knowledge and several
misconceptions in students’ prior knowledge. For example, the concept of polarity was well-known,
but the combination of polarity and geometry appeared to be difficult. For some students, the
representation of molecules was intuitive and lacking a systematic approach. Certain students
used mnemonics and draw ball-and-stick models connected to surficial representations. After the
chemistry courses, the conceptions and drawings had generally changed, and the level of the students’
knowledge increased markedly. Although, fewer ball-and-stick models were drawn in the post-
test, some students still used them. The main result was that students who drew ball-and-stick
models in the pre-test were less capable of drawing the correct Lewis structures with electrons in
the post-test. In addition, heuristics seem to hinder learning and some concepts, such as resonance,
remained difficult. This is probably due to the fact that understanding molecular structures requires
systemic understanding, where several matters must be understood at the same time. Our study
highlights that the understanding of molecular structures requires conceptual change related to
several sub-concepts.

Keywords: ball-and-stick model; conceptual change; critical thinking; general learning theories;
problem-solving; systemic understanding; university students

1. Introduction

Generating representative molecular structures is challenging for many students in
introductory level chemistry classes in university. Previous studies have shown that it is
typical for many students to utilize simple mnemonics and rules of thumb in chemistry
learning [1]. This derives from the fact that often, already at elementary school level,
students are introduced to heuristic reasoning strategies in chemistry learning. The problem
is that although the use of heuristics allows the solving of simpler problems, they often
lead to systematic misconceptions when the contents of the tasks become more complex, as
happens at university level learning [2]. However, students seem to utilize oversimplified
mnemonics also when the contents to be learned become more complex and utilizing of
simple tools and mnemonics is no more meaningful. The use of mnemonics may hinder
critical thinking and does not support the development of problem-solving skills [3].
Therefore, this study examines first-year chemistry students’ conceptions and the changing

Educ. Sci. 2021, 11, 258. https://doi.org/10.3390/educsci11060258 https://www.mdpi.com/journal/education

https://www.mdpi.com/journal/education
https://www.mdpi.com
https://orcid.org/0000-0002-9964-6527
https://orcid.org/0000-0003-3102-7188
https://www.mdpi.com/article/10.3390/educsci11060258?type=check_update&version=1
https://doi.org/10.3390/educsci11060258
https://doi.org/10.3390/educsci11060258
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/educsci11060258
https://www.mdpi.com/journal/education


Educ. Sci. 2021, 11, 258 2 of 25

of these conceptions related to molecular structures utilizing the Lewis structure as a model.
Additionally, we examine whether the university chemistry students use simple mnemonic
tools and heuristic reasoning when learning molecular structures in the introductory course
of chemistry.

1.1. Understanding Molecular Structures Utilizing Lewis Model Suggests
Systemic Understanding

The Lewis structure was described in the paper of Gilbert N. Lewis titled “The atom
and the molecule” as early as in 1916 [4]. The structure was limited originally to electron
dot structures for which each atom, except hydrogen and helium, contained eight electrons
in the valence shell. The Lewis conceptions were based on the Bohr’s atom model and
contemporary findings realized as completion of the periodic table. Using his chemical
intuition, Lewis was able to construct a credible basis for how covalently bonded atoms are
held together in a molecule. Lewis structures are actually very simple when considering
heavier second-row elements in the periodic table such as carbon, nitrogen and oxygen,
which have 2s and 2p valence shells and no possibility to exceed the electron octet, and
hydrogen with predictable duplet formation in its 1s shell. This information alone forms
an adequate understanding for drawing the correct structures of organic molecules, at least
without drawing free electrons (Kekulé structures) or if resonance should not be applied.
However, for some students, the concept of electron octet is not very clear and surface-level
coping strategies are used construct the molecular structures [5].

To draw Lewis structures correctly means predicting the number and type of bonds
that may be formed around an atom and constructing realistic molecules using given atoms.
Based on a correct Lewis structure, one can make predictions about the relation of the
molecular structure and its macroscopic behaviour, such as geometry, chemical properties
and reactivity of a molecule, representing necessary skills for further development of chem-
ical thinking. However, students often struggle with learning these skills [1,6]. Drawing
appropriate Lewis structures for complex molecules requires understanding that exceeds
simple heuristics and memory rules. Drawing is a process where a student must reflect on
various different concepts simultaneously. There may be more realistic ways than drawing
for expressing the molecular structure by considering the electron orbitals around atoms
and molecules, but those usually need molecular modelling and representation using
computers. Even though the Lewis structures are considered as slightly incomplete con-
structions of reality [7], the Lewis structures are still useful models for predicting molecular
structure. Despite the fact that its information on electronic structure is considered over-
generalized [8], in chemistry education, Lewis structures can be considered as a mandatory
pedagogical intermediate stage in understanding molecular structure before discovering
quantum mechanical world-view. Thus, drawing simplified Lewis structures is a rational
pedagogical approach for learning molecular structure using pen and paper, still after over
one hundred years.

In chemistry, even a seemingly simple task requires students to organize and synthe-
size a large amount of information [1]. When it comes to learning molecular structures,
students need to combine knowledge related to both molecules’ structures and their prop-
erties. This means understanding causal explanations between, for example, structures and
function by asking questions starting with “what kind of”, “how” and “why” is essential.
For example: What kind of structure does a certain molecule have? How does structure
influence the polarity of the molecule? Thus, although the learning of facts is also impor-
tant, knowing a system’s components alone does not ensure students’ understanding of
interrelationships and entities [9,10]. Systemic understanding means knowledge of how
separate concepts interrelate and combine meaningfully to form a complex structure [11,12].
Systemic understanding enables the flexible use of concepts as effective tools instead of
static and isolated “islands” of knowledge, a skill that is needed in learning complex
molecular structures including several sub-concepts such as resonance and polarity.

The importance of systemic understanding in learning science has become unques-
tioned among science education researchers over the past decade [13]. However, typically
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scientific phenomena have been investigated utilizing solely multiple-choice questionnaires
that typically do not deeply reveal students’ misconceptions and lack of knowledge; see,
for example, Cooper et al. [6]. Therefore, in this study, different task types were utilized in
order to detect students’ conceptions together with possible misconceptions and quality of
systemic understanding together with conceptual change related to molecular structure.
The purpose of this study is to investigate first-year chemistry students’ prior conceptions
and learning during a course concerning molecular structures with the Lewis structure as
a model.

1.2. High-Level Chemistry Learning Requires Conceptual Change

A common challenge at universities, especially in introductory courses, is the hetero-
geneity of students when it comes to their level and quality of prior knowledge related to
the topics to be learnt. Research concerning the role of students’ pre-instructional concep-
tions in learning has conclusively shown that the quality of previous knowledge plays a
critical role in learning [14]. Thus, students’ previous knowledge—a necessary prerequisite
for all conceptual learning—may either support learning when in unison with current
scientific understanding, or hinder learning if there are discrepancies between the old
knowledge and the new information. This paradox of learning [15] poses a challenge for
learning and instruction also in higher education.

It is well established in different disciplines that students come to science lessons
loaded with expectations, previous knowledge and prior conceptions that in some cases
significantly contradict the scientific view [16–24]. Currently, learning researchers have
a consensus that the main barrier to learning is often not what the student’s knowledge
structures lack, but what the student has—namely, alternative conceptual frameworks
for understanding the particular phenomenon to be studied [25]. These naïve concep-
tions may have their origins in previous instructional experiences, when oversimplified
mnemonic tools are introduced to the students. Furthermore, textbooks have only a limited
opportunity to support the understanding of simultaneous processes, three-dimensional
objects and systemic understanding. Hence, learning often requires that one’s knowl-
edge structures become radically reorganized and some previous conceptions and beliefs
even abandoned. These types of learning processes are described using the theoretical
perspective of conceptual change [23,26–29].

