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Using concept mapping to uncover students’
knowledge structures of chemical bonding concepts

Nikita L. Burrows and Suazette Reid Mooring*

General chemistry is the first undergraduate course in which students further develop their understanding

of fundamental chemical concepts. Many of these fundamental topics highlight the numerous conceptual

interconnections present in chemistry. However, many students possess incoherent knowledge structures

regarding these topics. Therefore, effective assessments are needed to identify these interconnections.

The use of concept-mapping and think-aloud interviews to investigate the knowledge structures of

undergraduate organic chemistry students’ regarding bonding concepts is the focus of this research study.

Herein, we spotlight the bonding concepts of electronegativity and polar covalent bonds. In essence, the

study found that understanding of electronegativity was weak among students with low concept map

scores (LS students) compared to students with high concept map scores (HS students). Additionally,

several common misconceptions of electronegativity were revealed through student interviews. An

examination of LS student interviews further revealed that a lack of understanding of electronegativity

led to a misunderstanding of polar covalent bonding. The think-aloud interviews were a reflection of the

connections students made with the concepts of electronegativity and polar covalent bonding in their

concept maps. Implications for the chemistry curriculum are also presented.

Introduction and background

Chemistry courses are required for many students across science,
technology, engineering and mathematics (STEM) fields. Many
topics covered in general chemistry are fundamental to chemical
understanding and are built upon as students advance to other
courses such as organic chemistry and biochemistry. However, the
research literature is clear that many students complete general
chemistry but still lack conceptual understanding of several
fundamental topics (Pickering, 1990; Sawrey, 1990; Nakhleh,
1993; Nakhleh and Mitchell, 1993; Mason et al., 1997; Cracolice
et al., 2008). Conceptual difficulties have been uncovered in
fundamental topics such as: (1) acids and bases (Calatayud
et al., 2007; Lin and Chiu, 2007; Cartrette and Mayo, 2011; McClary
and Talanquer, 2011a, 2011b), (2) Lewis structures (Nicoll, 2003;
Cooper et al., 2010), and (3) chemical bonding (Peterson and
Treagust, 1989; Peterson et al., 1989; Robinson, 1998; Birk and
Kurtz, 1999; Tan and Treagust, 1999; Harrison and Treagust, 2000;
Boo and Watson, 2001; Coll and Taylor, 2001; Coll and Treagust,
2001, 2002; Niaz, 2001, 2002; Nicoll, 2001a; Nahum et al., 2007;
Othman et al., 2008; Luxford and Bretz, 2014).

With these concerns in mind, chemical educators are giving
more thought about what to teach, how to teach, and the
appropriate order of topics in general chemistry (Lloyd and

Spencer, 1994; Gillespie, 1997; Cooper, 2010; Cooper and
Klymkowsky, 2013). Assessment of what students already know
is an important component of making curriculum decisions
(Ausubel, 1978; Holme et al., 2010). To this end, this study
seeks to further investigate how concept maps can be used as
an assessment of how students make connections among
various interrelated concepts.

Knowledge structures

Chemistry is a complex subject that explores a number of abstract
topics and concepts. The understanding of these topics necessitates
that students make sense of a number of interrelated concepts and
ideas; that is, that they develop coherent knowledge structures.
In this study we define ‘knowledge structure’ as the schema in
which students organize and relate various concepts in order
to make sense of a particular topic (Novak and Cañas, 2006;
Novak, 2010). Studies that compare novices and experts agree
that experts have a more complex knowledge structure with
many interconnections that are focused around fundamental
concepts (Bransford et al., 2000). In contrast, novices tend to
have limited knowledge structures with few connections and
fewer cross connections. Consequently, if there are gaps in
students’ understanding or missing conceptual links, learning
new material or incorporation of new concepts into a disjointed
knowledge structure will be difficult (Taber and Coll, 2003).

The notion of knowledge structure also emphasizes the complex
nature of misconceptions. A misconception occurs when the
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understanding of a particular concept is different from the
generally accepted scientific explanation (Taber, 2002). Much
of chemistry education research has focused on student mis-
conceptions (Singer et al., 2012). Additionally, there are several
theories that attempt to describe the origin of misconceptions
and how to elicit conceptual change. For example, Chi proposes
that students’ misconceptions can be put into three levels (Chi,
2008). These three levels are: (1) incorrect beliefs at the level of
a single idea, (2) assigning concepts to incorrect categories, and
(3) flawed mental models that apply to interrelated concepts.
How these misconceptions are addressed depends on which
level it resides. Misconceptions assigned to the third level are
highly robust, resistant to change, and require the correction of
several incorrect beliefs (Chi, 2005). Another perspective on
misconceptions suggests that students’ concepts are coherent,
interrelated, and can be described as a naı̈ve ‘‘theory’’ (Vosniadou,
1994). In contrast, diSessa proposed that students’ concepts are
not theory-like, but are fragments or pieces that are not put
together in a coherent manner (diSessa and Sherin, 1998;
diSessa, 2008). Regardless of which theory one ascribes to,
they all suggest that an essential part of conceptual under-
standing is the relationship students make between concepts;
that is, their knowledge structures. Essentially, the knowledge
structure of a student gives insight into the organization and
connections that a student has between various concepts
(Novak and Cañas, 2006; Novak, 2010). Therefore tools that
can correctly show a student’s knowledge structure are bene-
ficial to chemical educators.

