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Learning to teach chemical bonding: A framework for preservice teacher educators

Abstract
Chemical bonding is an important topic which is difficult to teach well, especially for novices. 
This study set out to support preservice teacher educators by developing of a framework for 
understanding and addressing the complexity of teaching chemical bonding. A model of 
pedagogical content knowledge (PCK) in science education that has been widely endorsed by 
experts in the field was adopted as the theoretical lens. First, a systematic literature review was 
performed to articulate what recent empirical studies can tell us about the knowledge teachers 
require to teach chemical bonding. The review corpus consisted of 59 articles published over 
the past 20 years relating to four components of PCK: knowledge of how chemical bonding is 
embedded in curricula, knowledge of student understanding related to this topic, knowledge of 
instructional strategies and representations for teaching chemical bonding, and knowledge 
related to the assessment of chemical bonding understanding. This surfaced current collective 
PCK for teaching bonding in chemistry teacher education. Next, nine chemistry teacher 
educators were asked to portray their own personal knowledge for teaching chemical bonding 
through content representations. Analysis of the content representations revealed differences 
between several aspects of the collective PCK derived from the literature and the personal PCK 
articulated by our sample of Dutch chemistry teacher educators. Finally, findings from the 
literature and the teacher educator content representations were synthesized into a framework 
for chemistry teacher educators. Uses of the framework are discussed, and sample applications 
to the design of classroom activities are offered. Finally, implications of the findings and 
suggestions for future research are addressed.

Introduction 
“Educational research is, after all, never simply research on education but always in some sense 
also research for education” (Biesta, 2007, p. 299, emphasis in the original). Given the goals of 
serving educational practice through research and vice versa, the need to understand and attend 
to research-practice connections has been acknowledged for decades (Farley-Ripple et al., 
2018; Broekkamp and Van Hout-Wolters, 2007; Kennedy, 1997). The present study 
demonstrates one way in which research can serve practice in relation to chemical bonding.
The important topic of chemical bonding starts early in most chemistry curricula, and returns 
throughout many other chemistry topic areas. Yet many high school students worldwide 
struggle to understand it well. Teaching chemical bonding is difficult because singular, 
simplistic approaches yield misconceptions (Nahum et al., 2007). Rather, bonding must be 
addressed often, in different contexts, and with pedagogical tools that vary depending on the 
situation. This is particularly challenging for preservice teachers, who themselves may still be 
learning about content and have had limited opportunity to develop a pedagogical repertoire. 
With the ultimate goal of supporting novice chemistry teachers in understanding the complexity 
of teaching chemical bonding, this study developed a framework for use in teacher education. 
Specifically, the framework provides an organized overview of challenges and guidelines, as 
well as some specific examples, when teaching chemical bonding. Discussing this framework 

Page 1 of 34 Chemistry Education Research and Practice

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

C
he

m
is

tr
y

E
du

ca
tio

n
R

es
ea

rc
h

an
d

P
ra

ct
ic

e
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/2
4/

20
23

 9
:2

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D2RP00049K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2rp00049k


2

with preservice teachers can help them to structure their knowledge on the challenges of 
teaching chemical bonding.

Theoretical frame: PCK
One area of scholarship which naturally involves research-practice connections and is relevant 
to teaching nearly any topic is that of pedagogical content knowledge (PCK). The importance 
of PCK was first described by Shulman (1986; 1987). He argued that both content knowledge 
and pedagogical knowledge are important for teachers, and that an amalgam of these two forms 
of knowledge is important for teaching specific topics. Since then, many aspects and sources of 
PCK have been described. Several models have been developed to show PCK development 
(Grossman, 1990; Geddis and Wood, 1997; Magnusson et al., 1999; Rollnick et al., 2008), each 
highlighting different social and cultural aspects of teacher knowledge. More recently, 
researchers have re-examined the concept of PCK (e.g., Berry et al., 2015), and developed new 
models (Gess-Newsome, 2015). In fact, an entire edited volume has been dedicated to new 
insights on PCK for teaching science (Hume et al., 2019). 
Among other contributions, the aforementioned volume presents the Refined Consensus Model 
of PCK (Carlson et al., 2019), which “gives deep insight into the thinking of the world’s leading 
researchers on the nature of PCK for science teaching” (Tepner and Sumfleth, 2019, p. 319). It 
is based on discussions held at the (2016) second PCK summit in science teacher education as 
well as on the findings of an extensive literature review which provided the rationale for the 
new model. The literature review, summit discussions, and resulting model attend to “the 
diverse ways in which the PCK concept is used, interpreted and investigated within the science 
education research community,” (Hume et al., 2019, p. 4). Because the review and the new 
model were used to frame the present study, we describe two features of PCK which have been 
addressed in both the review and the model: PCK layers and PCK components.

PCK layers
Experts agree that PCK is personal (i.e. idiosyncratic) as well as shared (i.e. broadly held). To 
represent this variety, the Refined Consensus Model identifies three distinct realms of PCK, 
which can be visualized concentrically from the inside outward. At the center is enacted PCK 
(ePCK), which consists of specific knowledge and skills as utilized by a teacher in a particular 
setting to achieve particular student outcomes. Surrounding the center is personal PCK (pPCK), 
an individual’s knowledge and expertise in a given subject area, resulting from the cumulative 
experiences with and contributions from students, peers and others. The third layer, referred to 
as collective PCK (cPCK), represents knowledge held by a group of people and considered 
generalizable to some degree. For this reason, the cPCK layer is situated outside of the learning 
context (e.g. during class with particular cohort of students). As teachers develop 
professionally, bi-directional knowledge exchanges take place between the layers in the model, 
reflecting individual as well as collective influences. Because it is public and sharable, cPCK 
is particularly well-suited to conversations among professionals, including both researchers and 
practitioners. Also, it is important to note that in all PCK layers three grain sizes can be 
recognized: discipline-, topic- and concept-specific knowledge (Mavhunga, 2019). Finally, the 
outermost layer of the model portrays five broader professional knowledge bases: science 
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content knowledge, pedagogical knowledge, knowledge of students, curricular knowledge, and 
assessment knowledge” “Without these knowledge bases, teachers’ PCK is quite limited,” 
(Carlson et al., 2019, p. 92). 
Research has demonstrated that preservice teacher development of cPCK is informed by 
broader professional knowledge bases (Gess-Newsome, 2015), and that cPCK also plays a 
major role in the development of pPCK and ePCK (Sorge et al., 2019). This points to the 
importance of cPCK for beginning teachers. Moreover, understanding and supporting cPCK is 
crucial for teacher educators, because their work strongly impacts the quality of chemistry 
teachers, and therefore the quality of chemistry teaching and learning in schools. Further, to be 
better positioned to serve preservice teachers, it is likely to be useful for teacher educators to 
articulate their pPCK and examine its connections with cPCK.

