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Abstract: Chemical bonding is a topic which many secondary students find difficult to 
understand. The concepts in chemical bonding are abstract; one cannot see an atom, its 
structure and how it reacts with other atoms. Therefore there is great potential for the formation 
of alternative conceptions as students try to derive meaning from what is written in the 
textbooks or what is said by the teacher. Thus teachers need to be able to detect and diagnose 
the alternative conceptions of their students so that they can challenge these alternative 
conceptions, and help the students to acquire scientifically acceptable ones. Methods used to 
determine students’ understanding of concepts include concept mapping (Novak, 1996), 
interviews (Carr, 1996) and multiple choice diagnostic instruments (Treagust, 1988, 1995). 
However, multiple choice diagnostic instruments are more readily administered and scored 
than the other methods, and thus are particularly useful for classroom teachers. This paper 
describes the development of a two-tier multiple choice diagnostic instrument to identify 
Secondary Three and Four students’ alternative conceptions in basic chemical bonding 

 

Introduction 

In Singapore, chemical bonding is usually taught in Secondary Three, when 14 to 15 year old 
students study chemistry as a subject for the first time. The students need to understand the 
concepts in chemical bonding as these are the basic concepts in chemistry, and are essential for the 
learning of other chemistry concepts that they will encounter in Secondary Three and Four. 
However, chemical bonding is an abstract topic, something far removed from the daily experiences 
of secondary school students; one cannot see an atom, its structure and how it reacts with other 
atoms. Thus many students have difficulty in understanding the concepts in chemical bonding, and 
there is great potential for the formation of alternative conceptions.  

Alternative conceptions in chemical bonding 

Previous research, usually interviews or diagnostic tests with students in Grades 11 and 12 (aged 
16-18 years old), has identified a range of difficulties with understanding chemical bonding. Butts 
and Smith (1987) found that most of the 28 Grade 12 Chemistry students that they interviewed 
associated sodium chloride with ionic bonding and the transfer of electrons from sodium to 
chloride, but many did not understand the three dimensional nature of ionic bonding in solid sodium 
chloride. Ten students thought sodium chloride exists as molecules, and these molecules were held 
together in the solid by covalent bonds, while two thought that sodium and chlorine atoms were 
bonded covalently but that ionic bonds between these molecules produced the crystal lattice. A 
three dimensional ball-and-stick model of sodium chloride also caused confusion among the 
students as many interpreted the six wires attached to each ball (ion) as each representing some kind 
of bond.  
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In an effort to make better sense of these and related aspects of students’ understanding of bonding, 
Taber (1994) describes the tendency of students to think of an “ion pair molecule” as “molecular 
framework” and suggests why many students adopt the alternative molecular framework. Firstly, 
students believe that the atomic electronic configuration determines the number of ionic bonds 
formed. Secondly, they believe that bonds are only formed between atoms that donate/accept 
electrons. Finally they think that ions interact with the ions of opposite charge around them, but for 
those not ionically bonded these interactions are just forces. Results from the administration of a 
diagnostic instrument on ionic bonding (Taber, 1997) support the above conjectures. Taber (1998) 
argues that students’ use of the octet rule to explain chemical reactions and chemical bonding forms 
the basis of an alternative conceptual framework for understanding chemistry. This octet rule 
framework can be used to explain why students see bond types as a dichotomy, believe in ionic 
molecules and consider ‘proper bonds’ and ‘just forces’ to be ontologically distinct rather than just 
different in magnitude (p. 606). 

An alternative approach to identify students’ understandings with diagnostic tests found that 
students had difficulties with bond polarity, shape of molecules, polarity of molecules, 
intermolecular forces and the octet rule (Peterson, 1986; Peterson & Treagust, 1989; Peterson, 
Treagust & Garnett, 1989; Goh, Khoo & Chia, 1993; Birk & Kurtz, 1999). For example, Peterson 
and Treagust (1989) highlighted that intermolecular forces were incorrectly identified by 23% of 
the students in their study as the forces within a molecule and by 33% of the students as the forces 
present within a continuous covalent solid. The students were equating intermolecular forces with 
covalent bonds and were not aware of the variations in strength of covalent bonds compared with 
intermolecular forces. 