Meaningful learning

Students do not arrive in the classroom with a clean slate to
which new knowledge is added. Current research has moved
towards a constructivist point of view that purports that knowl-
edge is actively constructed by the learner (Bodner, 1986). In
order for students’ knowledge construction to be meaningful,
three components are necessary: (1) the student must have
some relevant prior knowledge to anchor to new knowledge, (2)
the material to be learned must be meaningful in and of itself,
and (3) the student must ‘‘consciously choose to non-arbitrarily
incorporate this meaningful material into their existing knowledge’’
(Ausubel, 1978; Novak, 2010). If meaningful learning does not occur,
rote learning takes precedence. As a result of rote learning, students
are unable to effectively connect new information to their prior
knowledge. Another consequence of rote learning is that new
material is merely memorized, easily forgotten and not transferred
(Novak and Gowin, 1984; Bretz, 2001). The theory of meaningful
learning highlights the importance of general chemistry for upper
level chemistry courses. Fundamentally, general chemistry provides
crucial prior knowledge for the completion of other chemistry
courses. One reason that students struggle in advanced courses
such as organic chemistry and biochemistry is because their
knowledge structures of fundamental chemistry concepts are
lacking and incoherent.

Assessments of what students already know is a critical
component of curriculum change and design (Holme et al.,
2010; Singer et al., 2012). Chemistry education researchers use

a variety of tools to uncover students’ conceptual understanding.
These methods include think-aloud interviews (Bowen, 1994;
Ericsson and Simon, 1998), concept inventories (Krause et al.,
2004; Pavelich et al., 2004; Libarkin, 2008; McClary and Bretz,
2012; Barbera, 2013), and concept mapping (Ross and Munby,
1991; Nakhleh and Krajcik, 1994; Plotnick, 1997; Markow and
Lonning, 1998; Nicoll et al., 2001; Ruiz-Primo et al., 2001a,
2001b; Francisco et al., 2002; Yin et al., 2005; Hay et al., 2008;
Lopez et al., 2011; Greene et al., 2013).

Concept mapping is an ideal tool for assessing the depth
and breadth of students’ knowledge structures; that is, concept
maps can indicate how students organize information into their
knowledge structure (Novak and Gowin, 1984). In addition,
concept maps allow us to visualize how students relate various
concepts to each other (Plotnick, 1997; Wheeldon and Faubert,
2009). Several studies have established the validity and utility of
concept maps as an evaluation tool (Ross and Munby, 1991;
Shavelson, 1993; Markham et al., 1994; Pendley et al., 1994;
Markow and Lonning, 1998; Nicoll et al., 2001; Francisco et al.,
2002; Van Zele et al., 2004; Shavelson et al., 2005; Lopez et al.,
2011). Concept maps are graphical tools used to organize and
represent an individual’s knowledge by creating relationships
between concepts in the form of propositions (Novak and Gowin,
1984; Novak and Cañas, 2006). Concept maps consist of three
components – concept terms, linking arrows, and linking phrases.
The linking arrows provide a directional relationship between two
concepts while the linking phrases (words linking concepts)
represent the specific relationships between a pair of concepts
(Novak and Cañas, 2006) (Fig. 1).

There are several examples of the use of concept maps in
chemistry in the research literature. For example, Nakhleh and
Nicoll (Nakhleh and Krajcik, 1994; Nicoll et al., 2001) have used
concept maps, generated by the researchers after open-ended
interviews, to evaluate students’ understandings of acid/base
chemistry and bonding. However, our research study focuses
on student-constructed concept maps in conjunction with inter-
views as a way of further probing students’ responses on their
concept maps. Assessment of student-generated concept maps
has been extensively researched. For example, the Shavelson
group has produced an extensive body of work establishing
multiple ways of scoring concept maps and has validated their
use in general chemistry and organic chemistry as assessment
and research tools (Ruiz-Primo et al., 2001a, 2001b; Yin et al.,
2005; Lopez et al., 2011; Szu et al., 2011). Their recent studies
have demonstrated that concept maps can be used to represent
students’ knowledge structures in organic chemistry. Specifi-
cally, their studies showed that concept map scores were corre-
lated with scores on problem sets and final course grades (Lopez
et al., 2011) and that students knowledge structures as measured
by concept maps was an indictor of success in organic chemistry
(Lopez et al., 2014). There is still a need for additional studies,
particularly in chemistry, that examine concept maps as an
assessment tool. In other words, a determination of whether
concept maps can measure students’ knowledge structures of a
particular topic. Therefore this present study was conducted by
first having students’ construct concept maps and then using
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think-aloud interviews to further investigate and verify the
propositions they made in their concept maps.

Student understanding of chemical bonding

Without doubt, chemical bonding is an essential concept for
chemists and is necessary for the understanding of chemistry.
However, multiple studies have described numerous difficulties
that students have with bonding concepts (Taber and Coll, 2003;
Özmen, 2004). For instance, students have difficulty understanding
why bonding occurs and provide incorrect explanations for bonding
phenomena (Nicoll, 2001b). Many of these misconceptions
are robust and remain even after instruction (Nicoll, 2001b;
Taber and Coll, 2003; Özmen, 2004).

