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Abstract 

 Research in chemical education has shown that while students (K-20) can perform well 

on tasks that require use of algorithmic and symbolic skills, they struggle with tasks that 

require conceptual understanding of chemistry. One area where such a trend has been 

observed is the Particulate Nature of Matter (PNM). A number of factors have been 

attributed to this struggle in developing conceptual understanding, for example, the 

abstract nature of the subject and concepts, the fact that most teaching and assessments 

focus on algorithmic understanding of content, and a missing connections to students’ 

everyday lives. This semester-long grounded theory study examined college level general 

chemistry students’ conceptual understanding of the particulate nature of matter across 

three different types of reactions. Students were asked to balance the chemical equations, 

and then draw particulate representations of the reactions. A sample of 10 participants 

was interviewed to probe for their understanding of underlying chemistry concepts 

represented by the equations and their particulate drawings. The study sought to compare 

students’ understanding at the symbolic and particulate levels, look at trends across the 

different reactions, how the trends changed over the semester, and to reveal struggles 

with fundamental chemistry concepts.  Analysis of the results shows that there is a gap 

between students’ understanding at the particulate and symbolic levels, inconsistency in 

students’ understanding across the three chemical reactions over the course of the 

semester, and struggles with fundamental chemistry concepts. This study reinforces the 

need to teach and assess for conceptual understanding, not just in chemistry, but in other 

subject areas as well. Suggestions for teaching and research are also made. 
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CHAPTER I 

RATIONALE 

Knowledge in chemistry is commonly represented at three levels: macroscopic, 

particulate and symbolic (Johnstone, 1991). At the macroscopic level, changes in 

properties of matter are described in terms of characteristics that can be observed, such as 

color changes, and changes in the physical states. At the particulate level, matter is 

represented in terms of its constituent atoms, molecules or ions. At the symbolic level, 

physical properties and changes in matter are represented using a symbolic language 

which includes chemical formulas and mathematical equations. In order to develop a 

conceptual understanding of chemistry, learners not only have to be able to understand all 

three representational levels, but must also be able to translate between the levels fluently 

(Johnstone, 1991). However, most students’ chemistry knowledge resides almost 

exclusively in the symbolic realm (Gabel & Bunce, 1994; Nakleh, 1993; Nurrenbern, & 

Pickering, 1987; Sawrey, 1990). Unfortunately, knowledge residing at the symbolic level 

of representation (such as formulas and balancing of chemical equations) alone is not 

sufficient to explain and make sense of chemical phenomena and concepts (Hinton & 

Nakhleh, 1999).   

The particulate nature of matter (PNM) is a core concept in chemistry (Nelson, 

2002), on which modern chemistry concepts are based (Williamson & Abraham, 1995). 

Understanding the PNM is critical to understanding chemistry (Yezieski & Birk, 2006) 

since it provides a basis for explaining chemical concepts. Referring to the importance of 

PNM, Margel, Eylon, & Scherz (2008) note that understanding the concept of PNM 
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makes clear “relationships between structure, properties, and applications of materials, 

which will in turn help us understand phenomena in the world around us” (p. 135). Given 

that PNM is a core concept in chemistry (Nelson, 2002; Williamson & Abraham, 1995), 

it is necessary that students develop particulate level understanding not only in 

introductory chemistry courses, but in upper level chemistry courses. A firm grounding in 

the particulate nature of matter is therefore necessary for conceptual understanding in 

chemistry. This study seeks to uncover the level and nature of students’ understanding of 

PNM.  

Chemistry is commonly termed as an ‘enabling science’ because its core concepts 

are essential for almost every area of science, and a ‘gate keeper’ to many science areas, 

meaning that performance in lower college level chemistry courses grants or denies 

access to other science areas (Tai, Sadler & Loehr, 2005). Indeed, a number of concepts 

in chemistry provide the foundation for understanding in other scientific fields, such as 

biochemistry, nursing, chemical engineering, and medicine among others. Given the 

significance of chemistry as a subject, it is important that we investigate students’ 

conceptual understanding of core concepts which will be the key to future success in 

chemistry and other scientific disciplines. Getting a good grade using memorized 

algorithms will not do it; conceptual understanding is necessary (Nakhleh, 1993). Thus, 

this study seeks to establish whether students understand PNM at the algorithmic or 

conceptual level. 