Conceptual change refers to a learning process in which the concepts and knowledge
structures of the student on a particular phenomenon are profoundly reorganized [29].
Different theoretical models have been developed to describe conceptual change as a type
of learning and teaching in science (for a review, see Potvin et al. [30]). According to
Chi’s well-known model, knowledge can be misconceived at three levels of complexity,
including false beliefs, mental models and ontological categories [31]. The most basic
level of misconception is the false belief, which is a factual type of error that is relatively
easy to correct in belief revision process [31]. A more complex type of misconception
is called mental model misconception [31]. The mental model is a representation con-
sisting of multiple propositions and features as well as interrelationships between those
features resulting in mental models not being simply a collection of individual beliefs, but
a systemic model. Conceptual change at the level of mental models, i.e., mental model
transformation, is a challenging process because of the need for systemic-level changes,
where interrelations between concepts need to be rearranged. The third and the most
complex level of misconceived prior knowledge, according to Chi [31], is the ontological
level, where conceptual change requires a category shift from the ontological category
to another [32,33]. In chemistry, for example, understanding the dual nature of electrons
typically requires an ontological shift from the category of “objects” or “particles” that
behave according to the laws of classical mechanics to the category of subatomic particles
that have a dualistic, wave–particle nature.

Human beings have various ways to reject information that does not fit into their
existing knowledge structures and therefore, achieving conceptual change is typically
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very challenging [18]. As a result, instead of constructing a scientific understanding, a
learner may construct a so-called synthetic model that has characteristics of both scientific
and naïve explanations (see, for example, Vosniadou and Brewer [34]). Synthetic models
develop if one adds new information to old knowledge structures and ignores the conflicts
between them [34]. Achieving conceptual change usually requires one to be aware of the
discrepancy between one’s conceptions and the scientific idea and be willing to change
one’s conceptions to align them better with the science; therefore, reaching conceptual
change usually requires systematic and intentional studying and teaching. Even though
conceptual change research has become one of the most important areas in science learning
and instruction since the 1970s, studies have mainly focused on the learning of students
at the elementary school level. In fact, research concerning the role of conceptual change
type of learning has almost been neglected in higher education until lately (see, however,
Flaig et al. [35]). Previous studies in the context of medicine showed that students who had
misconceptions related to basic content had less success in clinical reasoning tasks in later
study years [36]. Thus, there is an urgent need to understand conceptual change challenges
at the higher education level more profoundly, considering that misconceptions in the early
phase of studies may have serious repercussions in the later study phases and in work life.

In order to investigate conceptual understanding related to science concepts in a
profound manner, a domain-specific perspective is crucial. This is because the kinds of
changes necessary for high-level learning are often fundamentally different for different
domains and even sub-domains [37]. However, in the research tradition of conceptual
change, the domain-specific perspective has often taken a back seat, meaning that there
has been little focus on reflecting questions such as which special characteristics make the
learning of certain concepts difficult, which kinds of misconceptions and naïve mnemonics
are typical among students and in a larger scale and what the significance of understanding
a certain concept for students is. As Duit and Treagust comment [38], in many studies
about conceptual change, the major emphasis has been on implementing new instructional
methods and not on rethinking the presentation of the particular science topic. This is also
the case in research concerning chemistry learning and instruction.

The purpose of this study is to investigate first-year chemistry students’ conceptions
and changes in their conceptions as a result of an authentic introductory course related to
one of the most central contents in chemistry curriculum, namely, molecular structures.
Drawing tasks complemented with multiple-choice questions are utilized in order to detect
students’ conceptions together with typical challenges related to learning certain sub-
concepts, possible misconceptions as well as the quality of systemic understanding related
to the Lewis model. Although being aware that the term misconception is arguable (for
example, because learning of science phenomena is a gradual process and certain naïve
conceptions can be considered important transitional periods towards a better scientific
understanding), we use this term in this paper and define it as a conception that is not in
unison with current scientific understanding.

1.3. Heuristics May Induce Misconceptions in Chemistry Education

The investigation of the structural characteristics and complexities that contribute
significantly to the load in chemistry students creating Lewis structures suggested that
heuristics can lead students to focus on irrelevant features and thereby direct them to
cognitive biases and incorrect answers, and it called for the better understanding of the
full range of heuristics the students are using [39]. Therefore, the second goal of this
study is to see whether it is possible to identify certain typical naïve mnemonics, rules of
thumb and heuristics underlying and explaining students’ misconceptions. Recognizing
the origins and characteristics of misconceptions is essential when trying to understand
why the learning of certain scientific concepts poses challenges for students and how
learning could and should be supported via instruction. According to Guzzetti et al. [40],
misconceptions can derive, for example, from previous instructional experiences. This may
be the case in learning complex scientific contents such as molecular structures, where
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using of mnemonics, rules of thumb or use of (over)simplification, i.e., heuristics, are
typical study methods [6]. In fact, instructors have implemented a range of heuristics that
are taught to students to help them construct molecular representations and use them to
predict properties [1]. These aids may seemingly support learning, in learning of simple
cases, but actually often leads into systematic misconceptions when applied in solving
more complex problems [2]. Previous literature study on the misconceptions in chemistry
education identified multiple misconceptions and determined several subjects to be abstract
and complex for the students, namely dissolution, melting, solubility equilibrium, chemical
equilibrium, covalent bonds, ionic bonds, hydrogen bond and its molecular geometry,
double and triple bonds, activity, electrolyze and battery [41].

When it comes to the learning of molecular structures, for example, the “octet rule”
allows students to construct Lewis structures without having to consider how or why
the representation should look this way. For instance, many first-year university course
attendees are aware that carbon has four bonds, nitrogen three bonds, oxygen two bonds
and hydrogen one bond. This can then be memorized with, for example, a simple HONC-
1234 acronym (atoms and the number of bonds) or equivalent memorized simplified
constructions. The rule could have been omitted from the molecular building blocks that
are widely used in chemistry education at the present time. The molecular constructing
method based on simple memory rules is completely valid, providing enough explanatory
power for the representation of very simple molecules such as H2O or CH4 accompanied
usually with valid geometrical understanding. Those molecules, among many other simple
ones, can be considered as familiar molecules based on the previous education. Their
representation is spontaneous and usually error-free. The produced structure is supposedly
a product of memory operation and not cognitive reasoning. Additionally, applying
oversimplified rules when considering more complex structures leads to misinterpretations.
Such heuristics allow rapid decisions and predictions to be made without critical thinking
in considering the ideas that allowed their development and thus, they are not explanations
for a particular phenomenon or concept [1]. In general, the students may not realize that for
even very experienced chemists, the construction of a structure of an unknown molecule is
always more like a problem-solving task, not just a memory operation. Thus, their problem-
solving skills may remain undeveloped if these mnemonics are used in wrong situations.

Understanding multifaceted chemistry concepts requires much support in the learning
environment, such as from learning material. For example, new virtual and augmented
reality (VR/AR) technology solutions may bring some aid in the future for presenting
molecular structures (e.g., [42]). So far, a great part of learning still occurs through reading,
and textbook texts seem to be one of the most important tools in science learning [43–45].
However, throughout the Finnish chemistry education system from elementary school to
secondary level, the molecules in the textbooks are often presented as or space-filling three
dimensional models. The physical molecular models, such as the ball-and-stick model, are
often recommended for use in teaching (e.g., [46]). This approach might give more realistic
picture about molecules as geometric objects, but the students might be missing the actual
perception of, for example, bonding between atoms. Spheres are generally realized as
atoms, but the physical nature of bonds might be obscure. A spherical object in a molecular
modelling kit has a certain number of places and directions to insert bonds, guiding one
towards a correct three-dimensional structure.