In other studies, students confused ionic bonding with covalent
bonding (Butts and Smith, 1987; Luxford and Bretz, 2014). In
addition, others have shown that students were not clear about
polar covalent bonding and covalent bonding and disregarded the
role of electronegativity in polar covalent bonding (Peterson and
Treagust, 1989). What is clear from these studies is that students’
understanding of polar covalent bonding, bond polarity and related
concepts such as intermolecular forces, bonding polarity, and
electronegativity is fuzzy.

Some researchers have argued that the topic of polar covalent
bonding is often presented in a problematic way, such that, students
are left to interpret chemical bonding concepts in a multitude
of ways (Teichert and Stacy, 2002; Bergqvist et al., 2013).
Despite the widely understood notion that covalent bonding,
polar covalent bonding and ionic bonding are a continuum,
chemistry educators (Levy Nahum et al., 2010; Taber et al.,
2012) and textbooks (Bergqvist et al., 2013) still present this
information as three distinct types of bonding.

The students in this study are representative of those taught in
a traditional chemistry curriculum in which bonding concepts
are typically taught separately as ionic bonding, covalent bonding
and polar covalent bonding. Hence, it is through these lenses
that we are analyzing the data in this study as we explore
students’ understanding of bonding concepts. In this study, we

are primarily interested in how students’ knowledge structures
regarding bonding concepts affect their explanations about
bonding phenomena and whether we can use concept maps
to ascertain students’ knowledge structures.

We used the tools of concept mapping and think-aloud
interviews to investigate students’ knowledge structures of
bonding concepts. We focused our study on students enrolled
in the first-semester of an organic chemistry course, because we
were interested in how their understanding of these topics has
transferred from general chemistry. We employed a primarily
qualitative research design (Bretz, 2008) to answer the following
research questions:

(1) How well can concept maps uncover students’ knowledge
structures regarding aspects of chemical bonding?

(2) Are there differences in the explanations between students
with high scoring concept maps (HS) and students with low scoring
concept maps (LS) regarding aspects of chemical bonding?

Methodology
Participants and setting

The study presented here represents one interview of a three-
interview study conducted at a large, urban, research-intensive
university in the southeast United States. All students were
enrolled in a four-credit, first-semester organic chemistry course.
Participants completed one interview on each of three topics – Lewis
structure and bonding, molecular geometry, and acids and bases.
Herein, we will only focus on the first interview regarding bonding
concepts. A total of sixteen undergraduate students (N = 16),
participated in the bonding concepts interview.

Purposeful homogenous sampling was used in recruiting
participants for this study. Homogenous sampling was used since
our goal was to describe a specific group (first-semester organic
chemistry students) in-depth (Patton, 2002). Participants were
recruited from an announcement made by one of the researchers
on the first day of the course and by a follow-up e-mail. Interviews
were scheduled within the first one and a half weeks of the course.

Fig. 1 An example of a student-constructed concept map.
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Our aim was to assess the prior knowledge that students brought
into the organic chemistry course from their general chemistry
courses. Essentially, these students had taken one year of general
chemistry and were enrolled in the first-semester of an organic
chemistry course for the first time. At the time of the interview
students were just beginning a review of general chemistry topics.
Of the 16 participants, nine were biology majors, three were
chemistry majors, three were psychology majors, and one student
was a nursing major. Students in the study were identified as Asian
(6 students) or African–American (10 students). Student grades in
the pre-requisite general chemistry course varied from ‘A’ to ‘C’.
Student participation in the study was voluntary and informed
consent was obtained. Each student received a $10 gift card for
participating in the interview. To protect their identity, their names
were replaced with pseudonyms. The Institutional Review Board of
the University approved the study in August 2012.

The interview

The interviews took place within the first two weeks of the Spring
2013 semester. Each student was individually interviewed in a
private room and had access to a laptop computer for concept-
mapping. Students were allowed as much time as they needed to
complete the concept map. They typically spent about 40 minutes
constructing the concept maps and approximately 35 minutes
on the think-aloud portion of the interview.

Concept mapping. After a hands-on tutorial on how to con-
struct concept maps, the participants were asked to construct
their own concept map using only the 14 terms (Fig. 2) given to
them (Ruiz-Primo et al., 2001b). The terms for the development
of their concept maps were derived from end-of-chapter key

terms from two textbooks (McMurry, 2007; Tro, 2010). Two
course instructors reviewed the terms and adjustments were
made based on their suggestions. Research participants were
not given the terms before the interview and were asked to only
use these 14 terms when they constructed their concept map
(Fig. 1). Research participants utilized the CMap Tools software
(IHMC, 2013) to construct their concept maps. This software
allowed participants to move concept terms around and easily
add arrows and linking phrases.