Diagnosing student understanding 

Methods used to determine students’ understanding of concepts include concept mapping (Novak, 
1996), interviews (Carr, 1996) and multiple choice diagnostic instruments (Treagust, 1988, 1995). 
However, multiple choice diagnostic instruments are more readily administered and scored than the 
other methods and thus are particularly useful for classroom teachers.  

The two-tier multiple choice diagnostic instrument on covalent bonding and structure developed by 
Peterson (1986) to determine Grade 11 and 12 Australian students’ alternative conceptions of 
covalent bonding could not be used to determine the alternative conceptions in chemical bonding of 
Secondary Three and Four students (14 to 17 year olds) in Singapore because much of its content is 
not taught at this level. Consequently, a two-tier multiple choice diagnostic instrument to identify 
Secondary Three and Four students’ alternative conceptions in basic chemical bonding was 
developed by Tan (1994). 

Treagust (1988, 1995) describes a methodology for developing two tier multiple choice diagnostic 
instruments to identify and evaluate students’ alternative conceptions in specific content areas. The 
procedures include the definition and validation of content boundaries defined through concept 
mapping and propositional statements, preparation of diagnostic items on areas of conceptual 
difficulty, and identification of students’ alternative conceptions and misunderstanding in regular 
classroom teaching, unstructured interviews and open-ended pencil-and-paper tests. This 
methodology has been used to develop diagnostic tests on covalent bonding (Peterson, 1986; 
Peterson & Treagust, 1989; Peterson et al., 1989; Goh & Chia, 1993; Birk & Kurtz, 1999) and on 
photosynthesis and respiration (Haslam & Treagust, 1987). 
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Development of the two-tier diagnostic instrument on chemical bonding 

Identification of subject content 

Three procedures were used to limit and specify the subject content related to the topic, chemical 
bonding. The steps were: 
• develop a concept map, 
• identify the propositional knowledge, 
• relate the propositional knowledge to the concept map. 

These three steps were necessary to ensure that the content and hence the development of the two-
tier multiple choice items was based on the concepts and propositional knowledge being taught to 
the students preparing for the G.C.E. ‘O’ Level chemistry examinations. The concept map and list 
of propositional statements were reviewed by a tertiary academic and an experienced chemistry 
teacher to ensure that the concept map and propositional statements fully met the requirements of 
the G.C.E. ‘O’ Level chemistry syllabus. Below is a portion of the list of propositional statements 
for chemical bonding. 

27. When electrons are added to or removed from an atom, the atom is no longer electrically 
neutral and becomes a charged particle, an ion. 

28. Ionic bonds form between atoms of metals and non-metals. 
29. Atoms of metals donate their valence electrons to atoms of non-metals when they react to form 

ionic compounds. 
30. The positive and negative charges must be equal in an ionic compound; an ionic compound is 

electrically neutral. 
31. The positively charged metal ions and the negatively charged non-metal ions are attracted 

together by strong electrostatic forces, forming ionic bonds. 
32. The octet rule is a useful guide to determine the number of electrons an atom will lose or gain. 
33. These strong electrostatic forces give ionic compounds high melting and boiling points. 
34. Ionic compounds are often used as refractory materials. 
35. Ionic bonds are easily broken by water molecules and hence ionic compounds often dissolve in 

water. 
36. When ionic bonds are broken, the ions are mobile and are able to conduct electricity. 
37. Metallic bonds form between atoms of metals. 
38. The atoms in a metal are packed very closely together. 
39. In metals, each atom gives up some electrons to become a positive ion; the electrons go into the 

spaces between the ions.  
40. Metals are described as consisting of positive metal ions in a sea of electrons. 
41. Metals can conduct electricity because of their delocalised electrons. 
42. Metallic bonding is the force of attraction between the negative electrons and the positive metal 

ions. 
43. Metallic bonding is very strong as metals have high melting and boiling points. 