PCK components
In their review of PCK, Chan and Hume (2019) answered several research questions, including 
the following, “How do the studies conceptualise individual science teachers’ PCK?” Their data 
revealed that, in 89% of the studies, PCK was treated as a distinct category of knowledge and 
conceptualized as being comprised of components. The two most commonly agreed-upon and 
investigated PCK components were knowledge of students’ understanding and knowledge of 
instructional strategies and representations. About half of the studies included knowledge of 
assessment and knowledge of curriculum. Interestingly, they found that the affective 
component, teacher orientations to teaching science, which has been included in several highly-
cited works (Magnusson, 1999; Park and Oliver, 2008; van Driel, 1998), was found in only 
about one-third of the studies in the Chan and Hume review (30 out of 88) and is not explicitly 
featured in the refined consensus model diagram or explanatory text. The four PCK components 
which, according to the model, are present across ePCK, pPCK and cPCK, are described next.
Teachers need knowledge of curriculum – how things are structured, what the learning goals 
are, and how a specific topic (e.g. chemical bonding) fits into the envisioned learning pathways 
and in the overall curriculum. When teaching chemical bonding, teachers need to know which 
related concepts students have learned in previous years (e.g. molecules, atoms, ions), which 
concepts (e.g. ionic bonding, covalent bonding, metallic bonding) must be learned according to 
the formal curriculum, especially when assessment is a driving force, and which curriculum 
resources are available for learning these (e.g. textbooks, videos, demonstrations) (Magnusson 
et al., 1999).
It is essential that teachers have knowledge of student understanding, which includes the topics 
and concepts that learners experience as difficult, as well as what learners bring to class in terms 
of previously learned knowledge, including pre- and alternative conceptions. While 
preconceptions pertain to conceptions formed before learning about the scientific explanation, 
alternative conceptions can be described as “frameworks of understanding that are at odds with 
accepted knowledge” (Taber, 2001, p.161). The term ‘misconceptions’ has a similar meaning, 
and is also frequently used in the scientific literature (e.g. Vrabec and Prokša, 2016).
Teacher knowledge of instructional strategies (e.g. cooperative learning, problem-based 
learning, concept mapping, practical work) and representations (e.g. models, illustrations, 
simulations, examples, analogies) can help students understand concepts and the relationships 
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between concepts. This includes what is commonly referred to in chemistry education literature 
as the symbolic level. Suitable representations can help students to connect micro and macro 
level, and hence influence their ability to use structure-property relationships for their 
understandings in chemistry (Gilbert and Treagust, 2009). Gilbert & Justi (2016) argue that the 
following representation types are particularly important in science education: gestural, 
concrete, static visual (pictures, diagrams, graphs, mathematical and chemical equations), 
dynamic visual (drama, animation, simulation), oral and auditory. Teachers need to know and 
understand the differences in available representations for specific concepts, and be aware of 
their relative strengths and weaknesses, in order to determine which representation might suit 
a particular situation best (Magnusson et al., 1999).
Finally, knowledge of assessment refers to understanding of what to assess and how that can be 
accomplished. It is essential for learning (Black and Wiliam, 1998), and to use this knowledge 
well, teachers require a repertoire of assessment strategies (e.g. formative and summative, 
formal and informal, paper and pencil test, practical tests, oral examination, portfolios). Further, 
they need information about and access to instruments (e.g. teacher-student dialogues in the 
classroom, open or multiple-choice test) for assessing student understanding related to the topic 
at hand (van der Kleij et al., 2015; Kippers et al., 2018).

Problem statement
Existing literature does describe the four aforementioned PCK components with regard to 
chemical bonding, but primarily in isolation. That is, individual studies are more often focused 
on single components rather than combinations of components or the relations between them. 
Similarly, outstanding resources are already available for student misconceptions, such as 
Kind’s (2004) review covering eleven concepts or Barke, Hazari and Yitbarek’s 2008 book 
entitled, “Misconceptions in Chemistry” – both of which include attention to chemical bonding. 
However, the evidence base for many recommendations is not always articulated. Moreover, 
very few sources examine all four of the aforementioned PCK components, despite the fact that 
experts have articulated the importance of attending to the interaction between them 
(Mahvunga, 2019; Park and Suh, 2019). Finally, of existing resources for (learning about) 
teaching chemical bonding, very few strike a productive balance between “simplifying 
sufficiently to suit the learners’ present purposes, but not oversimplifying to undermine their 
future needs,” (Nahum et al., 2007, p. 585).
A comprehensive and compelling review of research findings constitutes a necessary but not 
sufficient pathway to understanding priorities for learning about teaching chemical bonding. If 
the professionals involved in research-practice connections are taken seriously, then expecting 
practitioners to mechanistically apply research insights would represent an impoverished view 
of the teaching profession. This may explain why investigation of teacher educator practices 
has challenged the conception of demanded professionalism (Vanassche and Kelchtermans 
2015), which asserts that teacher educators must be informed of and skilled in applying theories 
and principles that have been defined elsewhere. Indeed, given that crucial dimensions of 
teaching practice are often marginalized in the dominant research agendas of evidence-based 
teacher education, the field requires a focus not only on what evidence tells us but also on the 
beliefs and assumptions that underpin practice (Vanassche and Berry, 2020). In other words, 
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“If PCK as a construct is to be meaningful in science teachers’ work, we would argue that it is 
important for concrete examples of PCK to be articulated and documented so that teachers can 
access and use them in shaping their own practice” (Loughran et al., 2012, p. 15).

Aim of the study
As argued above, existing sources of cPCK are available as separate publications but have 
rarely been synthesized in ways that also reveal their empirical justification. To the best of our 
knowledge, this applies to literature that can inform the teaching of chemical bonding to 
preservice teachers. This is unfortunate, given that published cPCK has the potential to provide 
a guide of canonical best-practice professional and pedagogical information (Carpendale and 
Hume, 2019). Further, the sensemaking process which connects cPCK to pPCK (or vice versa) 
inherently involves contextualized experience and judgment. It therefore seems important to 
examine both topic-specific cPCK and pPCK together. Thus, the following research question 
guided the study: 

What are the characteristics of a framework about teaching chemical bonding that can support 
teacher education?

This study endeavors to synthesize insights from research and experience in ways that help 
understand and support chemistry teacher education. By combining the results of a systematic 
literature review and teacher educator content representations, we provide a valuable window 
into key dimensions of Dutch chemistry teacher educator practical wisdom related to chemical 
bonding. Taken together, this yields a framework that can be used to support preservice 
education about teaching chemical bonding.

Methods

To answer the research question, two phases of data collection and analysis were undertaken. 
First, a systematic literature review, based upon the procedure by Petticrew and Roberts (2006), 
was conducted. This yielded a valuable inventory of insights from empirical research literature 
about cPCK for chemical bonding. Analysis of the literature review findings yielded eight 
guidelines and three overarching challenges. Second, the Dutch 10th grade chemical bonding 
pPCK of nine chemistry teacher educators was inventoried through content representations 
following the procedure by Loughran et al. (2012). The pPCK of the teacher educators was then 
compared to the guidelines distilled from the literature. Both sets of findings were then 
synthesized to create a framework to support teacher education on this topic. 