Think-alouds. In the think-aloud portion of the interview,
students were asked to say what they are thinking and doing as they
solved various problems. The think-aloud protocol is a popular
strategy used to explore students’ conceptual understanding
(Bowen, 1994; Ericsson and Simon, 1998) and has also been
used to investigate problem solving in chemistry education. The
problems used for the ‘‘think-aloud’’ section were taken from the
Peterson and Treagust bonding concept inventory, (Peterson and
Treagust, 1989; Peterson et al., 1989) and a general chemistry text
book (Tro, 2010). Students also completed the implicit informa-
tion from the Lewis structures instrument (IILSI) (Fig. 3) (Cooper
et al., 2012a). The IILSI was used at the beginning of the
interview to get students thinking about Lewis structures and
bonding concepts before they began working on the problems.
The problems were used to probe for some of the concepts
represented in the concepts maps. The think-aloud portion of
the interview was video and audio recorded.

Data analysis

Concept maps. Concept maps were scored by two senior
chemistry doctoral students using the following four-level scale
(Lopez et al., 2011; Szu et al., 2011): 0 – incorrect or scientifically
irrelevant, 1 – partially incorrect, 2 – correct but scientifically
‘thin’ (i.e. technically correct but answers are too general and/or
vague), and 3 – scientifically correct and precisely stated. Each
proposition in the concept map was assigned the average of the
scores given by the two doctoral students. Each proposition in
the concept maps was give a score between 0 and 3 according to
the grading scale, and then the total score for all the proposi-
tions in the map was given to each student. An example of
the grading of one student’s concept map is shown in Table 1.

Fig. 2 The 14 concept terms used by students for constructing concept
maps.

Fig. 3 Implicit information from Lewis structures instrument (IILSI) (Cooper et al., 2012a).
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We used the sum score because: (1) there is literature prece-
dence that provides evidence that using a sum total for each
concept map is a good indicator of a student’s conceptual
understanding (Ruiz-Primo et al., 2001) and (2) to account for
the variety of links that can be made by students. We also
determined the salience score for each concept map. The
salience score is defined by the proportion of valid propositions
(scoring Z2) out of all the propositions in the student’s map.

Think-alouds. The audio and video recordings from the think-
aloud portions of the interviews were transcribed. The interview
transcripts were analyzed for emergent themes using an open
coding strategy (Corbin and Strauss, 2008). Codes were then refined
through revision of the original codes and the constant comparison
method (Glaser and Strauss, 1967). The first researcher (NLB)
initially coded the transcripts of the interview. Then, the codes
were discussed and refined by collaborative coding with the
second researcher (SRM). After that process, the first researcher
(NLB) completed the final coding. Then to establish reliability,
the other researcher analyzed two interviews using the final
codes and greater than 90 percent agreement between the two
researchers was reached.

Results and discussion
Concept maps

Since only 16 students participated in the study, only the
descriptive statistics are presented (Table 2). The average
concept-map score and the salience score were obtained for
each student.

Students made an average of 14 propositions of which half
were accurate. The average sum score on the participants’
concept maps was 24. Concept maps scores ranged from
12 to 35.

The sums of the concept map scores were used to partition
the students into high, medium and low scorers in three
terciles (thirds). These terciles provided an equal distribution
of the students into three groups. The cut off points for the 33rd
percentile and 66th percentile were 19.8 and 28.0 respectively
(Table 3). The qualitative data also verified that these students
belonged to the groups assigned by the terciles. These divisions
gave us a way of comparing students with low scoring concept
map scores (LS) to students with high scoring concept map
scores (HS) (Fig. 4).

Think-alouds

A number of recurring themes emerged regarding the topics of
electronegativity and polar covalent bonds. The concept maps
for all of the participants were evaluated for the connections
they made with these concepts. Additionally, each student’s
interview was evaluated to determine which interviews from the
LS and HS groups had the richest data.

During the interview each participant was presented with a
question from the Peterson and Treagust bonding concept
inventory (Peterson and Treagust, 1989; Peterson et al., 1989)

Table 1 Example of complete scoring chart for one student’s concept map

Concept 1 Linking phrase Concept 2 Grader 1 Grader 2 Average

Valence electrons Can also be Lone pair 2 2 2
Valence electrons Can also be used to create a Double bond 2 2 2
Valence electrons Can also be used to create a Triple bond 2 2 2
Valence electrons Uses the extra electrons of a molecule called Ionic bond 0 0 0
Lone pair Is the opposite of a Shared pair 2 2 2
Ionic bond Deals with a Metal 2 2 2
Ionic bond Is the opposite of a Covalent bond 0 2 1
Resonance Structures use different types of bonds such as Covalent bond 2 1 1.5
Covalent bond Is related to Polar covalent bond 2 2 2
Covalent bond Deals with Non-metal 2 2 2
Metal Can be Electronegativity 0 0 0
Metal Have a positive Formal charge 1 0 0.5
Electronegativity Determines an atom’s Formal charge 1 1 1
Total score 18

Table 2 Descriptive statistics for N = 16 students in the study

Map components Mean SD Minimum score Maximum score

# of propositions 14 3.0 10 21
# of accurate prop (Z2) 7 3.4 2 12
Sum score 23.6 7.0 12 35.5
Salience score 0.5 0.2 0.17 0.92

Table 3 Shows each participant’s pseudonym, their sum concept map
score, and whether or not they correctly answered the electronegativity
question (before and after seeing the distractors)

Student
Concept
map score

Correct answer before
distractors shown?