The constructed structures are usually valid. However, problems appear when the
electronic structure of the molecule is unusual; for example, CO, N2O, O3 and many
ionic compounds, or if the atoms have tendency to form bonds using d-electrons. The
Finnish upper secondary school chemistry textbooks clearly describe the covalent bonding
concepts and underline the stability of the octet or so-called noble gas structure. The
expanded octet is not generally concerned. The bond formation between the second-row
elements is described well. However, the systematic approach for producing representative
structures for demanding molecules is missing. In some of the textbooks, the emphasis
is on two dimensional Kekulé structures combined with three dimensional ball-and-stick
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structures and the Lewis structure is merely presented superficially. As an exception, in
one book series, many of the structures are presented as Lewis structures. Thus, there is
a great variation in the representation between the sets of textbooks. In general, valence
shell repulsion models and the simplest geometries are presented. However, resonance
structures are given very little attention at this stage of education. Those structures are
often explained and presented using hybridization models. The formal charges are not
usually taken into account in molecular structures. Consequently, the very basic concepts
of molecular structure are being considered adequately in earlier chemistry classes.

One problem in the first semester chemistry course in the university is that some
students previously participated only in mandatory chemistry courses at the secondary
level. This usually concerns the students whose main subject of study is biology, biochem-
istry and geology. They might be missing very essential prior knowledge in chemistry.
This may prevent a deeper understanding of chemical concepts and can often lead to the
reproduction of isolated facts instead of the achievement of conceptual change.

1.4. Research Questions

Based on the premises described above, the purpose of this article is to investigate
university students’ development of an understanding of molecular structures, and the
heuristics hindering the learning on an introductory level chemistry course. The changes
in the conceptions are investigated by specific objectives:

1. How do students’ concepts and sub-concepts of molecular structures generally de-
velop during a chemistry basics course, and what kind of systematic mistakes and
misrepresentations exist?

2. How do the used heuristics affect students’ learning of molecular structures?

2. Materials and Methods
2.1. Participants

The study was performed at a middle-sized Finnish university in 2017. The study was
carried out in two first-semester general chemistry courses that were held simultaneously.
The students in both courses were mainly college freshmen and sophomores. All students
had studied chemistry in upper secondary school, but for some students, there may have
been many years between those and the current studies.

Altogether, 200 chemistry majors, minors and open university students (age: 18–45 years,
M = 20.81) participated in the study in the pre-test phase. Minor students came from the
majors such as biology, biochemistry and geology. A total of 134 of them were women (67%)
and 65 (33%) were men. They were present for the voluntary lectures where the data were
collected. In the post-test phase, the data were collected from 79 students and of those,
70 participated in the course exam. Therefore, the final number of students from whom
we had complete data for the study was 70, which accounts for 35% of all students who
participated in the study in the pre-test phase, and 46% of the students who participated in
the exam. The study was performed according to the ethical instructions of the university. All
students who participated gave their permission, i.e., filled out a voluntary informed consent
form. Participation was voluntary and the students had the option to withdraw from the
research at any time.

2.2. Context and Design

The study consisted of a pre-test in the beginning and a post-test at the end of an
introductory chemistry course. The introductory chemistry course (4 ECTS) lasted 7 weeks
and consisted of three lectures per week. Desired learning outcomes were the same
for the majors, minors and open university students. For majors, the course contained
lecture-based teaching, small group works and demonstrations. The course for minors and
open university students consisted of lecture-based teaching and discussions during the
lectures. One of the goals was that all students would understand molecular structures
after the course.
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The teaching of the courses contained demonstrations and practice of molecule draw-
ing, starting from uncomplicated molecules such as water and ranging to very difficult
molecules while including resonance and utilizing the concept of formal charge. The
desired learning outcomes of the courses included abilities to manage more difficult atoms
such as sulphur, halogens and noble gases. The intention was that after the lectures and
practice tasks, the students would no longer be dependent on memory rules for information
such as four bonds for carbon. The most important objective of these university courses
was to obtain a systematic treatment of atoms in formation of molecular structure and learn
the basic and advanced concepts of constructing a representational Lewis structure. The
students were encouraged to follow a certain step-by-step pathway towards the correct
structure. The steps included counting the valence electrons, selecting the central atom,
making decisions on bond order, allocating free electrons, making decisions on resonance
and on exceptions on the octet rule and finally counting the formal charges to critically re-
view the reliability of the obtained molecular structure. After completion of these steps, the
geometry of the molecule was analysed using the valence shell electron repulsion theory.

The pen-and-paper pre- and post-tests were administered by the teachers to the
students in the lecture halls. The same questionnaire was utilized in both tests. It took
around 20 min to complete the questionnaire. The time was not limited. After the course
had finished, the students performed an exam including one drawing task that was utilized
in this study for the students who participated in the study. The texts written by the
students have been translated to English for this article.

2.3. Measures

The pre- and post-test questionnaires consisted of background questions (student
number, gender, study place (university/open university/other) and previous degree),
multiple-choice tasks and drawing tasks. In addition, there was one drawing task as
a part of the course exam that was evaluated. The multiple-choice and drawing tasks
were designed and formulated so that they measured both sub-concepts and the systemic
understanding of the Lewis structure. The sub-concepts, such as the bonds between atoms
and the geometry and polarity of the molecule, were determined based on the previous
knowledge of a student’s learning and the typical mistakes found in the earlier exams of the
similar courses. The multiple-choice questions were designed to test student’s knowledge
about chemical structures (Table 1). The same questions were included in both pre- and
post-test questionnaires. The students were able to use the periodic table supplied in the
tests, but no other materials were allowed.

Table 1. Number of the multiple-choice question or molecular formulae presented to students, the reason for our choice and
the needed student accomplishment.

Reason
for Our Choice Needed Student Accomplishment

1 valence bond understanding the nature of a bond

2 valence electrons ability to obtain information from the periodical table for the atoms O, C and Al;
subtasks a, b and c, respectively

3 electron octet understanding the concept of electron octet

4
number and

nature
of chemical bonds

understanding what compounds are possible based on reasoning. Subtasks: (a)
oxygen with four bonds without resonance or net charge, (b) tetraoxygen in square
form, (c) oxygen with three bonds without resonance or net charge, (d) halogen
compound with three bonds in the central atom, (e) noble gas compound, (f) carbon
exceeding the octet, (g) sulfur exceeding the octet, (h) fluoride as the central atom



Educ. Sci. 2021, 11, 258 8 of 25

Table 1. Cont.