In the last three decades, research has been done in the area of representations in 

chemistry, and whether students are able to demonstrate conceptual understanding of 
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chemistry concepts (e.g. Johnstone, 1991; Nakhleh, 1993; Treagust Chittleborough & 

Mamiala, 2003, Yarroch, 1985). In most, if not all studies, multiple choice items have 

been used, which force students to choose from provided responses. Multiple choice 

items do not allow researchers to know what range of conceptions students may have 

about PNM, since students are not required to elaborate on their responses or provide 

explanations. . Due to this reliance on forced-choice assessments, current research in 

chemistry education is lacking systematic investigations into the range of students’ 

understanding of the particulate nature of matter.  

 In this research study, I employ an open-ended drawing tool that allows students 

to demonstrate their understanding through their particulate representations without being 

restricted to force-choice responses as in a traditional assessment. This allows for the 

possibility of uncovering student understandings and misunderstandings not reported 

previously in the chemical education literature. Follow-up interviews provide a further 

chance for understanding more deeply students’ understanding and reasoning behind their 

representations of the particulate nature of matter through their drawings. 

Specifically, this research study explores students’ understanding of PNM through 

of the topic of chemical reactions. The concept of chemical reactions is central to the 

discipline of chemistry (Van Driel, De Vos, Verloop & Deckers, 1998). Reading a 

chemical equation requires an understanding of a number of concepts. These include 

reactants, products, the relationships between atoms in compounds, the physical states of 

reactants and products (state symbols), and the related quantitative aspects (Ben-Zvi, 

Eylon, and Silberstein, 1987). Asking students to draw particulate representations of 
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chemical equations therefore assesses for their understanding of all the information 

carried in an equation of a chemical reaction. This research study uses equations of 

chemical reactions because they help reveal the extent of students’ knowledge of all the 

information entailed in an equation of a chemical reaction. 

This research looks at students’ understanding of the particulate nature of matter 

across different types of reactions. The following research questions guided this study: 

1. How does students’ understanding of the chemistry of three reactions at 

the symbolic level compare to their understanding at the particulate level?    

2. How does students’ understanding of PNM vary across reaction types? 

3. How does students’ understanding of PNM change over the course of the 

semester? 

4. What struggles with fundamental chemistry concepts are evident from 

students’ particulate drawings? 

Statement of the problem 

The primary goal of chemistry instruction should be to develop conceptual 

understanding of chemistry concepts (Gabel, 1993). However, there exists a gap between 

students’ algorithmic problem solving skills and their conceptual understanding of 

chemistry concepts. A number of studies have demonstrated that students’ conceptual 

knowledge of chemistry concepts, such as gas laws and the mole concept, is inadequate 

in comparison to their algorithmic or numerical problem-solving skills. Many students 

can successfully solve mathematical problems in chemistry, yet they do not understand 
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the underlying chemical concepts (Gabel & Bunce, 1994; Nakhleh, 1993; Nurrenbern & 

Pickering, 1987; Sawrey, 1990). Unfortunately, this problem is not unique to high school 

students with limited exposure to chemistry concepts. Bodner 
 
(1991) investigated 

particulate level understandings of gases held by incoming chemistry graduate students 

and found that a significant percentage of these students were unable to correctly explain 

what was in a bubble of boiling water, or how barometers, hot-air balloons, and pressure 

cookers work. 

Students’ lack of conceptual knowledge in chemistry is partly attributed to the 

fact that chemistry instructors emphasize algorithmic problem solving and assess their 

students in ways that do not require them to demonstrate conceptual understandings of 

chemistry (Phelps, 1996). If the goal of teaching chemistry is to have students understand 

and solve both conceptual and algorithmic problems then both teaching and assessment 

strategies must foster this kind of thinking (Nakhleh, 1993; Pushkin, 1998). According to 

Nurrenbern and Pickering (1987), most high school and freshman general chemistry 

courses emphasize the application of algorithms to solve chemistry problems. For most 

teachers solving numerical problems that require algorithmic strategies in contrast to 

conceptual understandings is a major behavioral objective in high school and freshman 

chemistry courses (Sawrey, 1990).  How teachers plan, teach and assess their students 

therefore determines whether students can develop conceptual understanding.  