Figure 1 illustrates how propositions are related to a portion of the concept map on chemical 
bonding. 
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Figure 1: Relating propositions to a portion of the concept map  
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Exploring students’ alternative conceptions 

Besides a review of the literature to determine student knowledge and alternative conceptions in 
chemical bonding, unstructured interviews were conducted and student-drawn concept maps were 
examined to explore students’ understanding of chemical bonding. Below are parts of the 
transcripts from two interviews with students indicating the areas they find difficult to understand. 

Student 1 
I: What are the bonds in sodium chloride? 
S1: I am not sure ... I can’t decide whether ionic or covalent bonds will be formed. 
I: Why can’t you decide? 
S1: I don’t know how sodium and chloride will combine. 

Student 2 
I: What do you find difficult to understand in chemical bonding? 
S2: I am confused between “atoms” and “ions” ... I am not clear on what ions are. 
I: What else do you find difficult? 
S2: I don’t know how to identify the types of compounds formed when elements react and I don’t 

know what “delocalised” means. 
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Development of test items 

The test items were developed using identified student conceptual difficulties and alternative 
conceptions from the literature, unstructured interviews and student-drawn concept maps. The items 
test students’ understanding of ionic bonding, covalent bonding as well as the structures of ionic 
compounds, simple molecular solids and giant molecules. A matching of the items in the test with 
the relevant propositional statements identified the propositions examined by each item. Two pilot 
studies were carried out to refine the test items and the final version of the test was reviewed by two 
senior chemistry teachers and a tertiary educator. Below are two examples of the items in the two-
tier diagnostic instrument. 

Q1. Sodium chloride, NaCl, exists as a molecule. 
 I True II False. 

Reason. 
A The sodium atom shares a pair of electrons with the chlorine atom to form a simple molecule. 
B After donating its valence electron to the chlorine atom, the sodium ion forms a molecule with 

the chloride ion. 
 C Sodium chloride exists as a lattice consisting of sodium ions and  chloride ions. 
D Sodium chloride exists as a lattice consisting of covalently bonded sodium and chlorine atoms. 
Q5. Graphite can conduct electricity because it has delocalised electrons. 
 I True II False 

Reason. 
A Only three of the four valence electrons of a carbon atom are involved in bonding and the 

fourth electron is delocalised. 
B Electrons escape from the covalent bonds in graphite and are free to move within the molecule. 
C Graphite can conduct electricity because it has layers of carbon atoms which can slip over each 

other. 
D Graphite can conduct electricity because in graphite, some carbon atoms are delocalised and 

they conduct electricity. 

Administration and results of the two-tier diagnostic instrument 

The test was administered in 1998 to 119 Secondary Four (15-17 years old) chemistry students 
from the same secondary school (Tan & Treagust, 1999). Secondary Four students were chosen 
because it was assumed that they would be familiar with concepts in chemical bonding as they had 
learned the topic the previous year and had more time to come to terms with the concepts compared 
to Secondary Three students. The students’ responses to each item of the test were collated 
according to their selection of particular response combinations. If a student did not select a 
response to both parts of an item, the item was not included in the analysis. 

The findings of the test indicate that many students in the sample were confused with respect to the 
differences between covalent and ionic bonding, the nature of continuous covalent and molecular 
lattices, and the differences between intermolecular and intramolecular forces. A high percentage of 
students also had difficulties in understanding the electrical conductivity of graphite. The problems 
students have in understanding covalent and ionic bonding, and the electrical conductivity of 
graphite are discussed in greater detail below.  
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In Question 1, students’ knowledge of the structure of sodium chloride is tested. Only 16.7% of 
Secondary Four students pointed out that sodium chloride forms an ionic lattice. A high percentage 
of the students (80.4%) believed that sodium chloride exist as molecules, and 46.1% thought that 
one sodium ion and one chloride ion formed an “ion pair molecule” (Taber, 1994). 