Correct answer after
distractors shown?

Lori 12 No No
London 14 No No
Linda 16.5 No Yes
Liza 18 No No
Luanne 19.5 Yes No
Alexa 20 Yes Yes
Angel 20 Yes No
Ashley 23 Yes Yes
Ana-Marie 24 No No
Abby 24 Yes Yes
Ayden 27.5 Yes No
Harper 29 Yes Yes
Haley 31 Yes Yes
Helen 31 Yes Yes
Hilda 32.5 Yes Yes
Holly 35.5 Yes Yes
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to probe their understanding of electronegativity and polar bonding
(Fig. 5). Students were familiar with this type of representation,
since it was used in their general chemistry course and in their
textbook. They were initially presented with the main question
without the four distractors and asked to predict the position of
a shared electron pair between the HF molecule. After their
initial explanation, students were shown the distractors and
asked to choose an answer.

Understanding of electronegativity was weak among the
LS students compared to the HS students. Several common
misconceptions of electronegativity were revealed through stu-
dent interviews. The most prevalent misconception was that
‘‘electronegativity is determined by the number of electrons around
an atom.’’ This particular misconception was also uncovered by
the Peterson and Treagust (1989) study. One example of this
misconception comes from a senior undergraduate student,
Luanne. Luanne had a concept map score of 19.5 and circled
the first answer. This indicated that she believed the shared
electron pair in the HF molecule would gravitate more towards
the fluorine atom. Further probing revealed that despite her
correct response, she possessed flawed ideas. After seeing the
distractors she responded:

Luanne: I chose D because it says, ‘Fluorine is the larger of
the two atoms and hence exerts greater control of the shared
electron pair.’ I chose that because according to the number of
valence electrons, it has seven and hydrogen has one, so there-
fore, when you’re thinking of electronegativity, it pulls more

[directs hands in a pulling motion] – it pretty much, like, since they
are non-metal, it wants more electrons than hydrogen does. The
hydrogen always gives away and the fluorine always gets because
they’re trying to fulfill the octet rule.

Here we see that Luanne views electronegativity as a property
that has to do with the number of valence electrons. Closer
inspection of her concept map regarding electronegativity also
indicated that Luanne had this misconception of electronegativity
that involves valence electrons. Her concept map proposition
states: ‘Valence Electrons are involved in Electronegativity’ (Fig. 6).

Further examination of Luanne’s interview reveals a lack of
understanding of electronegativity, which in turn leads to a mis-
understanding of polar and ionic bonding. In her interview she
stated, ‘‘The hydrogen always gives away and the fluorine always
gets because they’re trying to fulfill the octet rule.’’ Here Luanne
seems to be categorizing HF as an ionic bond rather than a polar
covalent bond. Her concept map also highlights her confusion
between ionic and polar covalent bonds. Her concept map proposi-
tion linking formal charge was: ‘‘Formal charge are included in
ionic bond’’. This proposition received a score of 0.5 and seems to
imply that she associates formal charge with ionic bonding.

Another common misconception revealed during the inter-
views was the belief that shared electron pairs should be centrally
located. As observed in previous studies (Peterson et al., 1986;
Nicoll, 2001a), the position of the shared electron pair was
often stated as centrally located by LS students. A good example
of this comes from London, a senior pre-medical student with a

Fig. 4 Graph showing the distribution of concept map scores for the 16 participants into low, medium and high scoring concept maps.

Fig. 5 Electronegativity probing question (Peterson and Treagust, 1989).
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low scoring concept map score of 14. During the interview,
London circled the HF molecule with the shared pair centrally
located and defended his answer by saying:

London: [points to picture with electron equally between fluorine and
hydrogen] I’m thinking it’s this one because it just like – because
there’s nothing over here at all [points to picture that has electrons
closer to fluorine]. But yeah, I mean I’ve never seen anything like quite
like this before though. Like I’ve never seen this before or like that.
Because like I think H is just there, and like I don’t know.

Interviewer: What do you mean by the H is just there
[referencing first drawing]?

London: Like it’s [H molecule] over by itself. That’s why I
would think it’s this [points to centrally located pair drawing]
because like over here in this thing [referencing first drawing],
you kind of don’t even see this. It’s supposed to be HF, but this
is – I don’t know, I’ll say that. I don’t know.

Interviewer: [Turn over paper to show distractors] So similarly
you can choose the best reason or fill in your own.

London: Yeah, this sound about right [circles B – As hydrogen
and fluorine form a covalent bond the electron pair must be
centrally located].

Interviewer: Why did you choose B?
London: Because B looks like – B like bread just like this

sounds the same [as my reasoning] like because it said that the
electron must be centrally located for him to form a covalent
bond and that’s what exactly what this looks like. Because the
electron pair is centrally located, so I guess they’re about to
form a covalent bond.

Throughout the entire interview London never made any
mention of electronegativity despite being questioned about
polarity. London made no connections with the term ‘polarity’
on his concept map (see Fig. 7). In addition, London did not
tick the word ‘polarity’ on the IILSI (Fig. 8). When probed as to
why ‘polarity’ was not checked on the ILLSI London responded:

London: Because like on the last thing [referencing the
concept map construction], I’m not like really familiar with that.