Potential Significance of the study 

 The results of this study will reveal students’ facility with PNM, a core concept 

in chemistry. At both the high school and college levels, this knowledge will help 
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instructors plan their instruction and assessment so that they can fill in the apparent gaps. 

This study uncovers misconceptions that students have in the particulate nature of matter. 

If misconceptions are not attended to, they may hinder subsequent learning (Duit & 

Treagust, 2003; Krishnan & Howe, 1994). It will also point to a need for coordination 

and continuity between high school and college science to ensure that practices that foster 

conceptual understanding are developed, encouraged and continued. 

This study reinforces the need for teaching and assessing for students’ conceptual 

understanding in chemistry. According to Pushkin (1998), in order to encourage students 

to develop conceptual and algorithmic understanding, we must provide opportunities 

where they are required to demonstrate an understanding of both forms of understanding. 

When students explain scientific phenomena either in writing or orally, their conceptual 

understanding of a given content area is enhanced (Fellows, 1994; Schumacher & Nash, 

1991). Questions that require students to identify and illustrate relationships between 

certain concepts help enhance learning (Sawrey, 1990). Science teachers need to be 

prepared and encouraged to find alternative ways of fostering conceptual understanding 

in chemistry, not just algorithmic problems.  

Overview of the next chapters 

Chapter II gives a summary review of literature on the three levels of 

representation in chemistry, teaching of the levels of representation in chemistry, and 

research into the teaching and learning of the levels of representation and the particulate 

nature of matter (PNM). Chapter III details the research methods employed in the study. 

Detailed descriptions of the study context, data collection and analysis are discussed. 
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Chapter IV presents data in the form of student drawings and interviews (in form of ten 

individual cases). Chapter V provides a detailed data analysis, giving a detailed 

description of themes emerging from drawing and interview data. In chapter VI, the 

conclusions, implications of this research study, and suggestions for future research are 

presented. In the chapter, the main themes emerging from the data are compared and 

contrasted with previous research.  
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CHAPTER TWO 

REVIEW OF LITERATURE 

Chemistry is commonly viewed as an enabling science and a gate keeper to many 

science majors (Dori & Hameiri, 2005). As an enabling science, many chemistry 

concepts form the basis of understanding in other disciplines, such as biology and 

biochemistry. Many science majors require that students take and pass introductory 

chemistry courses, as a pre-requisite before they can join those majors. Chemistry 

therefore gives or denies access to those majors, therefore acting as a gate keeper. 

Understanding chemistry requires an understanding of concepts around which the 

discipline is built, such as the particulate nature of matter.  

The particulate nature of matter (PNM) refers to the atomic, molecular and ionic 

interactions that lead to observable chemical phenomena (Bunce & Gabel, 2002; Gabel, 

1999; Johnstone, 1991). The importance of PNM in chemistry lies in the fact that most, if 

not all topics in the discipline are based on the idea of the particle nature of matter 

(Williamson & Abraham, 1995). Understanding of many topics in chemistry depends on 

an understanding of the particulate nature of matter; PNM is identified as the most central 

concept in science (chemistry), as it helps explain many aspects of chemistry (Harrison & 

Treagust, 2002; NRC, 1996). 

Curricular scope and sequence in science and other disciplines is organized in 

such a way that introductory courses are meant to equip students with the necessary 

background knowledge to enable them take upper level courses and other science 

disciplines.  Learning in science and other disciplines depends on what knowledge 
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students have already acquired. The knowledge that students bring into the classroom has 

an impact on their subsequent learning (Duit & Treagust, 1995, 1998, 2003). It is 

therefore important that teachers be aware of what their students already know, since if 

the prior knowledge consists of misconceptions, they can be detrimental to further 

learning (Krishnan & Howe, 1994). One reason cited for students’ difficulties in learning 

science, and chemistry in particular, is their teachers’ lack of understanding of what 

students already know (Krishnan & Howe, 1994). One crucial area that needs such 

investigation is students’ understanding of the particulate nature of matter since 

understanding the particulate nature of matter is critical to understanding chemistry 

(Krajcik, 1991;Yezieski & Birk, 2006).  