Reason
for Our Choice Needed Student Accomplishment

5 bond order understanding the bond order of diatomic compounds: H2, F2, O2 and N2; subtasks
a, b, c and d, respectively

6 geometry understanding the geometry of molecules. Subtasks: (a) phosgene given as T-shape
in 2d, (b) methane given as formula, (c) ammonia given as formula

7 polarity
understanding the polarity of molecules given as 2D planar drawings, subtasks (a)
CH4, (b) CH3Cl, (c) CH2Cl2, and given as molecular formula subtasks (d) H2O, (e)
CO2, (f) NH3

H2O
octet rule,

valence electron
repulsion model

ability to apply basic bond rules of second-row elements and to resolve geometry
based on the bond structure and free electron pairs of the central atom

CH2O
octet rule,

valence electron
repulsion model

ability to apply basic bond rules of second-row elements and to resolve geometry
based on the bond structure of the central atom

N2H2

geometry,
octet rule,

valence electron
repulsion model

ability to apply basic bond rules of second-row elements on a non-carbon molecule
and to resolve geometry when information about free electron pairs are needed

O3

formal charge,
geometry,
resonance,

valence electron
repulsion model

ability to adapt to situation where the oxygen does not form two bonds. Ability to
understand resonance and formal charge in order to decide the bond order and to
resolve geometry when information about free electron pairs is needed

CH4O

geometry,
octet rule,

valence electron
repulsion model

ability to apply basic bond rules when atoms are given in an unconventional order
and to resolve geometry based on the bond structure and free electron pairs of the
central atoms

HCN

geometry,
octet rule,

valence electron
repulsion model

ability to apply basic bond rules of second-row elements and to resolve geometry
based on the bond structure of the central atom

CO3
2−

bond order,
formal charge,

geometry,
resonance,

valence electron
repulsion model

ability to understand several concepts at the same time. Ability to adapt into
situation where the oxygen does not form two bonds. Ability to understand
resonance and formal charge in order to decide the bond order and to associate
between formal charge and net charge. Ability to resolve geometry based on the
bond structure of the central atom

ClO4
−

expanded octet,
formal charge,

geometry,
resonance,

valence
electrons,

valence electron
repulsion model

ability to understand several concepts at the same time. Ability to calculate the total
number of valence electrons and match that with the final structure. Ability to adapt
into situation where oxygen does not form two bonds and where the octet rule does
not apply, because of d-orbitals of heavy central atom. Ability to understand
resonance and formal charge in order to decide the bond order and to associate
between formal charge and net charge. Ability to resolve geometry based on the
bond structure of the central atom

XeO3

expanded octet,
formal charge,

geometry,
resonance,

valence
electrons,

valence electron
repulsion model

ability to understand several concepts at the same time. Ability to calculate the total
number of valence electrons and match that with the final structure. Ability to adapt
into situation where the basic bond rules might not apply and where the octet rule
does not apply, because of d-orbitals of heavy central atom. Ability to understand
resonance and formal charge in order to decide the bond order and to associate
between formal charge and net charge. Ability to resolve geometry based on the
bond and free electron structure of the central atom
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The drawing tasks were designed to test the features of the chemical structures that
were assumed to be problematic for students to understand, and where possible heuristics
can be seen. The drawing tasks in the pre- and post-tests included the sub-concepts
of geometry, resonance, charge and expanded octet (see Table 1). Additionally, certain
compounds measured systemic understanding, requiring an understanding of all the
above-mentioned sub-concepts. The compounds in the pre-and post-tests were H2O,
CH2O, N2H2, O3, CH4O, HCN, CO3

2− and ClO4
−. The instructions for the pen-and-paper

drawing tasks in both pre- and post-tests were: “Draw the following compounds as well as
you can. Think about the angles between the bonds and the three-dimensional structure of
the molecule. If the molecule can be drawn in many different ways, draw them all.” Such a
general instruction of the drawing task was given because the intention was not to distract
the students with clues of the conceptions that are going to be analysed from the drawings.

Two weeks after the courses, the students took a written exam that included a drawing
task that was also included in the evaluation. It tested the equivalent compounds to
determine their polarity and geometry that were used also in the pre- and post-test. The
compound used was XeO3. The exact same compounds that were used in the pre- and
post-tests were not used in order to avoid learning from the previous task. During the tests,
the students were not allowed to use any material, except the periodic table supplied.

2.4. Data Analysis

The data in the multiple-choice questions were classified either as a right or a wrong
answer. If the student had chosen both options and thereby answered right and wrong, the
answer was considered as wrong. A total of 67 answers in the pre-test and 20 answers in
the post-test were missing and considered as “do not know”.

Students’ drawings of each molecular structure were categorized into five groups
based on the quality of the drawing, indicating understanding related to sub-concepts
and systemic understanding. Before the categorization, the researchers, two chemistry
experts and one subject teacher of chemistry first discussed together the criteria for the
evaluation of each structure. Classifications for the analyses were decided together. In
general, categorization criteria were decided (e.g., what needs to be correctly drawn in order
to reach certain category) as points for basic knowledge, such as for correct elements in the
right order and correct bonds between the elements, and points for advanced knowledge,
such as the ability to apply the information, for example, to the understanding of the
expanded octets or the geometry of the molecular structure. When the classification was
settled, all researchers rated the drawings.

In addition, the frequencies of ball-stick models and wrong and correctly drawn
electrons were calculated from the drawings in the pre- and post-tests. If needed, the
students’ writings in their native language were translated into English. The drawings
were reproduced so that the students could not be recognized by their handwriting.

The structure of water molecule was noticed to be very easy to draw for all students.
There were no remarkable differences in these drawings and therefore, the drawings of H2O
were not included in the data interpretation. In the pre-test, the other 1400 drawings (214
empty answers) were categorized into five different groups (Table 2, N/A = not analysed,
meaning that the expert level could not be determined for these structures because of
simplicity of the structure).
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Table 2. The number of drawings of 79 students in the pre- and post-tests (CH2O, N2H2, O3, CH4O, HCN, CO3
2− and

ClO4
−) and the drawings of 70 students (XeO3) in the exams classified into five group. N/A = the expert level was not

determined for these structures.

CH2O N2H2 O3 CH4O HCN CO3
2− ClO4− XeO3

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Exam

false 6 3 6 6 6 1 8 7 7 3 19 11 33 16 1
primitive 3 1 13 17 18 14 9 4 7 6 20 13 32 30 8
advanced 15 21 47 42 47 39 43 39 9 5 33 31 12 22 18

more
advanced

55 54 13 14 7 15 17 26 56 65 7 17 2 9 24

expert N/A N/A N/A N/A 1 10 2 3 N/A N/A 0 7 0 2 19

The first group of students’ drawings were considered as the false drawings (Table 2,
Figure 1), which did not show any knowledge due to mistakes or misconceptions or not
answering. The structures were not correct at all, for example, wrong elements or wrong
number of elements were used in the drawings; see CH4O and ClO4

− in Figure 1A drawn
by students S 31 and S 1, respectively, in the pre-test. In the structure of CH4O, the student
has not understood the concept of elemental composition. For some reason, the number of
carbon atoms has been multiplied by four. In the structure of ClO4

−, one oxygen atom is
missing, most probably by mistake. Typically, these false structures seemed to be drawn by
testing and contingency; no rules of the Lewis model were applied.

Figure 1. Examples of the structures of CH4O and ClO4
− drawn by the students classified as (A) false,

(B) primitive (showing basic knowledge), (C) primitive (showing creativity or applied knowledge),
(D) advanced, (E) more advanced and (F) expert drawings.
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The second group was considered as primitive drawings (Table 2). This group rep-
resented some knowledge in the drawings. For example, these primitive structures with
only a little basic knowledge contained the correct elements in the correct order; see, for
example, CH4O and ClO4

− in Figure 1B drawn by students S 39 and S 29, respectively, in
the pre-test. However, the nature or order of the bonds was not understood. For example,
in the structure of CH4O electrons are missing and in the structure of ClO4

− the bond order
is wrong (Figure 1B). Most probably, the bonds and the electrons were drawn by testing.
The structures showing only a little advanced knowledge had basic mistakes, such as the
wrong elements, but showed some evidence of advanced knowledge. See, for example,
the structures in Figure 1C drawn by students S 47 and S 16, respectively. The example for
CH4O is taken from the pre-test and the example for ClO4

− is taken from the post-test. For
example, there is an idea of a three-dimensional structure for CH4O, but it is not correct.
In this case, the student had supplemented the structure by a statement: “Methane has
bended as a tent over the oxygen so that the carbon atom is at the highest point and the
hydrogen atoms are like tent poles”. Moreover, there is an idea of resonance for ClO4

−

in Figure 1B, but there are several misconceptions in the structure drawn. In addition,
based on these structures, it is hard to evaluate whether the student actually understood
the geometry or the resonance or just happened to guess right.