Interviewer: So in regards to, what do you know about
polarity?

London: Like with water, like –
Interviewer: You can elaborate?
London: Like hydrophobic, hydrophilic and stuff like that.

And polar like – because if something is polar that means it
likes water. Yeah, so.

Interviewer: So polarity you don’t associate with Lewis
structure?

London: I don’t, no. But I’m pretty sure that it’s somewhere
in there but I don’t know.

Overall, London’s interview confirms a limited understanding
of electronegativity and polarity. The combination of interviews,
problem sets and concept mapping highlighted students’ inability
to make meaningful connections among and between those
concepts. London, like other LS students, did not have a clear
understanding of the concept of electronegativity, which in
turn connects to their limited understanding of polar covalent
bonds and polarity.

In contrast, HS students displayed a good understanding of
the concepts of electronegativity and polar bonding. Unlike the
LS students, the HS students all checked the term polarity on
their IILSI indicating that they understood that polarity was an
implicit concept relating to Lewis structures. Table 4 shows a
list of all the links made with polar covalent bond by the HS
students. The majority of their propositions received a scored 2
or greater.

Holly is a HS student with a concept map score of 35.5.
Holly, unlike the LS students, has a clear understanding of the
role electronegativity plays in the formation of different bond.
This understanding is uncovered in her concept map (see Fig. 9
below) where she not only differentiates metal and non-metal
electronegativity, but she also links electronegativity to polar
covalent bonds and ionic bonds. She further identifies that
the difference between a polar covalent bond and a covalent
bond is electronegativity. Thus her concept map shows that she

Fig. 6 Concept map for Luanne highlighting electronegativity concept map link.
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identifies that electronegativity is a deciding factor in the type
of bond that would be formed.

During the interview Holly correctly chose the HF molecule with
the shared electron pair closest to the fluorine atom (see Fig. 1).

When asked about her reason for choosing that answer she
responded:

Holly: [points to HF molecule with the shared electron pair
closest to the fluorine] This one. Well, oh yeah [fluorine] is more

Fig. 8 IILSI from London’s interview.

Table 4 List of polar covalent bond links made by HS students

Concept 1 Linking phrase Concept 2 Link score

Polar covalent bonds Is electronegatively different from Covalent bond 2
Polar covalent bonds Involves Electronegativity 2
Electronegativity Determines polarity Polar covalent bond 3
Polar covalent bond Are between two polar nonmetals 1
Covalent bond Has a sub group called Polar covalent bond 2
Polar covalent bonds Have Lone pair 1.5
Covalent bond With a net dipole moment is considered a Polar covalent bond 3
Electronegativity Determines whether or not a bond is a Polar covalent bond 2.5
Polar covalent bond Has between 0.4 and 2.0 in Electronegativity 2

Fig. 7 London’s concept map.
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electronegative, so fluorine would be more electronegative
than hydrogen, therefore the electrons are pulled towards the
fluorine atom, therefore this would be closer, meaning it’s this
one [circles HF molecule with the shared electron pair closest to
the fluorine].

Interviewer: Okay. So why did you choose that?
Holly: Because the – in this one the electrons look like

they’re equally distributed between these two atoms, when it’s –
because this [fluorine] is more electronegative, it’s [points to
electron pair] more toward the more electronegative atom.

Interviewer: Okay. Based on this question can you choose an
answer?

Holly: Okay [circles C – fluorine has a stronger attraction for
the shared electron pair].

Interviewer: Okay, why didn’t you choose D [fluorine is the
greater of the two atoms and hence exerts more control over the
electron pair]?

Holly: Oh, actually I didn’t even read it yet. So, maybe I should
read it. Can I just read it? Okay, I don’t think size has to do with
any effects of the electrical pull between two atoms. I think it’s
just really more of how polar the different atoms are.

Holly, unlike the LS students, has a clear understanding of
the role electronegativity plays in directing the position of the
shared electron pair in the HF molecule. Her understanding of
electronegativity is further magnified by her ability to sort
through why the distractor D (fluorine is the larger of the two
atoms and thus exerts greater control over the shared electron
pair) is incorrect.

Additionally, many LS students were confused between the
periodic trend of size and electronegativity. For example, Lacy
could not distinguish between size and electronegativity when
looking at answers C (fluorine has a stronger attraction for the

electron pair) and D (fluorine is the larger of the two atoms and
hence exerts a great control over the shared electron pairs).
Specifically, Lacy stated:

C and D is similar to me just kind of based on the fluorine.
Not only is it larger, I mean, it is stronger. It has a stronger
attraction. . .Fluorine would be – it does have a stronger attrac-
tion and a higher electronegativity. So I think that it would
take – I was going to say it would take the H. But these answers
are similar, I mean to me, just kind of – it’s the larger of the two
and it’s exerts greater control. So I would change D and I’ll use
C instead because it does have a stronger attraction, which will
bring the electron to the F.