Conceptual understanding in chemistry involves an understanding of concepts, 

rules, algorithms, and the knowledge of why and when to use procedural knowledge 

(Paris, Cross, & Lipson, 1984). In terms of the different levels of representation 

(described in detail in the next section), conceptual understanding requires students to be 

able to discern what level they are working in, and how together, the three levels help to 

explain phenomena. For example, in a precipitation reaction, one observes a colored 

precipitate. By writing a complete molecular, complete ionic and net ionic equation, 

products (and hence the identity of the precipitate can be predicted and explained. This 

implies therefore that unless students understand the particulate nature of matter (the 

particulate level), they will not be able to make sense of and explain such chemical 

phenomena.  
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Representations of Chemistry 

Chemistry is represented at three levels: macroscopic, particulate and symbolic 

(Johnstone, 1991; Treagust  et al., 2003). At the macroscopic level, changes in properties 

of matter are described in terms of characteristics that can be observed, such as color 

changes, and changes in the physical states among others. In the particulate (or sub-

microscopic) level, matter is represented in terms of its constituent atoms, molecules or 

ions. At the symbolic level, physical properties and changes in matter are represented 

using a symbolic language which includes chemical formulas and equations. Hinton & 

Nakhle (1999), summed up the relationship between the three levels, saying that “a 

properly balanced chemical equation is a graceful quantitative statement of the behavior 

of matter on a submicroscopic scale, observed implicitly through macroscopic properties 

and recorded in a concise symbolic and algebraic language” (p. 213). Figure 2.1 below is 

a diagram showing that the three levels are connected, implying that together, they are 

integral to explaining chemical phenomena. The submicroscopic/particulate level depicts 

the particulate nature of matter (Gkitzia, Salta & Tzougraki, 2011). 
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Figure 2.1. Diagram of three levels of representation in chemistry (Coll & Taylor 2002) 

According to Johnstone (1991), a major challenge in learning chemistry is that the 

subject requires individuals to simultaneously engage the three levels of representation. 

Understanding chemistry requires that students understand, represent and translate 

between the three levels of representation, since the three levels are integral in 

understanding chemistry concepts (Treagust et al., 2003).  

While chemists fluidly navigate between and within these three worlds, research 

studies suggest that students at both the secondary school and college level are less facile 

in their abilities to navigate between different representations and that their knowledge 

resides primarily in the symbolic realm (Gabel & Bunce, 1994; Nakleh, 1993; 

Nurrenbern, & Pickering, 1987; Sawrey, 1990). Many students are not only unable to 

navigate through the three levels of representation  (Krieg & Rubba, 1993), but they also 

have a hard time making connections between the three types of representations and the 

underlying chemical concepts (Kozma, 2000). These difficulties can be associated with 
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the abstractness of the particulate nature of matter (Ben-Zvi, Eylon, & Silberstein, 1986), 

students’ inadequate mental models (Williamson & Abraham, 1995), and a seeming lack 

of association between school science and the students’ experiences outside the 

classroom (Osborne & Freyberg, 1985).  

The inability by students to associate classroom science to “real life” science 

maybe due to the fact that opportunities to make the connections are rarely provided in 

the science classroom and also due to the fact that terminologies may have different 

meanings in the classroom than the ones they take outside the classroom (Wu, 2003). 

Students’ difficulties in understanding and using the three levels of representation can 

also be attributed to a number of factors, such as lack of opportunities to experience 

macroscopic phenomena, either through laboratory activities or demonstrations (Nelson, 

2002), conventions used in the symbolic level are hard to understand (Marais & Jordaan, 

2000), misconceptions that students bring into class, especially on the particulate nature 

of matter (Harrison & Treagust, 2002), and the fact that students struggle to navigate 

between the three levels (Gabel, 1998). Students’ lack of understanding of PNM has been 

attributed to ineffective instruction (Johnstone, 1993), chemistry teachers’ lack of 

understanding of PNM (Gabel, 1993), misleading and inaccurate representations in 

chemistry and science text books (Adbo & Taber, 2009; Harrison & Treagust, 2002). 