The third group consisted of advanced drawings, which included the correct elements
in the correct order with correct bonds; see CH4O in Figure 1D drawn by student S 6
in the pre-test. In addition, the structures containing the correct elements in the correct
order showing some evidence of advanced knowledge such as the concepts of geometry,
expanded octet or resonance, but also misconceptions, such as wrong nature or order of
the bonds, were classified into this group. See, for example, the structure of the ClO4

− in
Figure 1D drawn by student S 46 in the pre-test. The student seemed to know the elements
of the second period and the simple rules, such as HONC-1234, and therefore drew the
structures and bonds correctly. The students may know more but did not show it. They
mastered the chemistry that is taught in Finnish upper secondary schools.

The more advanced drawings were grouped into the fourth group. These drawings
contained all basic things but had also some advanced knowledge, such as geometry,
resonance, expanded octet or the formal charge of the molecule, but they did not show
all of these. Misconceptions were not recognized. For example, the structure of CH4O in
Figure 1E drawn by student S157 in the pre-test represented the correct elements in the
correct order with the correct bonds and the geometry of the oxygen atom, but not for the
carbon atom. Similarly, the structure of ClO4

− in Figure 1E drawn by student S 42 in the
pre-test represented the correct basic items in addition to the expanded octet, but did not
show any evidence of the geometry or resonance. Nonetheless, the students were able to
apply their knowledge.

The fifth group consisted of expert drawings. These drawings were competent and
contained almost all details indicating systemic understanding; see, for example CH4O
drawn by student S 32 in the pre-test and ClO4

− drawn by student S 60 in the post-test
in Figure 1F. The structure shown for ClO4

− is the best drawing showing the charge, the
resonance and the expanded octet, but not the geometry. The students seemed to master
all concepts needed. No misconceptions were recognized and the mnemonics, such as the
HONC-1234 rule, did not restrict the chemical thinking. This group accounted for <1%
of all drawings. However, the structures of CH2O, N2H2 and HCN were simpler to draw
in comparison to the structures of O3, CH4O, CO3

2− and ClO4
− and there were not so

many concepts to be understood; therefore, the expert level was not determined for these
drawings (Table 2, marked as not analysed).

Similarly, in the post-test, 553 drawings (29 empty answers) were grouped into five
groups (Table 2). The drawings of XeO3 (utilized in the course exam) are equivalent by
their conceptual nature to the drawings of ClO4

− (utilized in the pre-test and post-test),
and therefore they are also discussed here in detail.
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Changes in the answers between pre- and post-tests to multiple-choice questions
were classified as “both right”, meaning that the answer was right both in the pre- and
post-tests; as “improved”, meaning that the answer changed from wrong to right or from
do not know to right, or from wrong to do not know; as “”not improved”, meaning that
the answer was do not know or wrong in both tests; and as “declined”, meaning that the
answer changed from do not know to wrong or from right to do not know, or from right to
wrong. In addition, the changes in the drawings and their classifications were evaluated.
The conceptual change was thought to happen in such cases where the classification
of the drawing moved clearly up in the classes and the misconceptions disappeared—
such as a primitive drawing with mistakes changed to an expert drawing without any
misconceptions.

Statistical comparisons between group means were run with the IBM SPSS statistics
25 software (IBM, Armonk, NY, USA) by using t-test.

3. Results
3.1. Understanding of Molecular Structures in Multiple-Choice Tasks

In the pre-test answers, there were notable differences in students’ knowledge quality
and level related to molecular structures measured via multiple-choice questions (Table 3).
On average, a student knew 16 out of 26 items of the multiple-choice questions (SD: 4,9;
Min 0; Max 24). In general, the students knew quite well the bond order, as the majority of
students succeeded in the four different questions of the bond order of diatomic molecules.
Therefore, it was surprising that all students did not know that two electrons are needed to
form a covalent bond (Table 3).

Table 3. The answers (%) in the multiple-choice questions in the pre- and post-test and the changes in the knowledge
between the tests. The numbers in the brackets refer to the initial questionnaire.

Pre-Test (n = 200) Post-Test (n = 79) Change

Right Wrong Do Not
Know Right Wrong Do Not

Know
Both
Right Improved Not

Improved Declined

covalent bond (1) 80 17 3 100 0 0 89 11 0 0

valence electrons of O
(2a) 62 26 13 96 4 0 73 23 4 0

valence electrons of C
(2b) 75 13 13 97 3 0 85 13 1 1

valence electrons of
Al (2c) 68 18 15 94 4 3 76 18 5 1

octet (3) 49 24 28 56 27 18 41 22 16 22

possible
compound?

79 14 7 86 13 1 75 13 6 6

(4a)

53 31 17 46 37 18 35 13 33 19

(4b)

73 24 4 78 19 3 71 10 5 14

(4c)
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Table 3. Cont.

Pre-Test (n = 200) Post-Test (n = 79) Change

Right Wrong Do Not
Know Right Wrong Do Not

Know
Both
Right Improved Not

Improved Declined

15 74 12 61 35 4 11 52 29 8

(4d)

7 79 15 48 51 1 8 42 43 8

(4e)

81 17 3 82 16 1 75 8 8 10

(4f)

27 57 17 82 18 0 23 59 10 8

(4g)

74 10 16 73 15 11 65 10 3 23

(4h)

bond order of H2 (5a) 92 4 5 99 1 0 95 4 0 1
bond order of F2 (5b) 79 8 13 97 1 1 81 16 1 1
bond order of O2 (5c) 92 2 7 97 3 0 96 1 0 3
bond order of N2 (5d) 86 6 9 95 4 1 90 5 1 4

geometry of COCl2
(6a) 30 57 13 47 51 3 15 32 33 20

geometry of CH4 (6b) 91 6 4 97 3 0 95 3 0 3
geometry of NH3 (6c) 44 51 5 77 23 0 43 34 14 9

polarity of CH4 (7a) 84 5 12 95 4 1 89 6 1 4
polarity of CH3Cl

(7b) 75 9 17 85 11 4 68 18 4 10

polarity of CH2Cl2
(7c) 26 56 19 24 71 5 13 13 47 28

polarity of H2O (7d) 82 9 10 96 3 1 87 10 3 0
polarity of CO2 (7e) 71 17 12 95 4 1 72 23 4 1
polarity of NH3 (7f) 56 24 21 72 22 6 47 27 8 19

average 63 25 12 80 17 3 62 19 11 9

Several students did not know the number of the valence electrons of O, C or Al even
though they could use the periodic table. Other challenging things were the geometries
and polarities of the molecules. On average, half of all students had the right answers for
the multiple-choice questions 6a–c dealing with geometry, and more than half for questions
7a–f dealing with polarity (Table 2). These two things are linked together. The polarity
as such is understood quite well, but if the student does not know the geometry of the
molecule, it is hard to say anything about its polarity. In addition, the molecular structures
with halogens and noble gases were difficult to understand. For example, the minority of
the students knew that the structure 4d was possible and even fewer students thought that
the structure 4e was real (Table 3). One student mentioned to the teacher of the chemistry
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course that in secondary school, “it has been taught that the noble gases do not form
compounds with other elements”.

In the post-test, the lowest level of right answers was 11 and the highest 26, i.e., higher
than in the pre-test. On average, a student knew 21 items (SD = 2.7) of the multiple-
choice questions. Thus, the level of the students’ knowledge has increased markedly
(t (78) = −6.543, p < 0.000). All students knew that two electrons are needed to form a
covalent bond (Table 3). In addition, almost all students knew the number of the valence
electrons of O, C or Al. This time, the students knew even better the bond order. In addition,
the knowledge of the geometry increased—more students had the right answers to the
multiple-choice questions 6a–c dealing with geometry and to questions 7a–f dealing with
polarity (Table 3). The students knew significantly better the molecular structures with
halogens and noble gases, such as the above-mentioned structures 4d and 4e (Table 3).