The clarity to which HS students understand electronegativity
is further exemplified in their recognition of the concepts
examined in the study. In the probing HF question, Helen
was able to recognize the concepts being assessed despite her
initial misinterpretation of the problem. Initially, Helen chose
the incorrect answer based on her literal interpretation of the
word ‘share.’ This misconception was also reflected in a study
by Luxford and Bretz (2014) in which students demonstrated a
similar idea that there is equal sharing of electrons between
atoms with slightly different electronegativities. Thus initially
when questioned about the position of the shared pair in the
HF molecule Helen responded:

Interviewer: So, on to the next question. Which of the
following best represents the position of the shared electron
pair in the HF molecule?

Helen: The position of it? Okay. This one [points HF molecule
with the shared pair centrally located].

Interviewer: Okay. Now why did you choose that one?
Helen: Because it’s [referencing shared electron pair] in the

middle, and you can see that they’re sharing it.

Fig. 9 Holly’s concept map.
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Interviewer: Okay. So what do you mean by that?
Helen: Honestly, I’m just going off of the word sharing. So

well shared, and for me, I would write it in the middle to show
that they’re sharing it. And over here, it looks like this one, the
F, has it more. Like it’s just hogging it. And it’s just for that and
that this is on its own like they’re two separate things.

Interviewer: Okay. Okay. So what is your reasoning [Turn over
page and shows distractor answers]?

However, when Helen saw the distractors, the meaning of
the question became clearer:

Helen: Okay, now that I see what you want [looks at the
options and points to the word electronegativity] – well, I don’t
know. I’m going to put my own reasoning, but it’s because how
I took the question literally. Like, yeah. Not based off of how
much one pulls electrons toward it. So I’m going to say because.
But that’s because – oh, because I said the first image doesn’t
seem like they are sharing the electrons. And that’s because
when I read the sentence, or you read the sentence, I thought
you just meant literally does the image look like they share
the electrons. But reading these, I think what you wanted more is
to see if the F pulls the electrons more towards itself, or does the
hydrogen pull them? Or do they share them equally?

Interviewer: So, what do you think, based on that interpretation?
Helen: Based on that, then I think it would be the first one

[first picture in the problem] because F is more electronegative
than the H. And then hydrogen only has one electron, and it’s
usually more positive.

A number of misconceptions were revealed during this inter-
view and Table 5 below shows a summary of the three major
electronegativity misconceptions revealed during the interviews
along with an example of that code.

Conclusions

This study contributes to previous research on bonding mis-
conceptions and on the use of concept mapping as an assess-
ment and research tool. Some of the misconceptions presented
have been documented in the literature; however this study
is focused on students’ knowledge structures. This factor is of

particular importance in chemistry since individual concepts are
inextricably connected. This work provides additional evidence
that students can continue with flawed understanding and
misconceptions beyond the general chemistry course, since all
students interviewed were enrolled in organic chemistry. This
study has allowed us to answer our two research questions.

(1) How well can concept maps uncover students’ knowledge
structures regarding aspects of chemical bonding concepts?

In this study students sum concept map scores were an
indication of how well they understood bonding concepts over-
all. The concept maps gave us insight into their overall knowl-
edge structures and allowed us to pinpoint specific gaps in
students’ knowledge. For example students who had low scoring
concept maps overall, also had specific problems understanding
the concept of electronegativity itself or how electronegativity
was linked to the polarity of a bond. Students understanding or
lack thereof as indicated in their concept maps was corroborated
by the explanations they gave when solving problems relating to
these concepts. Therefore, we conclude that concept maps, to
some extent, can uncover the students’ knowledge structures
regarding chemical bonding concepts.

(2) Are there differences in the knowledge structures
between students with high scoring concept maps (HS) and
students with low scoring concept maps (LS) regarding aspects
of chemical bonding concepts?

The findings of the study reveal a distinction in the knowledge
structures of LS students and HS students. More specifically, LS
students had gaps in their understanding of the concept of electro-
negativity itself and also had difficulty connecting electronegativity
to the concept of polar covalent bonding. These gaps were apparent
in their concept map propositions and/or their inability to make any
meaningful links between and among those concepts. In contrast,
HS students were able to make meaningful relationship between
the concepts of electronegativity and polar covalent bonding and
other concepts. In addition, the concept map scores were reflected
in their problem solving ability when addressing these concepts. HS
students seemed to have a clearer understanding of electronegativity
and polar covalent bonds, while LS students often presented flawed
reasoning when trying to explain their incorrect answers. Table 6
compares HS students to LS students.

Table 5 Major codes revealed through the interview

Code name Code description Example

Valence electron
determines
electronegativity

The amount of valence electrons surrounding an atom
determines how electronegative an atom will be

Angel: Well, the one single electron is taken from the
hydrogen and shared with the F molecule. Since it’s
stronger. . . I mean, more electrons making it stronger
than the hydrogen.