Each of the three levels of representation has a different language (Hinton & 

Nakhleh, 1999). However, it is also possible that two levels could share the same 

language. It is expected that students understand the language used at each of the levels. 

For example, at the symbolic level, one deals with state symbols or physical states, 
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subscripts and superscripts. Students are expected to not only know the meanings of the 

terms, but relate them to other levels. For example, one has to not only know the meaning 

of the physical state of a gas, but be able to also represent what that looks like at the 

particulate level. Students have been found to struggle most with the symbolic and 

particulate representations, because they are not only abstract, but that students cannot 

see and feel them (Griffiths & Preston, 1992). Students’ thinking is influenced by how 

much sensory information they can experience about a phenomena (Chandrasegaran, 

Treagust & Mocerino, 2007), a fact that explains why they do not experience as much 

difficulty with the macroscopic level.  

The macroscopic level is observable, and forms much of the basis of instruction in 

chemistry. To explain phenomena at this level requires that one thinks in terms of, and 

uses the symbolic and particulate levels (Treagust et al., 2003). For example, the 

symbolic level is commonly used to describe macroscopic phenomena, through equations 

and graphs, while the particulate level is also used to explain macroscopic phenomena, 

using electrons, molecules and ions (Treagust et al., 2003). Attaining the competence to 

shift from one level to another is necessary for understanding chemistry.  

While much of research on students’ understanding of the levels of representation 

in chemistry has pointed to struggles at the particulate level (e.g. Johnstone 1991; Kern, 

Wood, Roehrig & Nyachwaya, 2010; Nyachwaya, Mohammed, Roehrig, Kern, Wood & 

Schneider, 2011), students’ struggles with the symbolic level of representation have been 

documented in chemical education. In a study involving college students, Abraham, 

Williamson and Westbrook (1994) found that the students struggled with subscripts and 
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coefficients and the role that they played in a balanced equation. Similarly, Naah and 

Sanger (2012) found that many of the undergraduate students in their study did not know 

the rules for using subscripts and coefficients in a chemical formula. Students’ struggles 

with subscripts and coefficients have been reported in other studies (Yarroch, 1985; Al-

Kunifed, Good, & Wandersee, 1993., 1993; Sanger, 2005; Nyachwaya et al.,, 2011),  

Another aspect of students’ struggles with the symbolic level of representation 

involves interpreting the symbolic language. Kern et al., (2010), found that high school 

students in their study drew ‘dyslexic water’ (HO2) instead of H2O, indicating difficulty 

in associating the subscript to hydrogen instead of oxygen. Nyachwaya et al., (2011) in a 

study involving freshman college chemistry students found cases where students drew 

2HCl as HCl2, showing that the students misinterpreted the coefficient. 

Another area in which the effects of the lack of understanding of the three levels 

of representation have been noticed is the mole concept (Herron, 1990). Students’ 

inability to translate between levels of representation has been found to inhibit their 

understanding of the mole concept, especially if they are not able to move between a 

chemical symbol and units of measurement, or if they cannot figure out the type of 

particles taking part in the chemical reaction (Staver & Lumpe, 1997; Dori & Hameiri, 

2003). 

Chemistry teaching and levels of representation 

While students may know the chemistry at the various levels (Chandrasegaran et 

al., 2007), they do not have the same capacity that chemists have attained in recognizing 

the roles that each of these levels play in explaining various aspects of a chemical 
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reaction. In a study on students’ understanding of the nature of matter, Ben-Zvi, Eylon, & 

Silberstein, (1986) found that many students’  knowledge ends at the macroscopic level, 

where they for example  thought of water as being composed of tiny drops instead of its 

constituent elements, oxygen and hydrogen. Some students do not see the link between 

the particulate nature of matter and macroscopic properties of matter, particularly how 

interactions at the particulate level lead to observable phenomena (Driver, Asoko, Leach, 

Mortimer, & Scott, 1994; Krnel, Watson, & Glazar, 1998).  