Altogether, 62% of the answers were unchanged and “both right” in the pre- and post-
tests (Table 3). However, 19% of the answers had a positive change, i.e., were “improved”,
between the tests (Table 3). The greatest change in understanding, i.e., the change from
wrong to right, was observed in question 4g related to expanded octet. In addition, similar
improvements were observed in the questions 4d (Xe compound), 4e (tetraoxygen), 6a
(geometry) and 6c (geometry, Table 3). In total, 11% of the answers were “not improved”
between the tests (Table 3). The unchanged wrong answer revealed the most difficult
questions. The level of understanding was relatively low in the questions measuring
the understanding related to the possible structures of O4, BrF3 and XeF4 (4b, 4d and 4e,
respectively), the geometry of COCl2 (6a) and the polarity of CH2Cl2 (7c). The negative
change “declined” took place in 9% of the answers (Table 3).

3.2. The Development of Students’ General Understanding and the Conceptual Change Based on
the Drawings

Analysis of the pre-test drawings revealed information about the knowledge of molec-
ular structures. In particular, we look at four sub-concepts, (1) resonance, (2) formal and
net charges, (3) expanded octet and (4) geometry, in addition to the systemic understand-
ing of the Lewis structure. At the beginning, the concept of resonance was not greatly
recognized among the students. The correct resonance forms of O3 were found only in
four drawings. For CO3

2−, the resonance structure was found only in one drawing. The
most difficult was ClO4

−, in which the resonance was applied to only one drawing, and
was otherwise not correct. In addition, the students had clear difficulties in assigning the
charge on a polyatomic ion. The correct assessment of charge required estimation of formal
charges of individual atoms. The correct notation of charge of a molecule was made for
CO3

2− and ClO4
− by 9% and 17% of the students, respectively. Expanded octet was also

a difficult concept, probably because previous education at the lower level concentrated
heavily on organic compounds. The electron octet, which has in a centre role in basic Lewis
structure, is not always valid. The student must master the decisive factors that will lead to
disregarding the electron octets around the atoms. In case of ClO4

−, 14 drawings contained
expanded octet, and only in four drawings was this executed correctly. Regarding geometry,
students in general seemed to lack spatial thinking and in multiple-choice tasks, they tried
to analyse the polarity of the molecule from a 2-dimensional structure. Many of the student
drawings lacked geometrical analysis or description of the 3-dimensional structure. In
addition, the role of free electrons around the atom and its effect on the geometry was not
well understood.

When comparing multiple-choice questions and drawings, certain connections were
found. The most interesting was that the students who gave wrong answers related to
covalent bonds in the multiple-choice task received lower scores in the drawing tasks in
general (t (47.17) = 2.55, p = 0.014). This means that if the students do not understand the
bonding model, it is hard to draw correct structures.

Analysis of the post-test drawings showed that the conceptions had changed and the
level of the students’ knowledge had increased markedly between the tests. In most cases,
drawings were more professional. There were fewer mistakes and misconceptions and
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the students seemed to better understand the concept of elemental composition (Table 2,
Figures 2 and 3A; the structures in Figure 3A were drawn by student S 10 and in Figure 3B
by S 30). In addition, the general knowledge of the chemical bonds increased, which can be
seen in Figure 2A.

Figure 2. The distribution of the level of the drawings in the pre- and the post-tests for (a) CH4O,
(b) CO3

2−, (c) O3, and (d) ClO4
−.

Figure 3. Examples showing the changes in the knowledge of the students during the pre-test,
post-test and final exam using ClO4

− and XeO3 as the model representations: (A) an increase in the
level of the student’s knowledge; (B) the student’s knowledge stays in the same conceptual level.

The fifth group consisting of expert drawings was larger in the post-test (Table 2). Their
drawings were competent and contained almost all details; see, for example ClO4

− in
Figure 1E. The structure shown for ClO4

− is the best drawing showing the charge, the
resonance and the expanded octet, but not the geometry. The students drawing expert
structures seemed to master all sub-concepts needed, and hence they seemed to have
reached the level of systemic understanding. However, the sub-concepts examined were
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still difficult for some students. The improvement of understanding of resonance is seen in
Figure 2B,C (for CO3

2− and O3). The apparent median is shifting to a higher category of
understanding in both cases. However, in the post-test, only four students tried to draw the
resonance structures for ClO4

− and two students succeeded (see an example of the wrong
answer in Figure 4A (S 56) and an example of the right answer in Figure 4B (S 37)). In the
post-test, the students took the charge of the molecule into account more often (Figure 5;
the structures drawn by students S 30 (A), S 20 (B), S 6 (C), S 24 (D), S 5 (E) and S 10 (F)).
For example, 56% of the students took the charge into account for ClO4

− (see an example
of an attempt in Figure 5A) and 41% marked it correctly (see examples for correct drawings
in Figure 5B,C). The students made also more attempts to draw the expanded octets; 37%
of the students tried to draw the expanded octet for ClO4

− (see an example of an attempt
in Figure 6A (S 7)) and 16% succeeded (see an example of the right answer in Figure 6B
(S 6)). In addition, improvements in the consideration of geometry were detected, as seen,
for example, in Figure 7. Some students drew the structures without geometry, such as in
Figure 7A (S 4). In Figure 7B, student (S 48) took a stand on the geometry, but the structure
was 2-dimensional. Some of the students drew 3-dimensional structures, as in Figure 7C
(S 13).

Figure 4. Examples showing the resonance structures for ClO4
− in the post-test: (A) a wrong answer;

(B) a correct answer.

Figure 5. Examples showing the charge of the molecule in the post-test for ClO4
−: (A) a wrong

answer; (B) an answer with a correct marking for the charge even though the structure itself is not
correct; (C) a correct answer. For CO3

2 −: (D) a wrong answer; (E,F) correct answers.
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Figure 6. Examples showing the expanded octets for ClO4
− in the post-test: (A) a wrong answer;

(B) a correct answer.

Figure 7. Examples showing the difficulties in the spatial thinking for CH4O: (A) a structure without
geometry; (B) a 2-dimensional structure; (C) a 3-dimensional structure.

The learning continued after the actual courses by self-education before the final
exam. The students’ knowledge had increased even more—there were fewer mistakes
and misconceptions in the exam and the students seemed to understand the concepts
better than in the post-test. In the exam, the students needed to assign the formal charge,
take into account the expanded octet and understand the geometry when drawing the
structure of XeO3. The drawings were remarkably better in the exam in comparison to their
counterparts in the post-test (Figure 8). The differences in students’ learning can be nicely
seen from Figure 3, which shows the learning processes of two students. The first student
learns during the course and understands the concepts; the molecular representations are
changing from primitive to advanced to expert drawing (Figure 3A). Hence, this student had
reached a conceptual change, whereas at the same time, the other student learns a little but
still stays at the very same primitive level (Figure 3B).

The number of students were 200 in the pre-test and 79 in the post-test, which can raise
the question of whether the students were really learning or whether only the most talented
and motivated students participated in the post-test. As an example, six students who did
not draw the easy representation of the water molecule in the pre-test did not participate in
the post-test. Therefore, the results of the pre-test were rechecked in order to see whether
there was a difference in the knowledge between the students who participated only in
the pre-test or in both pre- and post-tests. The students participating only in the pre-test
(n = 121) had on average 15 ± 5 (M = 15.4; SD = 5.40; Min = 0; Max = 22) correct answers in
the pre-test, whereas the students participating in both tests (n = 79) had 18 ± 4 (M = 18.06;
SD = 3.51; Min = 7; Max = 24) correct answers in the pre-test, which indicates that students
who struggled the most dropped off from the course.
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Figure 8. The distribution of the level of drawings suggesting systemic understanding in the pre-
and post-tests (ClO4

−), and in the examination (XeO3).