Systematic literature review
For this study, four databases were selected: Web of Science, Scopus, ERIC and PsycINFO. 
The following search query was used: ((bonding) AND (attitude* OR view* OR perception* 
OR *conception* OR sequence OR teach* OR learn* OR “conceptual development” OR 
“conceptual understanding” OR transfer* OR represent* OR coherence) AND (secondary OR 
“high school” OR “junior high” OR “middle school”)). The category reduction “Education 
Educational Research” and “Education Scientific disciplines” in Web of Science and the 
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category reduction “Social Sciences” in Scopus was applied. In ERIC and PsychINFO no 
category reduction was feasible. After removing duplicates, the search resulted in 582 unique 
entries published in the last 20 years. We chose to limit our study to the past 20 years, because 
around 20 years ago PCK became more prominent and structured in chemistry education 
research.
These results were initially filtered by screening the titles, to remove unrelated papers, e.g. 
articles related to social bonding in schools. The following broad criteria were applied: it is 
about chemistry and it is about secondary or tertiary education (excluding graduate level). All 
titles not providing clarity were retained. Next, only articles written in the English language and 
published in journals that are on the “ISI master journal list” were included. These screening 
criteria resulted in 104 journal articles. Subsequently, the abstracts of these articles were 
screened applying the following criteria: the abstract or keywords are about chemical bonding; 
and the abstract shows that the article potentially contains one or more of the previously 
described PCK components. During abstract screening, exclusion of the articles turned out to 
be mainly based on the criterion “topic.” For instance, articles on acid and base chemistry, and 
nuclear magnetic resonance, were excluded. Only a few lacked the “potential to contain PCK.” 
For example, some articles described engaging activities, but nothing about student learning 
nor the commensurate teacher knowledge required to enact them. This abstract screening 
resulted in 89 articles.
Thereafter, the full texts were obtained and screened using the same screening criteria. Full-text 
screening mostly excluded articles that only described the execution of newly developed 
practicals, models, or exercises. The final step in selecting relevant studies was an appraisal of 
the scientific quality of the articles. The presence of a description of the research objectives 
and/or research questions, the context and participant sampling, the overall research approach 
and data collection strategies, and the data analyses, were checked. This resulted in a total of 
59 articles for the review corpus. Appendix A offers a schematic overview of the search and 
selection processes.
After quality appraisal of the full-text articles, data extraction was performed on the review 
corpus. First, meta-data were extracted: title, author(s), year of publication, journal title, 
country, education level, research method (qualitative, quantitative, mixed methods), research 
design (e.g. case study, quasi experimental), research population (e.g. students, teachers, 
textbooks) and size of research population. Next, relevant findings on PCK to answer our 
research question were extracted from the results, conclusion, discussion, or implications 
sections of the articles.
The data extracted from the article corpus were analyzed in three phases, each building on the 
previous. The first phase featured deductive analysis, in which all extracted data were classified 
according to the four PCK components: knowledge of curriculum, knowledge of students’ 
understanding, knowledge of instructional strategies and representations, and knowledge of 
assessment. To guard reliability, an initial codebook was established based on the literature. 
Next, two of the researchers extracted PCK components from seven randomly selected articles 
(>10% of the data); discussion of the resulting analyses yielded refinements in the codebook. 
Three of the researchers discussed the coded data until 100% consensus was reached. This 
yielded four sub-sets of data (one for each PCK component). 

Page 6 of 34Chemistry Education Research and Practice

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

C
he

m
is

tr
y

E
du

ca
tio

n
R

es
ea

rc
h

an
d

P
ra

ct
ic

e
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/2
4/

20
23

 9
:2

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D2RP00049K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2rp00049k


7

The second phase of analysis was undertaken within each sub-set of coded data. Here sub-codes 
related to each component were generated and refined through constant comparison (Glaser & 
Strauss, 1999) and categories of sub-codes were made through axial coding. This resulted in 
‘key insights’ related to each PCK component. Across the four PCK components, a total of 
eight key insights were identified. Related to the key insights, eight corresponding guidelines 
were articulated. For example, related to the PCK component, knowledge of curriculum, a key 
insight was that “Textbooks and teachers do not always use evidence-based teaching 
sequences.” And the corresponding guideline was, “Use evidence-based teaching sequences.” 
This phase was undertaken by two of the researchers and the results were verified by a third. 
Appendix B shows the number of articles containing data relevant to each PCK component, 
key insights within each component, and a sample quote for each key insight. 
The third phase of analysis was inductive in nature. Here, two of the researchers examined the 
eight guidelines and identified cross-component themes. This process yielded three overarching 
challenges across the entire data set. The three challenges were verified by the entire research 
team.

Teacher educator content representations 
Content representations (CoRes) can be used as a research tool to access science teachers’ 
understanding of teaching a certain topic. To provide an overview of teacher educator pPCK 
about chemical bonding, CoRes were constructed individually by chemistry teacher educators. 
All chemistry teacher educators registered at the Dutch chemistry teacher educator network 
(n=18) were personally invited by e-mail to participate in the research. Two teacher educators 
replied not being able to complete the CoRe (citing insufficient knowledge, or lack of time as 
reasons). The CoRe was completed by nine Dutch chemistry teacher educators (3 female, 6 
male) from 8 different universities; all of them having over five years of experience as teacher 
educator.
The CoRe structure was based on the template developed by Loughran et al. (2012), which 
prompts specific areas for consideration in relation to one or more big ideas. The big idea in 
this CoRe was: “A covalent bond is a shared electron pair.” The learning context that the teacher 
educators were asked to consider was a Dutch grade 10 (pre-university) chemistry class. The 
following eight prompts were given (translated from Dutch):

- Learning goals: What do you intend the students to learn about this concept? What are 
the learning goals? 

- Importance: Why is it important for students to know (or be able to do) this?
- Curriculum later: What else do you know about this idea (that learners do not yet know)?
- Difficulties: What challenges or limitations do you run across when teaching this 

concept?
- Learner thinking: What knowledge about student thinking (including alternative 

conceptions) influences your teaching of this concept?
- Other factors: What other factors influence your teaching of this idea?
- Teaching procedures: Which materials do you use? How do you design your lesson 

(prior knowledge, content, activities)?
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- Formative assessment: How do you ascertain learner understanding? (e.g. diagnostic 
assessment, dialogue, etc.)

To prepare the data, the teacher educators’ answers were compiled into a spreadsheet, which 
showed all the answers for each of the eight prompts. Next, the responses were deductively 
coded by two of the researchers using the eight guidelines for addressing challenges as given 
in the righthand column of Table 4 (e.g. B1, M3). These were then cross-referenced for each 
respondent. Finally, the results from both the literature review and CoRes were synthesized into 
a framework for teaching chemical bonding. This was undertaken through discussion among 
three of the researchers until consensus was reached.

Results from the literature review
Portraying the corpus
The original studies (n=59) were carried out in 17 different countries; most of them were carried 
out in Turkey (n=13), USA (n=9) and Sweden (n=7). The journals in which articles most 
frequently appeared were: Chemistry Education Research and Practice (n=16) and International 
Journal of Science Education (n=10). Appendix C shows which articles contained information 
relevant to each PCK component. The remainder of this section presents the results related to 
each component of PCK.