It is important that teachers be explicit, not only about the levels of representation, 

but also how each level fits with a given situation (Hinton & Nakhleh, 1999). High 

school teachers move through the three levels during instruction without necessarily 

pointing out to their students how the three levels are related, and the roles they play in 

explaining phenomena (Gabel, 1999; Treagust et al., 2003). It is important that during 

instruction, the three levels of representation are not portrayed as separate. Instructors 

should provide a context in which all three levels come into play. An example could be a 

precipitation reaction, where students not only describe the precipitate, but also write 

both molecular and ionic equations for the reaction. 

Traditional forms of teaching chemistry do not help students understand the 

particulate interactions that are responsible for observed phenomena (Gabel, 1993; 

Nakhleh & Mitchell, 1993; Nurrenbern & Pickering, 1987; Sawrey, 1990). These 

approaches leave out particulate diagrams that would help show the interactions between 

particles, while only stressing the use of chemical and mathematical symbols and 

equations (Bunce & Gabel, 2002). Two dimensional drawings of atoms molecules and 
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ions are used to teach PNM, where dots and circles are used to represent these species 

(Bunce & Gabel, 2002). This notation is also commonly used in text books (e.g. 

Silberberg, 2005). It is only through explicit teaching, using such strategies such as paper 

and pencil static diagrams or using computer simulations, that students can be guided to 

understand interactions between particles (Bunce & Gabel, 2002). Computer animations 

also help demonstrate the dynamic interactions of the particles involved (Williamson & 

Abraham, 1995). Research has shown that explicit teaching of the PNM has been found 

to have a differential effect on females, where they have been found to score better in 

assessments than those who are not exposed to explicit teaching (Bunce & Gabel, 2002).  

Conventional chemistry teaching focuses on getting the correct answer, 

emphasizing formulae instead of focusing on judgment and reasoning. This kind of 

teaching leads to rote or algorithmic learning.  According to Nakhleh & Mitchell (1993), 

this kind of teaching focuses on ‘how to get the correct answer, thereby hindering 

meaningful learning which could lead to understanding of chemistry concepts (Dori & 

Hameiri, 2003). There is an implicit assumption here that students’ ability to solve given 

problems and get the ‘correct answer leads to conceptual understanding (Tsaparlis, 2005). 

Research has however shown that many students do not necessarily understand the 

concepts behind the problems (Bodner, 2003; Teichert & Stacy, 2002). Meaningful 

learning in science takes/entails conceptual understanding as opposed to rote 

memorization (Adadan, Trundle, & Irving, 2010). Students who lack a conceptual 

understanding of chemistry end up with isolated pieces of information, without a clear, 

coherent framework of organization. Research on the levels of representation in 
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chemistry shows that students who rely on algorithms or rote memorization do not have 

conceptual understanding of the macroscopic, symbolic or particulate levels of 

representation, and how they are related (Bunce & Gable, 2002; Bodner, 1991; Nakhleh, 

1992, 1993; Treagust et al.,2003; Yarroch, 1985). Memorized algorithms interfere with 

students’ ability to understand science (chemistry) at the conceptual level, as well as 

developing higher order thinking skills (Dori & Hameiri, 2003; Nakhleh & Mitchell, 

1993). Meaningful learning in science entails conceptual understanding as opposed to 

rote memorization (Adadan et al.,2010). 

Since we are not able to see how atoms, molecules and ions bond and interact, it becomes 

necessary to use models to explain what is going on at the macroscopic level (Coll & 

Treagust, 2002). Models of chemical bonding help us explain the physical and chemical 

properties of substances. The models of bonding can be used to explain macroscopic 

properties, especially when a clear link is made between the models and concepts 

associated with them, and experimental data. These models especially help us visualize 

what happens at the particulate level. Understanding what goes on at this level is 

therefore necessary in understanding the various types of bonding. As Coll & Treagust 

(2002) note, care has to be taken while using models to ensure that their use does not lead 

to misconceptions. 