3.3. Heuristics Used in the Multiple-Choice Tasks and Drawings

One especially striking feature in the molecular structures was the appearance of ball-
and-stick models. Instead of drawing atoms with representative symbols, many structures
were drawn by using spherical features as atoms which were connected together with
sticks. The appearance of ball-and-stick models was 8–16% in the pre-test depending on
the molecule drawn. In the post-test, there were fewer simple ball-and-stick models, i.e.,
5–11% depending on the task. Instead, there were more electrons or electron pairs drawn
to the structures, i.e., 27–44% depending on the task. In general, the students who drew
ball-and-stick structures in the pre-test did not draw electrons in the post-test. For example,
16% of the students who participated also in the post-test drew a ball-and-stick structure
for CH4O in the pre-test (Figure 9A). Only one of these students (S 62) drew the correct
free electrons in the post-test (Figure 9B), meaning that 15% of the students could not do so.
Instead, there were 17 students (22%) who did not draw a ball-and-stick structure at all
in the pre-test but had the correct electrons in the post-test. The very same applies to the
other molecules and their representations.

Figure 9. Examples of the ball-and-stick models drawn in the pre-test (A) and the representations
showing the electrons drawn in the post-test (B). The same student has drawn both representations.

The results showed that the memorized rules were used. The students remembered
carbon with four bonds, nitrogen with three bonds, oxygen with two bonds and hydrogen
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with one bond, but other atoms are challenging (4d,4g). They were also capable of distin-
guishing false structures based on these atoms as seen in the multiple-choice questions
concerning oxygen with three bonds and carbon with five bonds (4c,4f). Although they
seemed to utilize an intuitive octet rule, it seemed clear that they were not calculating the
total number of valence electrons. In the pre-test, 33% of students failed to answer correctly
on the number of valence electrons of oxygen, but still succeeded in a multiple-choice
question measuring the bond order of O2. The students often drew molecules with too
many or too few electrons. That was realized in the structure of ClO4

−, where one of the
most common misconceptions was the representation with four single bonds. The same
applied also for CO3

2− having three single bonds. Another implication of not calculating
the electrons was the absence of free electron pairs, or the free electrons were drawn as
decorations without awareness of the total number of valence electrons. Most often, the
free electrons were placed near oxygen. The appearance of free electron pairs was 5–9%
depending on the molecules in the pre-test. The correct notation of electron pairs was
found in 1–7% of drawings depending on the molecules.

4. Discussion
4.1. Difficulties in Going beyond Basic Organic Compounds

Our study revealed differences among the students participating in an introductory
level university chemistry course in their understanding related to molecular structure
concepts. Even the basic concepts of the covalent bond and valence electrons were not very
clear to all students. If the very basic information about the bonding model is lacking, it is
certainly hard to draw acceptable structures and understand the phenomena.

Some of the molecular concepts exceed the prior education. Quite surprisingly, one
of these concepts is resonance. The concept of resonance plays a fundamental role in
understanding the electronic structure and reaction properties of many molecules and
ions. Mastering the concept of resonance requires advanced thinking. The students might
not realize that, according to quantum theory, the electrons are not objects of classical
mechanics and therefore they are not actually localized in their positions, corresponding
to ontological misconceptions discussed by Chi [27]. This also contradicts the idea of
molecules being rigid ball-and-stick structures. It might be difficult to understand that a
best-drawn structure is not static but there are equal alternative bond and free electron
organizations that have to be drawn in order to fully describe the molecule. The final
system cannot be represented easily by a ball–and-stick model unless average structures
(resonance hybrids) are being built. However, understanding average structures requires an
understanding of the quantum mechanical nature of molecules, in that profound conceptual
change and ontological shift are usually required [27].

Since the octet rule has been considered as a fundamental rule in previous education,
the violation of the rule is unexperienced by the majority of the students. A similar
observation was made by Erman [47], whereas Joki and Aksela [48] suggested that one
reason for this could be the p-prim of vacuums impel (desire for fullness). In the pre-test,
students generally rejected all the molecules that had atoms with more than four bonds and
noble gas compounds were thought to be nonexistent. It was beyond their awareness that
some atoms are able to form stable compounds by exceeding the electron octet by using
d-orbitals from electron subshell. This concept expands the understanding of bonding in
heavier elements, halogens and noble gases, but at the same time expands the number of
concepts that have to be mastered. It also adds the degrees of freedom to the molecule
construction, which might be confusing to some students. Cooper et al. [5] noticed that
even faculty members can produce representations that contain more than eight electrons
around nitrogen or oxygen atom. In addition, they noticed that students wanted to follow
the octet rule and added electrons until the octet of each atom was full, even though there
were not enough electrons available. Strong obedience towards the octet rule was also
shown in the pre-test of our study, realized by the maximum of four bonds per atom and
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the nonexistence of noble gas compounds. It seems that many students are locked in on an
idea of simple and familiar molecular structures.

With this level of understanding, the representation of molecules is entirely intuitive
and lacking a systematic approach. Despite the shortcomings, the students were still
proficient to produce a geometrically valid water molecule. In fact, the structure of a water
molecule was noticed to be very easy to draw for all students. There were no remarkable
differences in these drawings and therefore, the drawings of H2O were not included in
the data interpretation. Based on this observation, it is actually quite hard to say whether
the students really understood how the water molecule is represented or did they just
happened to remember the structure shown earlier. This supports the idea that some
molecules are visually familiar, meaning that the structure of the molecule is remembered
well from previous experience. Cooper et al. [5] noticed that the success in producing the
correct structure was highly dependent on how the chemical formula was presented to
the students. They noticed that about 60% of the students drew the right structure for
CH4O but over 90% of the students could draw the same required structure for CH3OH.
They suggested that students were relying on memorized cues rather than the actual use
of Lewis rules. Our findings support the same. Many of the students were successful in
the bond order task even without comprehension of the number of valence electrons of an
atom. Therefore, the physical nature of a bond is obscure to them. This is a clear indicator
of relying on simple memorized rules to cope. Furthermore, it might be that the simple
rules have been beneficial for better success in previous education.

4.2. Heuristics Hindering the Understanding of Lewis Model

Some students drew simple ball-and-stick structures without further information such
as the symbols of elements (e.g., Figure 9A). This might indicate of a desire for familiar
structure, a visual image of an ideal molecule. This drawn ball-and-stick representation
might be the vague projection of this visual image. However, it must be noted that also
some of the students who drew correct structural representations drew additional ball-
and-stick structures. The basis for this simplified thinking is created well in advance. In
elementary school, the structure of water is taught as the ears of Mickey Mouse or as
rabbit ears [49,50]. The pupils might remember the shape of the molecule but otherwise
there are no good reasons for doing this [51]. Laing concludes that the rabbit ear model,
i.e., the tetrahedral sp3 model, for the bonding in water is not satisfactory and it is not
necessary [51]. Similar simplification continues later as the ball-and-stick models are used
to show the geometry of the molecule and they might be the most common molecular
representations in the chemistry textbooks. This may hinder the development of critical
thinking in chemistry problem-solving situations.