Knowledge of chemical bonding in the curriculum
Studies attending to teacher knowledge of chemical bonding in the curriculum focus on their 
prevalence in multiple subdomains, and (textbook-based) sequences. One study notes that a 
challenge to teaching chemical bonding stems from the fact that these concepts are found in 
several domains of the curriculum (De Posada, 1999), and that links between them tend to be 
non-existent or extremely weak. Explicit attention must be given to making chemical bonding 
visible in varied contexts so that students see multiple manifestations of the phenomena and 
still come to understand that the principle is the same. Also, learning progressions lead to better 
understanding. A study on a learning progression on molecular structure and properties (Cooper 
et al., 2012) indicated that a focus on structure-property relationships, encouraged by the 
curriculum materials (‘Chemistry, Life, the Universe, and Everything curriculum’), lead to 
better understanding of Lewis structures.
Even though teaching sequences in chemistry textbooks are not always evidence-based, these 
are still used by many teachers. (Bergqvist and Chang Rundgren, 2017; Sibanda, 2018). In fact, 
six studies report the importance of an effective teaching sequence and strategies linked to 
students’ learning progression (Chen et al., 2017; Cheng and Gilbert, 2017). For this reason, it 
is important that teachers develop the ability to assess for themselves whether to adopt or adapt 
the sequences in their textbooks. In so doing, three guidelines emerge from this review. First, 
studies point to the need for a solid understanding of the particulate nature of matter as 
important prior knowledge (Othman et al., 2008). This not only supports insight into chemical 
bonding, but also prevents the development of alternative conceptions (Taber, 2003). Second, 
two studies yielded the suggestion to use a bottom-up approach when teaching chemical 
bonding, based on electrostatic interactions (Broman and Parchmann, 2014; Sibanda and 
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Hobden, 2015). In particular, the former recommends that “chemical bonding be taught based 
on physical elemental principles by applying the idea of continuum of bond strengths and by 
avoiding the dichotomous classification of bonds as covalent/ionic and intra/intermolecular.” 
Third, in so doing educators should “introduce a general notion of bonding, based on electrical 
interactions, before exploring specific bond types in detail; emphasize bonding as the 
interactions that hold structures together (rather than being related to developing full shells); 
emphasize that most elements are not atomic (and that reactants in chemical reactions do not 
tend to be atomic) and are therefore chemically bonded; emphasize that chemical bonding is 
present in reactants as well as products (so that metallic bonding is not tied to the metal reacting 
with another element)” (Taber, 2003, p. 753). Thus, it is important that teacher educators clarify 
to preservice teachers the need to ensure that students understand metallic bonding before 
explaining ionic bonding and, only after that, covalent bonding.

Knowledge of student understanding of chemical bonding 
Numerous alternative conceptions are held by many students (Çalik, 2005; Acar and Tarhan, 
2008; Schmidt et al., 2009; Kabapinar, 2013; Broman and Parchmann, 2014; Cokelez et al., 
2014; Akkuzu and Uyulgan, 2016) as well as by (preservice) teachers (Kahveci, 2009; Kind 
and Kind, 2011; Uyulgan et al., 2014; Mutlu and Sesen, 2016). In fact, three studies show that 
preservice teachers hold alternative conceptions and that it is important to be aware of this 
(Toplis, 2008; Kind, 2014; Mutlu and Sesen, 2016). However, a study on South-African 
chemistry teachers suggests that teachers know how students learn chemical bonding, but that 
alternative conceptions are thought to be not so important when teaching this topic (Sibanda, 
2018). While it is often challenging to make sense of student conceptions (Harrison and 
Treagust, 2000), selected studies describe that the number of alternative conceptions decreases 
with the increase in education level (Birk and Kurtz, 1999; Coll and Treagust, 2001; Coll and 
Treagust, 2002; Coll and Treagust, 2003). Additionally, studies show that simple, realistic 
mental models are preferred at all education levels (Coll and Treagust, 2001; Coll and Treagust, 
2003) and that different levels of understanding should not be seen as negative, but can be used 
by teachers to develop student understanding (Cheng and Oon, 2016). Table 1 provides the 
alternative conceptions for which sources were discussed and recommendations were given.

Table 1. Alternative conceptions in chemical bonding, their potential sources, and 
recommendations for teaching

Examples of alternative 
conception (reference)

Potential source(s) Recommendations for 
teaching

U
nd

er
ly

in
g 

ch
em

ic
al

 b
on

di
ng

Students visualize the 
malleability of metals as 
structural rearrangement of 
metal atoms/ions and an 
unspecific attractive force or 
‘surrounding electrons.’ 
(Cheng and Gilbert, 2014)

The transfer from a 
verbal statement to a 
visual representation.

Prompt students to code their 
ideas in both verbally and 
visually. Make explicit use of 
diagrams and visual 
representations.
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Students imagine energy as 
matter and hence chemical 
bonds have mass. 
(Kabapinar, 2013)

Ontological mismatch. Have learners discuss the 
properties of matter, and then 
debate whether chemical 
bonds are matter by providing 
evidence for their arguments. 
Similarly, have learners 
compare the properties of 
matter and energy, to decide 
whether energy is matter.

Give an explanatory 
teleological meaning to the 
octet rule.
(Joki and Aksela, 2018)

Molecules are present in 
ionic substances.
(Vladušić et al., 2016)

Teachers who do not 
fully understand the 
concepts themselves.

In addition to sharing 
knowledge (e.g. using the 
octet rule can cause 
misconceptions), teachers 
should consider the 
epistemological and historical 
backgrounds of the concepts 
they teach.

Bonding occurs when atoms 
share or transfer electrons to 
get a full outer shell (octet 
framework).
(Taber, 2003)

Student 
oversimplification in 
prior learning.

Teachers should emphasize 
forces at the basis of chemical 
bonding, introduce the 
simplest type of bond first.

Electrons are stationary.

In ionic bonding electrons 
are first transferred and then 
become like ‘a sea of 
electrons’ in ionic 
compounds.
(Luxford and Bretz, 2013)

The dichotomous 
description of covalent 
and ionic bonding.

Teach chemical bonding as a 
continuum.

Ab
ou

t c
he

m
ic

al
 b

on
di

ng

Students imagine that atoms 
have agency to explain the 
concept of chemical bonding 
on a macro level.
(Cokelez et al., 2014)

In ionic bonding each 
sodium atom donates one 
electron and each chlorine 
atom accepts one electron
(Bergqvist and Chang 
Rundgren, 2017)

Misleading 
representations (of 
chemical bonding) in 
textbooks.

(Cokelez et al., 2014, p. 
486)

(Bergqvist and Chang 
Rundgren, 2017, p. 222)

Teachers should maintain 
their understanding of more 
advanced models, including 
hybrid ones, to help them 
assess the potential value of 
the models used in textbooks. 
Understanding the variety, 
purpose, and limitations of 
textbook models will help 
teachers make strategic 
choices about when and how 
to use each.
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Knowledge of instructional strategies and representations in teaching chemical bonding
Instructional strategies 
Six studies report positive effects on students’ understanding using cooperative learning (Acar 
and Tarhan, 2008; Frailich et al., 2009; Karacop and Doymus, 2013; Eymur and Geban, 2017), 
or group discussions (Waldrip and Prain, 2012; Warfa et al., 2014). Additionally, students 
experienced working in groups as positive, but also difficult (Tarhan et al., 2008). Beside group 
discussions, teacher-student discussions about appropriate models (Harrison and Treagust, 
2000) are also important for student understanding and contribute to student reasoning. Table 
2 shows cooperative activities that can increase student understanding according to the literature 
reviewed.

Table 2. Replicable cooperative activities that can increase student understanding
Example Characterization and goal Classroom enactment
Cooperative 
learning based 
on conceptual 
change 
approach 
instruction
(Eymur and Geban, 
2017)

Heterogeneous groups of 
four students were made 
based on academic 
achievement. Groups work 
on a worksheet together to 
learn about Lewis structures 
and the shape of molecules.