Research on students’ understanding of PNM 

The ideas of particles (such as protons and electrons), geometry, chemical 

bonding, periodicity and electronegativity are central to understanding PNM and are 

therefore central to many topics taught in a general chemistry curriculum. Students’ 
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understanding of general chemistry relies on their understanding of PNM and these 

related and enabling ideas. For example, Nicole (2001), in stressing the important of 

understanding PNM, notes that for students to understand reactivity, they must first 

understand how interaction of molecules depends on their structure/geometry. Research 

in chemical education has however shown that students struggle with many of the ideas 

related to PNM (Johnstone 1991, Kern et al., 2010; Nyachwaya et al.,, 2011; Treagust et 

al., 2003). 

Chemical bonding is one of the most important topics in chemistry, at secondary 

school and college levels which relies on students’ understanding of PNM. Many 

teachers, chemical educators and students however find chemical bonding difficult and 

complicated (Gabel, 1999; Levy Nahum, Hofstein, Mamlok-Naaman, & Bar-Dov, 2004; 

Taber, 2002). Many students end up developing misconceptions about bonding such as 

the belief that there are intramolecular forces in ionic compounds (Taber, 1995, 1998), no 

bonds between molecules of polar substances such as water (Birk & Kurtz, 1999; 

Griffiths & Preston, 1989), and that continuous ionic (and covalent) lattices contain 

molecular species (Birk & Kurtz, 1999; De Posada, 1997; Peterson, Treagust, & Garnett, 

1989; Taber, 1998).  

Bonding is one aspect of chemistry related to the particulate nature of matter that 

many students struggle with (Smith & Nakhleh, 2011). Coll and Treagust (2002), in a 

study looking at students’ mental models of bonding, found that high school and college 

students used a simple model to depict ionic bonds, where they thought of them as 

attractions between charges. While participants in the study described ionic bonding as 
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involving electron transfer, they used overlapping circles in their drawings, a feature 

characteristic of covalent bonding. Nyachwaya, et al., (2011) found similar results in a 

study involving college freshman chemistry students, where most of the students in the 

study use a covalent bond model to represent ionic compounds. Peterson, Treagust & 

Garnett (1989) found that some learners believed that ionic substances are made up of 

covalent bonds. Learners may also not to be aware of the fact that chemical bonding 

involves electrostatic forces (Boo, 1998). Students sometimes think that attraction 

between two species with opposite charges will result in a neutral charge instead of a 

bond. Indeed, in teaching, and in text books (e.g. Silberberg, 2005), the definition of 

electrical neutrality of an atom is based on the balance between the positive and negative 

charge. Students for example think of sodium chloride as being molecular (Barker & 

Miller, 2000; Coll & Treagust, 2001; Harrison & Treagust, 2000). In text books, and 

many classes where the concept of full shells is taught, students have come to believe that 

in compounds like sodium chloride, sodium can only form one bond. This makes the idea 

of a sodium chloride lattice confusing to students (Taber, 1998). 

In a study on undergraduate students’ understanding of the process of dissolving 

ionic compounds in water, Naah and Sanger (2012) found incidences of students writing 

equations with incorrect charges, such as a divalent lithium ion and a sulfate ion with a 

net positive charge. In this study, the researchers found students attributing molecular 

ions to the fact that neutral elements such as bromine and chlorine bond together as 

diatomic molecules. The authors also had cases of student equations where charges and 

atoms were not balanced. Nyachwaya et al., (2011) encountered student drawings with 
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the wrong valence or overall charge, and species such as water and carbon dioxide shown 

as charged. 

Periodic trends are an area where chemistry students have been found to struggle. 

One such trend involves atomic and ionic sizes. Referring to the importance of ionic size, 

Coll and Treagust (2003) noted that the significance of ion size, for example, should be 

related directly to the notion of covalency. In other words, rather than simply noting that 

the lithium ion is small (which might not be seen as particularly significant by learners), 

this fact should be related to its polarizing ability. Coll and Treagust (2003) also noted 

that the models used in teaching could be a source of student misconceptions related to 

trends in particle size. They caution that if care is not taken, teachers could inadvertently 

introduce misconceptions while trying to help students understand bonding at a general 

level. For example, models where species are depicted as being the same size will 

mislead students to think that all atoms and ions have the same size. Nicoll (2001), in a 

study involving undergraduate students, found that students could correctly state trends 