This study showed that if the student drew the ball-and-stick models in the pre-test,
he or she was not likely capable of drawing the correct Lewis structures with electrons
in the post-test. This indicates that locking in on oversimplified ideas might prevent
learning progression. Similar observations were made by Williamson et al. [52], who
noticed that the students who spent more time on the ball-and-stick representations, when
asked about the positive charge, were less likely to be correct than the students who
spent more time with the electrostatic potential map identified via eye tracking. Ball-and-
stick models represent the shape of the molecule but do not indicate the distribution of
electrons, whereas the electrostatic potential maps presents the electrons with a color-
coded representation [53]. Hinze et al. also noticed that the participants with greater
prior knowledge began to effectively apply the electrostatic potential maps on inference
problems with practice, whereas the participants with low prior knowledge maintained
their reliance on ball-andstick representations and therefore were more likely to answer
questions incorrectly [53]. It seems to be so that the use of ball-and-stick models reflects a
lower level of understanding and also hinders the development of understanding. Ferk
et al. have warned that chemistry teachers should be cautious when using molecular



Educ. Sci. 2021, 11, 258 21 of 25

models in teaching so that they do not create misconceptions on the basis of the models
about the size, shape or colours of atoms or molecules [54].

It is also worthwhile to consider whether the ball-and-stick models were ever intended
to be drawn by hand or just meant for the illustration of the geometry of the molecule. It
has also been criticized that often the function of the models in the science classroom is
to aid remembering or comprehending concepts and the models are presented from the
scientists’ view [55], but the teachers should take into account also the students’ view in
order to allow students to better understand the models and develop more sophisticated
processes, such as explanations and interpretations [55].

4.3. Systemic Understanding and Conceptual Change in the Understanding of Lewis Model

Systemic understanding demands that all sub-concepts are understood and thus often
requires that conceptual change in the level of mental models is achieved. Students need
to break out from the simple familiar molecule idea and undertake conceptual change
from naïve structures to complex understanding. There were some concepts for students
that were hard to learn. ClO4

− is a good example of a representation where the students
need to assign the formal charge, take into account the expanded octet and understand
the geometry when drawing the structure. The students might be able to manage rather
difficult concepts when they are presented separately. Combining the difficult concepts
into one task makes it much more difficult to solve. Perhaps the most important thing here
is not the difficulty of one concept but the entity taking into account all aspects—the skill
of systemic thinking.

It has been proposed that when the students start to use models, their understand-
ing should be reviewed for problematic interpretations, and also the arbitrary nature of
models should be made explicit [56]. Students need a conceptual change in relation to
chemistry as a discipline and they need to consider the drawing of molecular structures as
problem-solving instead of just mechanical execution. On the whole, the upper secondary
school teaching might be fairly generalizing and feeding the idea of simplified molecular
structures. The main characteristics are described, such as “this molecule has the V-shape”,
but it is not explained why the shape of the molecule is like that. The geometry is taught
to students in secondary school, but it is supported by the ball-and-stick models in the
figures and perhaps these ball-and-stick models were therefore heavily exploited in the
representations the students delivered in this study.

According to our findings, there were notable changes in understanding the concept of
resonance in the structures of O3 and CO3

2−. That is realized in the post-test, with a higher
number of students in more advanced and in expert levels, but still, resonance remained
quite a difficult concept. The majority of the students did not produce resonance structures
in the post-test. The difficulty is probably due to the diffused nature of the concept [57].
Likewise, there was a great increase in the correct answers in the multiple-choice questions
concerning the expanded octet of SF6 (4g). The same kind of conceptual change did not
take place in the drawing task of ClO4

−. Despite a considerable increase in those who
attempted to exceed the octet of chloride, the number of correct drawings in terms of
expanded octet was low. The result might be due to the fact that in the drawing task,
there are so many concepts that have to be managed at the same time as discussed above.
Resonance and expanded octet are advanced concepts and cannot be produced easily by
using molecular building blocks, as the ball-and-stick models are usually too rigid for this.
If the student is conceptually oriented to physical building blocks, the orientation might
disturb the learning process. As an indication, we observed a notable number of triangular
O3 and a few linear ClO4

− structures as they could be done with the building blocks. We
observed also a notable number of halogens drawn with either one bond or four bonds
instead of expanded octet.

According to the pre-test, only a minority of the students were able to make a notation
of the charge in the drawn molecule and even fewer placed it in the correct position. In the
beginning, the notation of the charge might be spontaneous behaviour. For example, in
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CO3
2−, they might consider it as an anion for carbonic acid and after deprotonation, two

oxygens are left with negative charge. Furthermore, the charge might have been understood
by a broken ball-and-stick model so that the charge is compensating the missing atom. It is
unexpected that they would calculate the formal charges in the pre-test, since the formal
charge can be considered as an unknown concept to them. We cannot directly estimate the
ability of the students to calculate the formal charges because we did not ask them to mark
the formal charges in the drawings. We can only make judgements based on the outcomes.
For molecules such as ClO4

− and XeO3, it is necessary to perform the estimation of formal
charges in order to produce the correct structure. Based on the emerging success of these
structures, the students are in the progress of learning the concept.

4.4. Limitations

This study provides important and novel knowledge related to university students’
understanding related to molecular structures. However, there are some limitations in
this study that need to be taken into account when generalizing the results of this study.
The study was performed at one institution only, so results may be different at other
universities or in other countries. The students’ background variables, such as age, gender,
previous education and work experiences, were not analysed, so the results may be more
typical for specific groups of students. The understanding of molecular structures and
conceptual change were evaluated on the basis of drawing tasks and thereby it was based
on the interpretation of the representations made by the authors. Interviews could have
revealed important aspects related to students’ thinking. The participation was voluntary
and the questionnaires were filled during the lecture times, so not all students were reached
through questionnaires. There were fewer participants in the later lectures and therefore,
the number of participants was remarkably lower in the post-test, leaving room for biased
results. Thus, the results are likely more positive than they would have been if all students
had participated. Those students who struggled the most dropped off from the course,
so it was not possible to study their difficulties with learning. Exploring those students’
learning skills and approaches could shed more light on their difficulties [58].

5. Conclusions

The aim of this study was to explore university students’ understanding and changes
in their conceptions as a result of an introductory chemistry course related to molecular
structures. The goal of the course was to teach all students the contents, but the hypothesis
was that some students will still possess some misconceptions after the course. Our
assumption was that heuristics hinder the learning of more complex molecular structures.
In general, the level of the students’ knowledge increased markedly and there were fewer
mistakes and misconceptions. The chemistry concepts are complex and several matters
must be understood at the same time, requiring systemic understanding in order to allow
the students to solve complex problems in their future chemistry tasks. Helping students
to focus on interrelated concepts instead of unconnected facts or using heuristics in science
classrooms would facilitate critical thinking and high-level learning of complex scientific
phenomena, such as molecular structures.

The results of this study highlight that learning molecular structures often requires
conceptual change related to several sub-concepts since students have a lot of intuitive
knowledge—some of which is erroneous and connected to heuristics—when they begin
their chemistry studies at university. Higher education teachers should be aware of these
typical challenges related to learning in order to support systemic understanding and
conceptual change. A special concern should be pointed towards students who are con-
ceptually oriented to building blocks, i.e., the ball-and-stick models. There is a group of
students who might have performed well in previous education by relying on elementary
and sometimes naïve rules of thumb. They might be so tightly locked in on their ideal
image of familiar molecules that this cognitive orientation disturbs the further learning pro-
cess. Students may create so-called synthetic models, which means that they may seem to
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possess new understanding, but because it is based on their old knowledge structures and
ignores the conflict between old and new information, it is not fully understood (Vosniadou
and Brewer, 1992). It would be important to support students to learn that understanding
molecular structures requires problem-solving and profound systemic understanding and
critical thinking of underlying sub-concepts instead of utilizing simple mnemonics or rules
of thumb.
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