Discuss the Lewis structure and shape of 
molecules of the following compounds 
with your group: H2O, NH3, BF3

The teacher monitors the groups to make 
sure each group member is participating 
actively.

Group 
discussions
(Warfa et al., 2014)

Groups of three or four 
students were made. Each 
student was assigned a 
different role (e.g. the 
group’s facilitator, 
spokesperson, recorder). 
Students discussed about 
exercises on dissolving salts. 

Students were given 3D magnetic models 
of sodium chloride and water molecules. 
Students then had to draw representations 
of sodium chloride, before and after 
mixing it with water. 
The teacher monitors the groups and asks 
scaffolding questions, like “are they atoms 
or ions?”

Teacher-
student 
discussions
(Harrison and 
Treagust, 2000)

The teacher systematically 
discussed each metaphor, 
analogy, and model with the 
students. Teacher and 
students discussed different 
models of the atom and 
covalent bonding.

A ‘new’ model/analogy of the atom is 
introduced. The teacher discusses the 
features of the model/analogy and the 
concept with the students. They look for 
similarities, but also for differences 
between the model/analogy and the 
concept. In the end, students and teacher 
discuss whether the model/analogy was 
useful or confusing.

Furthermore, students using an enriched text strategy (Tsaparlis et al., 2018) or using the 
premise-reasoning-outcome structure to construct scientific explanations when learning about 
covalent, metallic and ionic bonding (Putra and Tang, 2016) performed much better on several 
chemical bonding concepts. Additionally, when 12th grade students were deployed as co-
teachers, teachers had more insights into students’ difficulties, which resulted in improved 
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teaching strategies (Schultze and Nilsson, 2018). One study showed that texts focused on 
conceptual change increased students’ understanding and made them aware of their existing 
conceptions (Özmen et al., 2009). Finally, contextualization, like case-based and problem-
based learning, using real-life contexts offers a more effective learning environment, and 
improves students’ understanding, attitude and motivation (Tarhan et al., 2008; Broman and 
Parchmann, 2014). For example, daily life events or problems (e.g. medical drugs, energy 
drinks) and learning materials based on relevant real-life contexts (e.g. alternative fuels), have 
been shown to help students see the relevance of chemistry in general, as well as to enhance 
higher order thinking, and to develop a positive attitude towards chemistry (Broman and 
Parchmann, 2014). Two studies described topic-specific strategies which showed that teaching 
chemical bonding based on electrostatic forces leads to improved student understanding (Joki 
et al., 2015; Cheng and Oon, 2016). 

Representations
Textbooks contain many static visual representations, and studies have shown that these are 
important sources of alternative conceptions (De Posada, 1999; Bergqvist et al., 2013). 
Teachers are influenced by representations in textbooks too, and therefore need to think 
critically about their use (Bergqvist and Chang Rundgren, 2017). Selected studies emphasize 
that teachers need to be aware of the availability, strengths and weaknesses of 
representations (Bergqvist et al., 2016; Nimmermark et al., 2016; Patron et al., 2017; 
Wheeldon, 2017). This can be done by a teacher guide in which it is explained why a certain 
representation (e.g. ball-and-stick model, space-filling model, structural formula, chemical 
symbol) was chosen and explained what its limitations are. For instance, the ball-and-stick 
model, which is an example of a concrete representation, helps to understand the geometry of 
molecules, but shows the bonding electrons as static entities (sticks). Therefore, it is suggested 
to complement ball-and-stick models with space-filling representations (Nimmermark et al., 
2016). Table 3 provides an overview of strengths and limitations of four different 
representations. Furthermore, the use of anthropomorphic models or language (e.g. atoms 
would “like” to have extra electrons) should be avoided, as this may cause alternative 
conceptions (Bergqvist et al., 2016).

Table 3. Four common representations of ammonia and their strengths and limitations, based 
on Patron et al. (2017) and Nimmermark et al. (2016)

Representation Strengths Limitations
Ball-and-stick model

      

 Shows bond order
 Shows molecular geometry
 Easy visualizes three-

dimensionality of 
molecules

 Students can build model

 Does not account for 
relative atomic size

 Does not show all 
valence electrons

 Availability of model 
kits

Space-filling model  Shows relative atomic size
 Shows molecular geometry
 Easy visualizes three-

 Bond order is not visible
 Does not show all 

valence electronsN

H
HH
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dimensionality of 
molecules

 Close to how a molecule 
looks like

Structural formula

          

 Shows bond order
 Easy to draw

 Does not account for 
relative atomic size

 Does not show all 
valence electrons

 Does not show 
molecular geometry

Lewis structure
              

 Shows all valence 
electrons

 Molecular geometry can 
be deduced (VSEPR)

 Does not show bond 
angle

 Does not account for 
relative atomic size

 Does not visualize three-
dimensionality

Teachers need to realize that understanding representations can be challenging for 
students (Patron et al., 2017): they often require explicit support for the interpretation of 
representations. In addition, students need to be aware of the limitations and challenges 
associated with simplification and abstraction (Taber, 2003). This can be reached by discussing 
the properties of representations with students (Nimmermark et al., 2016). A teacher could for 
instance show different representations of a chemical bond to students and discuss which 
representation would be used best, and explain what its strengths and weaknesses are. 
Furthermore, students find it hard to understand what happens during experiments at the micro-
level, therefore a model showing the micro-level should be used simultaneously (Karacop and 
Doymus, 2013). One study suggests that becoming familiar with at least a simplified quantum 
model for the build-up of an atom helps secondary school students understand chemical 
bonding (Nimmermark et al., 2016), and another stresses the importance of reserving advanced 
chemical bonding models until advanced undergraduate level (Coll and Treagust, 2003).
Some studies combined digital support with specific strategies like those mentioned above. The 
use of dynamic visual representations, like computer animations or applets (Frailich et al., 
2007; Ozmen et al., 2009; Lewis et al., 2012; Karacop and Doymus, 2013), computerized 
molecular modelling (Barnea and Dori, 1999), dynamic computer models (Toplis, 2008), and 
well-structured computer-assisted instruction (Ozmen, 2008) have been shown to contribute to 
learning chemical bonding, and to support student understanding of micro-macro relationships. 
Also, gestural representations, like embodied modelling, which involves students acting as 
particles, (Langbeheim and Levy, 2018) as well as magnetic 3D models (Warfa et al., 2014), 
involved students feeling the interactions, and this increased student understanding. 

Knowledge of assessment for learning chemical bonding 
Formal assessment
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One promising type of formal assessment is two-tier testing, in which the students answer the 
multiple-choice questions in the first tier, and then reason why this answer is correct in the 
second. Five studies showed that two-tier testing can be used to determine alternative 
conceptions on chemical bonding concepts (Othman et al., 2008; Heredia et al., 2012; Uyulgan 
et al., 2014). The Bonding Representation Inventory (Luxford and Bretz, 2014) contained both 
one-tier and two-tier questions and was implemented in different schools and at different levels 
in the USA and Slovakia (Vrabec and Prokša, 2016). It was used as a diagnostic instrument to 
quickly test students’ understanding and alternative conceptions in chemical bonding. Another 
form of diagnostic assessment is the rule-space model, which was used to determine student 
learning progressions when learning about bonding energy (Chen et al., 2017). Although 
promising, the use of diagnostic instruments remains challenging. Written tests are not always 
as conclusive as anticipated (Schmidt et al., 2009).