Larger equal more
electronegative

The larger the atom the more electronegative Harper: Fluorine? Fluorine is bigger, right? I think it’s
from physics: the greater a mass, the greater the attrac-
tion. So it does make sense too.

electronegativity has
no effect on bonding

When molecules form a covalent bond, despite the
presence of electronegativity, there is no effect on the
position of the shared electron pair

Ana-Marie: Well, I know fluorine has a higher electro-
negativity than hydrogen, but I don’t think that affects like
the position. . .when you draw the Lewis structure, if one’s
stronger. you don’t draw like a longer line because that
one’s stronger. . .I still feel like it would be this one
because they’re sharing it

Paper Chemistry Education Research and Practice

Pu
bl

is
he

d 
on

 0
6 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
on

 1
5/

07
/2

01
6 

15
:1

1:
52

. 
View Article Online

http://dx.doi.org/10.1039/c4rp00180j


This journal is©The Royal Society of Chemistry 2015 Chem. Educ. Res. Pract., 2015, 16, 53--66 | 63

Implications for teaching

The findings of this study demonstrate that many students
have difficulty making meaningful relationships betweem the
concepts of electronegativity and polar covalent bonding. This
concept is fundamental to chemical understanding and has
implications for future courses such as organic chemistry and
biochemistry. Therefore, this study has implications for what
we teach and how we teach general chemistry.

Examining students’ prior knowledge in terms of their overall
knowledge structures will help chemical educators design more
meaningful curriculum materials. Concept maps can be used as a
pre-assessment and formative assessment tool to analyze students’
knowledge structures regarding a group of related concepts.
Chemical educators can determine which concepts and connec-
tions need to be more explicitly taught and can address common
misconceptions and knowledge gaps.

When considering general chemistry curriculum reform,
chemistry instructors may need to consider spending more
time focusing on fundamental concepts that are built upon and
that need to be transferrable to other courses. It is important that
students grasp these fundamental concepts and how concepts are
linked together. There is certainly a need for more structured
learning progression that focus on explicit transfer of concepts
across courses and disciplines. Several authors have proposed
the use of learning progression as a promising tool to design
such a structured curriculum in chemistry (Boo and Watson,
2001; Johnson and Tymms, 2011; Cooper et al., 2012b; Cooper
and Klymkowsky, 2013; Wolfson et al., 2014). Furthermore, to
facilitate reform efforts increased conversations with general
chemistry, organic chemistry and biochemistry instructors are
essential to better coordinate and align the concepts that
students need to be successful in these courses and to ensure
that students can develop more coherent knowledge structures
regarding fundamental topics.

We are using a similar research protocol to examine student
knowledge structures regarding additional fundamental concepts
such as molecular shape and acid–base chemistry. We are also
expanding the sample size of our study so we can do more
quantitative studies on how students’ knowledge structures are
related to their success in chemistry courses. We hope to use
the research results as a springboard for designing a more
meaningful curriculum for general chemistry.

Limitations of the study

This research was conducted with a small number of students
(N = 16) at a large urban research university. Therefore, the research
results and conclusions may have limited generalizability. The use
of concept mapping has limitations, in that it may not reflect every
connection that a student can make. Think-aloud interviews
also have limitations because we may be unable to uncover
the students’ thoughts regarding particular concepts despite
additional probing. However, in this study concept mapping
was used in conjunction with think-aloud interviews to reduce
some of the limitations that each method may have when used
alone. Despite these limitations, this study provides general
trends among students’ conceptual understanding of the bonding
concepts of electronegativity and polar bonding and opens the
door for similar studies in other settings.

References

Ausubel D. P., (1978), Educational psychology: a cognitive view,
New York: Holt Rinehart and Winston.

Barbera J., (2013), A Psychometric Analysis of the Chemical
Concepts Inventory, J. Chem. Educ., 90(5), 546–553.

Bergqvist A., Drechsler M., De Jong O. and Rundgren S.-N. C.,
(2013), Representations of chemical bonding models in
school textbooks – help or hindrance for understanding?,
Chem. Educ. Res. Pract., 14(4), 589–606.

Birk J. P. and Kurtz M. J., (1999), Effect of Experience on
Retention and Elimination of Misconceptions about Mole-
cular Structure and Bonding, J. Chem. Educ., 76(1), 124.

Bodner G. M., (1986), Constructivism: a theory of knowledge,
J. Chem. Educ., 63(10), 873.

Boo H.-K. and Watson J. R., (2001), Progression in high school
students’ (aged 16–18) conceptualizations about chemical
reactions in solution, Sci. Educ., 85(5), 568–585.

Bowen C. W., (1994), Think-aloud methods in chemistry education:
understanding student thinking, J. Chem. Educ., 71(3), 184.

Bransford J. D., Brown A. L. and Cocking R. R., (2000), How
people learn, Washington, DC: National Academy Press.

Bretz S. L., (2001), Novak’s Theory of Education: human
Constructivism and Meaningful Learning, J. Chem. Educ.,
78(8), 1107.

Table 6 Comparison of HS student versus LS students

Theme High scoring students Low scoring students

Electronegativity Understood the periodic trend of electronegativity – Confused the periodic trend of electronegativity with size
– Attributed electronegativity to the number of valance electrons

Polar covalent bond Associated bond polarity with electronegativity
differences

Confused covalent bond with ionic bond

Effect of electronegativity
on bond polarity

Understood that electronegativity affects the position
of the shared pair in a covalent bond

Thought that electronegativity has no effect on the position of
the shared electron pair in a covalent bond

Concept map
construction

Made meaningful connections with the concepts of
electronegativity and polar bond

Either made no connection or incorrect connections with the
concepts of electronegativity and polar bond
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