Taber (1994) and Tan (1994) believe that a factor which encourages students to adopt the molecular 
framework could be the way ionic bonding is presented. Teachers illustrate ionic bonding by 
drawing the transfer of an electron from a sodium atom to a chlorine atom to form a positive 
sodium ion and a negative chloride ion. They then point to the pair of ions and say that the sodium 
and chloride ions are attracted together by strong electrostatic forces. Thus the picture of a discrete 
unit of sodium chloride can be implanted in the minds of the students. Ionic lattices typically are 
only introduced a few lessons later when the students learn about the structure of solids, but many 
students do not make the link between the formation of ionic bonds and ionic lattices. 

Some students have the idea that when atoms of metals and non-metals combine, they form 
covalent bonds. They see that by sharing electrons, the non-metals complete their octet of outermost 
shell electrons, but they neglect the outermost shell of metal atoms. They need to draw out the 
“molecules” of ionic compound and have their attention focussed on the fact that the metal atom 
cannot achieve a stable octet if it forms covalent bonds. Taber (1997) suggests that the teaching of 
covalent bonding before ionic bonding could result in the learner tending to perceive ion-pairs as 
molecules and interpreting electrovalency as a determinant of the number of bonds a species forms. 

The findings on Question 5 illustrate that the many students in the sample did not understand the 
concept of delocalisation of electrons in graphite. Only 27.7% understood that only three of the four 
valence electrons in an atom of carbon in the graphite structure are involved in bonding, the fourth 
electron being delocalised within the layers of atoms, giving rise to the electrical conductivity of 
graphite. A number of students (13.7%) believed that the movement of the layers of atoms in 
graphite gives rise to its electrical conductivity. This might be because they were taught that mobile 
electrons and ions conduct electricity, therefore the layers of atoms also could conduct electricity 
because they could move. More than a quarter of the students thought that “delocalised atoms” were 
responsible for conducting electricity in graphite. In graphite, one carbon atom is bonded to three 
other carbon atoms but in diamond, one carbon atom is bonded to four other atoms. Thus, students 
may have the idea that in graphite, there are “free” carbon atoms which moves about and are 
responsible for conducting electricity in graphite. 

Conclusions 

The results from the administration of the bonding diagnostic instrument on chemical bonding 
agree with many of the findings from research on bonding conducted by, for example, Butts and 
Smith (1987), Peterson (1986), Peterson et al. (1989) and Taber (1994, 1997, & 1998). The research 
also highlights another area of student difficulty in bonding, the concept of delocalisation of 
electrons and the electrical conductivity of graphite. An important outcome of this study is the 
development of a diagnostic instrument that can be used by teachers of 14-17 year old students 
studying chemistry. To date, although considerable research has highlighted problems of students’ 
learning about chemical bonding, there are few avenues for classroom teachers to easily utilise this 
information. The availability of a pencil and paper, two-tier diagnostic instrument addresses this 
need. It is easy to administer and the results obtained can be analysed in a shorter time compared to 
student concept maps and interviews. It allows teachers to assess their students’ understanding of 
the concepts and propositional statements related to chemical bonding, and identify alternative 
conceptions during the course of instruction or immediately after the completion of the topic.  
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Duit, Treagust, and Mansfield (1996) state that investigating students’ conceptions not only reveals 
important insights into students’ ways of thinking and understanding, but also can help teachers to 
see their own views in totally new ways that can result in major reconstruction of their science 
knowledge or their conviction of how this knowledge should be presented in class. Teachers will be 
more receptive and willing to try or develop alternative teaching strategies if they find that their 
present methods are inadequate in addressing students’ difficulties. Thus the quality of teaching and 
learning would be raised as teachers would be teaching for understanding of concepts and not 
merely for the acquisition of facts (Peterson et al., 1989). 
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