Informal assessment
Asking students to create their own models or concept maps, e.g. of ionic and covalent bonding, 
can reveal alternative conceptions (Luxford and Bretz, 2013). To make students’ mental model 
more explicit, let students draw molecular interactions, compare the drawings with other 
students, and share these in class. Although recognizing features of structures is easier than 
creating structures and describing the interactions, the latter is more important in assessing 
student understanding (Harle and Towns, 2013). Another way to characterize students’ 
understanding of chemical bonding is by mapping students’ conceptual knowledge in a matrix, 
which shows the development of clustered concepts over time. In this way, students’ strengths 
and weaknesses can be identified, and their developments can be monitored (Yayon et al., 
2012).

Synthesis of findings
Table 4 provides an overview of the results of the systematic literature review on PCK for 
chemical bonding. As described previously, key insights were identified within each PCK 
component, and related to those, eight corresponding guidelines were articulated. By examining 
the eight guidelines, three overarching challenges were identified: Bond type classification (B), 
Models (M), and Transfer (T). Three guidelines relate to Bond type classification: evidence-
based teaching sequences, prior knowledge, and dichotomy covalent-ionic. Similarly, three 
guidelines were associated with Models: strength and limitations, applicability, 
anthropomorphic language or representations. Finally, two guidelines refer Transfer, namely: 
explicit attention to chemical bonding in other domains and micro-macro thinking. 
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Table 4. Key insights per PCK component, guidelines and overarching challenges 
PCK 
component

Key insights for chemical bonding Guidelines for addressing 
challenges*

Chemical bonding concepts are 
essential in many other domains (e.g. 
biochemistry, organic chemistry) and 
insufficient connections are made.

Give explicit attention to transfer 
chemical bonding concepts to other 
domains (T1).

Textbooks and teachers do not always 
use evidence-based teaching 
sequences.

Use evidence-based teaching 
sequences. (B1)

Curriculum

Students need to have the proper prior 
knowledge (e.g. particulate nature of 
matter).

Activate and check student prior 
knowledge. (B2)

Avoid dichotomy between covalent 
and ionic bonds. (B3)

Student 
understanding

Consider student difficulties in 
chemical bonding when preparing 
lessons in order to prevent the 
formation of alternative conceptions.
Realize the presence of potential 
alternative conceptions, and be aware 
of their sources.

Be aware of the strength and 
limitations of models. (M1)

Allow students to work on group 
assignments.

n.a.

Explain the applicability of models 
and the underlying rules. (M2)

Think critically about the choice of 
representations and discuss its 
characteristics, limitations and 
challenges with students.

Avoid anthropomorphic language or 
representations. (M3)

Instructional 
strategies and 
representations

Focus on thinking about structure-
property relationships.

Use micro-macro transfer when 
teaching. (T2)

Assessment Diagnostic instruments (two-tier tests) 
can be used to test students 
understanding and alternative 
conceptions.

Activate and check student prior 
knowledge. (B2)

* Alphanumeric codes relate to the overarching challenges: Bond type classification (B), Models (M), and Transfer (T)
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Results from the teacher educator content representations
The CoRe was completed by nine teacher educators, and most of them (n=7) related the learning 
goals to the number of valence electrons, and intended students to be able to draw bonds and 
understand which atoms can form covalent bonds. Some of the teacher educators mentioned 
the connection with the periodic table, and the noble gas configuration. The majority of teacher 
educators found the concept important, because it is necessary in understanding micro-macro 
properties. One considered the importance of the concept to be able to apply electrostatical 
interactions when reasoning about reactivity. Regarding ‘curriculum later’ teacher educators 
mentioned polarity, Lewis structures, VSEPR, reaction mechanisms, and quantum mechanics 
(orbitals). The main difficulties described by the teacher educators were: chemical bonding is 
very abstract (no context, not visible), students think that models are always true and applicable, 
it is difficult to relate micro to macro properties, and the idea that two (negatively charged) 
electrons form a pair. As to learner thinking, key answers were that it is crucial to relate to other 
concepts, that students find it difficult to think in models and relate micro to macro properties. 
Other factors that the teacher educators mentioned were the importance of prior knowledge, the 
difficulty to relate to students’ interest, and the availability of learning materials. About 
teaching procedures: Most teacher educators suggested starting with activating prior knowledge 
(e.g. particulate nature of matter). Furthermore, several teacher educators proposed to use 
applets or animations, or to do an experiment. Two teacher educators chose a historical 
perspective to introduce the concept. As to formative assessment, teacher educators proposed 
to let students draw molecules, do some kind of quiz, or predict properties of new molecules.

The CoRes were coded using the guidelines distilled from the literature review. For instance, 
the teacher educator 3’s statement “Because many different bond types exist and these have 
diverse consequences on micro- and therefore macro-level.” was coded as ‘micro-macro.’ 
Teacher educator 9’s statement “It is difficult to stay away from expressions as “those atoms 
want to…”” was coded as ‘anthropomorphic language.’ All guidelines distilled from the 
literature review were found in the CoRes of at least one teacher educator. Table 5 provides an 
overview of the guidelines identified in the CoRes of the nine teacher educators.

Table 5. Overview of the overarching challenges, and guidelines identified in the teacher 
educator’s CoRe about covalent bonding.

Teacher educator 1 2 3 4 5 6 7 8 9 Total 
Bond type classification

B1: Teaching sequence x x 2
B2: Prior knowledge x x x x x 5
B3: Dichotomy covalent-ionic x x x 3

Models
M1: Strengths and limitations x x x x x 5
M2: Applicability x x x x x 5
M3: Anthropomorphic language x 1

Transfer
T1: Other domains x 1
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T2: Micro-macro x x x x x x 6
x = this guideline was discovered in the CoRe

The overview in Table 5 shows that four guidelines which were found in the literature review 
readily came to the majority of chemistry teacher educators’ minds: Prior knowledge; Strengths 
and limitations; Applicability; and Micro-macro. By contrast, two guidelines were mentioned 
by two or three respondents: Teaching sequence; and Dichotomy covalent-ionic. And two 
others were mentioned by only one respondent: Anthropomorphic language; and Other 
domains. It is interesting that half of the guidelines were mentioned by one third or less of the 
teacher educators participating. So even though these guidelines have been described in the 
literature in the past decades, they do not appear to readily come to teacher educators’ minds.

Conclusions
This study was set out to answer the research question: “What are the characteristics of a 
framework about teaching chemical bonding that can support teacher education?” The results 
of the systematic literature review revealed eight key insights and eight corresponding 
guidelines for addressing them, as well as three overarching challenges when it comes to 
teaching chemical bonding. The results from the teacher educator CoRes showed that, although 
the challenges and guidelines derived from literature are part of the cPCK, they are not all part 
of the pPCK of all teacher educators in this study. Thus, the degree of consensus about cPCK 
for chemical bonding among teacher educators is not to be overestimated. 

The framework shown in Figure 1 constitutes a visual answer to our research question. 
This may be a useful discussion tool in further explorations of pPCK for chemical bonding. It 
can also be helpful for teacher educators to shape and prioritize chemistry teacher education 
coursework on how to teach bonding. Further, it can also be used by preservice teachers to help 
assess attention to salient considerations when evaluating teaching and learning activities. 
Finally, the framework can be applied during the design of classroom activities for teaching 
about chemical bonding. In this regard, Appendix D offers three practices for teaching chemical 
bonding that align with the recommendations given in the framework, namely: a curriculum 
sequence, two group discussion tasks, and an assessment-for-learning activity.
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Figure 1. Framework for understanding and supporting the teaching of chemical bonding
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Limitations and recommendations 
Literature review
The systematic literature review has several limitations, and both the limitations and insights 
gleaned give rise to recommendations for future research. First, our search terms were 
specifically for the secondary education level and the topic chemical bonding, and the search 
engines searched in the title, abstract and keywords. Although articles on multiple educations 
levels (Coll and Treagust, 2003) and on general chemistry (Mutlu and Sesen, 2016) were found, 
we might have missed articles covering multiple education levels or chemistry topics, that could 
contain interesting information.
Second, we limited our results by selecting only journal articles. While this was done because 
of our focus on empirical work, it might have excluded relevant information in books or theses. 
As a result, this review might be limited or reflect any publication bias in journals (mainly 
significant effects were found in the reviewed studies). Future research could include 
conference contributions reporting on empirical research to mitigate potential effects of 
publication bias. For example, two book chapters provide valuable insights that relate to the 
framework, and confirm several of the guidelines. Namely, Taber and Coll (2002) elaborate 
misconceptions related to chemical bonding, as well as the development of models of chemical 
bonding that are more authentic. Similarly, an entire chapter is devoted to the topic in Taber’s 
(2002) volume on chemical misconceptions.
Third, in this review, the size of the student population in the studies was not considered. While 
the small scale, often (semi-)qualitative nature of the studies (e.g. Cheng and Gilbert, 2014) 
certainly offers affordances, the lack of large-scale studies could reduce the generalizability of 
the results. This points to a gap in the literature which could be addressed by further research.
Fourth, this study focuses only on PCK that teachers need. Of course, it is also important to 
consider how teachers develop (these components of) PCK. Although existing research tells us 
that experience (Sibanda, 2018), systematic reflection on teaching practices with 
colleagues (Bergqvist et al., 2016), and coteaching with senior students (Schultze and Nilsson, 
2018) can be important for developing PCK, not all PCK components can be improved with 
each of these approaches (Aydin and Boz, 2013). Research is needed to articulate how 
integrated PCK development can be supported.
Finally, as we attend to developing PCK, the role of supporting materials is essential (Davis 
and Krajcik, 2005). Educative materials are very important, because they tend to be more easily 
accessible for teachers and can contain educational elements that promote the learning of 
teachers (Schneider and Krajcik, 2002; Remillard, 2005; Penuel and Gallagher, 2009). When 
developing educative materials, for instance to situate learning in the context of cutting-edge 
chemistry research, the above-mentioned findings on PCK components for chemical bonding 
are relevant. Thus, studies on PCK development could also support much-needed (design) 
research to develop (and articulate the characteristics of effective) educative materials 
supporting teachers in their development of PCK regarding particular topic areas (e.g. chemical 
bonding).
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Content representations
One limitation of the construction of the CoRes by the teacher educators was that they are not 
likely to be comprehensive portrayals of teacher knowledge on PCK for chemical bonding. We 
intentionally asked teacher educators to portray the aspects that most readily came to their 
minds in order to ascertain which elements are regularly part of common practice. While we 
maintain that this strengthens the ecological validity of the study, we do note that different 
results might have been obtained if we have requested comprehensive overviews. Future 
research could explore if and to what extent CoRes vary based on different approaches to data 
collection. A second limitation pertains to the fact that teacher educator background data were 
not collected and as a result, could not be included in our analysis. For example, years of prior 
teaching experience could affect participant CoRes. Collection of such data together with 
CoRes could help identify issues that are particularly common, for example, among starting 
teacher educators and others that persist across time. Similarly, teacher orientations may 
influence teacher CoRes, because orientations function as filters or amplifiers for educational 
practice (Van Driel et al., 2007), and affect the goals and purposes with which they teach (Park 
and Oliver, 2008; Park, 2019). Such work may not only serve scientific understanding, but also 
teachers, as they can benefit from insight into their own repertoire and habits to directly support 
students’ meaning making of chemistry (Patron et al., 2017). Finally, we note that the CoRes 
were filled in asynchronously online. It was therefore not possible to ascertain if the teacher 
educators had any questions while conducting the activity. While respondents were invited to 
ask questions if they had any, subsequent research, might address this more thoroughly through 
synchronous data collection. 

Closing considerations 
As the refined consensus model authors put it, cPCK 

“… is an amalgam of multiple science educators’ contributions, including the 
teacher’s own contributions and those from the combined professional 
knowledge bases and varied teaching experiences within a given subject matter 
as understood and documented by multiple people. The resulting cPCK is a 
specialised knowledge base for science teaching that has been articulated and is 
shared among a group of professionals, which is related to teaching that 
particular subject matter knowledge to particular students in a particular learning 
context. Most importantly, this knowledge can be shared and articulated in ways 
that encourage conversations among researchers, teachers, and other education 
professionals. This cPCK is the realm of PCK that has been in the literature since 
Lee Shulman’s presidential address to the American Education Research 
Association (AERA) in 1986” (Carlson et al., 2019, p. 90). 

Sourced from prior research and refined through portrayals of existing practice, this study 
yielded a cPCK framework showing how preservice teachers might be guided to teach chemical 
bonding. Although the framework offers guidelines and specific examples, it does not provide 
concrete tools for preservice teachers to check whether a chosen element or strategy is working 
for their own students. This should be taken up in future research. It is also worth noting that, 
while literature in our corpus included uses of technology, our data set did not address the 
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question of why technology is important. As a result, no detailed example of technology-based 
representations were included in the framework. Given the ways in which remote schooling 
was shown to be a necessity during the COVID-19 pandemic and the fact that many teachers 
have begun to explore hybrid environments since then, this seems an important topic for further 
investigation. Finally, our framework stresses the importance of attending to transfer (e.g. 
bonding concepts in biochemistry, biology or other science domains). To facilitate the making 
of such connections, research is needed to investigate if and in what ways both pre-service 
teachers and teacher educators are aware of bonding concepts in other domains.

Despite its limitations, this study provides a comprehensive synthesis of empirical findings 
related to cPCK for chemical bonding. It also identified gaps in the PCK literature for chemical 
bonding. While the results offer considerable guidance related to knowledge of instructional 
strategies and representations as well as to knowledge of student understanding, only a few 
articles contained information relevant to knowledge of curricula, or knowledge of assessment. 
Especially given its prominent role in shaping teaching approaches, it seems that research is 
particularly needed on (formative) assessment of student learning for chemical bonding. The 
framework contributes to supporting teacher educators in their work with novice teachers 
learning to grasp the complexity of teaching chemical bonding while also providing clear 
guidelines and practical suggestions.
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Appendices
Appendix A. Schematic overview of the article search and selection processes
Search WoS Scopus ERIC PsycINFO
Topic and PCK and secondary school 1998 to 
2018
((bonding) AND (attitude* OR view* OR 
perception* OR *conception* OR sequence OR 
teach* OR learn* OR “conceptual development” 
OR “conceptual understanding” OR transfer* OR 
represent* OR coherence) AND (secondary OR 
“high school” OR “junior high” OR “middle 
school”))

5731 3981 218 243

Category reduction
- WoS: « Education Educational Research » and 
« Education Scientific disciplines »
- Scopus: « Social sciences »

156 186 n.a. n.a.

Results combined, duplicates removed 582
Screening criteria applied to title
- Secondary or tertiary education (excluding 
graduate level)
- Chemistry

158

Screening criteria applied to journal
- “ISI master journal list”
- Published in English language

104

Abstract screening
- Abstract is about (one or more aspects from) 
chemical bonding
- Abstract has potential to contain PCK 
components 

89

Inclusion criteria on full text
- Quality appraisal
- 1 or more of the 4 PCK components must be 
addressed 

59
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Appendix B. Coding overview
PCK 
Component
(deductive)

Example of extracted data Corresponding key insight 
for chemical bonding

Curriculum
(n=10)

“The participating teachers introduced the 
different types of bonding in the same order as 
the textbooks they used.” (Bergqvist and Chang 
Rundgren, 2017, p. 229)

Textbooks and teachers do not 
always use evidence-based 
teaching sequences.

Student 
understanding 
(n=26)

“…the model of ionic bonding regarded as 
scientifically acceptable for inclusion in the 
school curriculum is not well understood by 
considerable numbers of students at both the 
secondary and tertiary levels, and even by a 
significant number of teachers.” (Vladušić et al., 
2016, p. 693)

Realize the presence of 
potential alternative 
conceptions, and be aware of 
their sources.

Instructional 
strategies and 
representations 
(n=30)

“…cooperative learning based on the conceptual 
change approach instruction caused a 
significantly better acquisition of scientific 
concepts related to chemical bonding and 
elimination of misconceptions than traditionally 
designed chemistry instruction.” (Eymur and 
Geban, 2017, p. 868)

Allow students to work on 
group assignments.

Assessment
(n=10)

“The descriptive statistics and psychometrics 
suggest that the items on the BRI are generating 
valid and reliable data regarding student 
misconceptions about multiple representations 
of covalent and ionic bonding.” (Luxford and 
Bretz, 2014, p. 318)

Diagnostic instruments (two-
tier tests) can be used to test 
students understanding and 
alternative conceptions.
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Appendix C. Literature relevant to each PCK component
PCK component Relevant sources
Curriculum
(n=10)

Bergqvist and Chang Rundgren, 2017; Broman and Parchmann, 
2014; Chen et al., 2017; Cheng and Gilbert, 2017; Cooper et al., 
2012; De Posada, 1999 Othman et al., 2008; Sibanda, 2018; Sibanda 
and Hobden, 2015; Taber, 2003

Student 
understanding
(n=26)

Acar and Tarhan, 2008; Akkuzu and Uyulgan, 2016; Bergqvist and 
Chang Rundgren, 2017; Birk and Kurtz, 1999; Broman and 
Parchmann, 2014; Çalik, 2005; Cheng and Gilbert, 2014; Cheng and 
Oon, 2016; Cokelez et al., 2014; Coll and Treagust, 2001; Coll and 
Treagust, 2002; Coll and Treagust, 2003; Harrison and Treagust, 
2000; Joki and Aksela, 2018; Kabapinar, 2013; Kahveci, 2009; Kind, 
2014; Kind and Kind, 2011; Luxford and Bretz, 2013; Mutlu and 
Sesen, 2016; Schmidt et al., 2009; Sibanda, 2018; Taber, 2003; 
Toplis, 2008; Uyulgan et al., 2014; Vladušić et al., 2016

Instructional 
strategies and 
representations 
(n=30)

Acar and Tarhan, 2008; Barnea and Dori, 1999; Bergqvist et al., 
2013; Bergqvist et al., 2016; Bergqvist and Chang Rundgren, 2017; 
Broman and Parchmann, 2014; Cheng and Oon, 2016; Coll and 
Treagust, 2003; De Posada, 1999; Eymur and Geban, 2017; Frailich 
et al., 2009; Harrison and Treagust, 2000; Joki et al., 2015; Karacop 
and Doymus, 2013; Langbeheim and Levy, 2018; Lewis et al., 2012; 
Nimmermark et al., 2016; Özmen, 2008; Özmen et al., 2009; Patron 
et al., 2017; Putra and Tang, 2016; Schultze and Nilsson, 2018; 
Taber, 2003; Tarhan et al., 2008; Toplis, 2008; Tsaparlis et al., 2018; 
Waldrip and Prain, 2012; Warfa et al., 2014; Wheeldon, 2017

Assessment
(n=10)

Chen et al., 2017; Harle and Towns, 2013; Heredia et al., 2012; 
Luxford and Bretz, 2013; Luxford and Bretz, 2014; Othman et al., 
2008; Schmidt et al., 2009; Uyulgan et al., 2014; Vrabec and Prokša, 
2016; Yayon et al., 2012
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Appendix D. Set of practical applications based on this study

Curriculum sequence for chemical bonding
Based on the findings, we suggest starting from the macro properties in grade 8 or 9 to learn 
about the classification of compounds in metallic, ionic and molecular compounds. The micro 
properties can subsequently be specified in grade 10, 11, and/or 12 as the inter- and 
intramolecular bond types. This sequence is shown in Figure 2. 

Figure 2. Recommended curriculum sequence for chemical bonding, based on the findings from 
this study together with recommendations from Nahum et al., 2007, Nahum et al., 2008, Nahum 
et al., 2010, Taber, 2003, and Broman and Parchmann, 2014 
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Group discussion task to learn about hydrogen bonding
Figure 3 provides a schematic overview of two related discussions tasks. First, students discuss 
the boiling points of several compounds, and then transfer their conclusions for application in 
another context (DNA binding). Based on the review findings, we recommending 
heterogeneous groups (comprised of students with varying levels of prior academic 
achievement).

Figure 3. Schematic overview of two group discussion tasks to learn about hydrogen bonding
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Assessment-for-learning activity focused on the difference between intra- and intermolecular 
bonding 
We choose this focus because the review showed that it is essential to understand the concepts 
of intra- and intermolecular bonding before learning the types of intra- and intermolecular 
bonding. This activity uses the research of Movilli et al. (2018) as a motivating context to 
practice the difference between intra- and intermolecular bonding. In this activity, students 
categorize and explain their understanding of the four steps of tumor DNA detection. Figure 4 
shows the worksheet for students. After this activity, the concept of hydrogen bonding could be 
taught in this context, by zooming in on the DNA detection step, since knowledge of hydrogen 
bonding is necessary to understand DNA binding.

Step 1 - synthesis
In the first step a fraction of the NH3

+-groups of PLL reacts with ‘OEG’ and a part reacts with 
Mal. The other NH3

+-groups do not react. 

Step 2 - surface assembly
In this step the NH3

+-groups of PLL-OEG-Mal that did not react (shown as ᵒ) bind to the 
negatively charged gold surface. 

Step 3 - Probe binding
In this step the SH-group of the thiol-PNA (‘probe’) reacts with the maleimide group of PLL-
OEG-Mal. 

Step 4 - DNA detection
In the last step the tumor DNA binds to the ‘probe’ (PNA chain). 

Figure 4. Student worksheet with sample student answers (grey) based on representations by 
Movilli et al. (2018)

PLL = poly(L-lysine); OEG = oligo ethylene glycol; Mal = maleimide; PNA = peptide nucleic 
acid
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