the atomic radius for groups of elements in the periodic, they gave wrong explanations 

for the trends. In this study Nicoll (2001) found that students attributed atomic size to the 

number of electrons. Specifically, the students believed that as more electrons were added 

to an atom, the size increased. Similarly, Nyachwaya et al., (2011) in a study involving 

college general chemistry students found cases of students drawing a water molecule 

where hydrogen atoms were portrayed as being larger than oxygen atoms, or a methane 

molecule in which carbon and hydrogen atoms were drawn as having the same size. 
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The knowledge of molecular geometry is critical as students move into organic 

chemistry, for example in understanding SN1 and SN2 reactions (Nyachwaya et al., 2011). 

Chemistry students unfortunately struggle with this concept. In a study involving college 

students, Kelly and Jones (2007) found that students drew linear water molecules. In a 

study looking at college students understanding of PNM, Nyachwaya et al., (2011) found 

that students drew linear water molecules and bent carbon dioxide molecules. 

Understanding the nature and behavior of polyatomic ions, specifically that they 

react as a single unit is an important idea of general chemistry (Nyachwaya et al., 2011). 

In a study involving undergraduate students, Naah and Sanger (2012) found students 

breaking carbonate and sulphate ions into smaller particles. The authors attributed this 

misconception to the fact that during teaching, chemistry instructors show carbonate salts 

reacting with acids and breaking down into carbon dioxide and oxide ions. Smith and 

Metz (1996) found that students broke hydroxide groups into hydrogen and oxygen 

atoms. Nyachwaya et al., (2011) found that students drew dissociated polyatomic ions for 

both nitrate and carbonate ions. 

The concept of chemical reactions is central to the discipline of chemistry (Van 

Driel, De Vos, Verloop & Deckers, 1998). Reading a chemical equation requires an 

understanding of a number of concepts related to PNM. These include reactants, 

products, the relationships between atoms in compounds, the physical states of reactants 

and products (state symbols), and the related quantitative aspects (Ben-Zvi, Eylon, and 

Silberstein, 1987). Despite the importance of the concept, research has shown that 

students struggle with ideas related to chemical reactions. For example, in a study 
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looking at how students classified chemical reactions, Stains and Talanquer (2008) found 

that that while some students used discipline-based groupings (such as acid-base), a good 

number used non-discipline based groupings, based on surface features like the physical 

states of the reactants and products.  

The foregoing discussion focused on the levels of representation in chemistry and 

the particulate nature of matter, pointing to research and teaching on various aspects 

related to the particulate nature of matter. This study will describe college students’ 

understanding of the particulate nature of matter by comparing their understanding at the 

symbolic and particulate levels, and their understanding of the chemistry underlying three 

equations of chemical reactions. In the next chapter, I describe the methodology, methods 

and data that help answer the four research questions stated in chapter 1. 
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CHAPTER III 

RESEARCH METHODS 

Research Design 

The purpose of this study was to investigate college students’ understanding of 

the particulate nature of matter across different types of reactions. This study is 

qualitative in nature. It sought to elicit student drawings of three reactions, and to further 

probe their understanding of the chemistry behind the three reactions through interviews. 

This study ultimately seeks to answer the following research questions: 

(a) How does students’ understanding of the chemistry of three reactions at the 

symbolic level compare to their understanding at the particulate level?    

(b) How does students’ understanding of the particulate nature of matter (PNM) 

vary across reaction types? 

(c) How does students’ understanding of PNM change over the course of the 

semester? 

(d) What struggles with fundamental chemistry concepts are evident from 

students’ particulate drawings? 

Context of the study 

The data for this study were collected in a freshman general chemistry class at a 

campus of a mid-western university in the U.S., from 51 students during the fall semester 

of 2010. The campus is part of a large public university. This site was chosen because 

their class sizes are relatively small (about 100 students) and the fact that the class 
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instructor values conceptual understanding and uses student centered teaching 

approaches. 

One year of high school chemistry is a pre-requisite for this course.  In this group 

the high school chemistry experience of the general chemistry students ranged from one 

semester to four semesters. While some of the students enrolled in the course will be 

going into science fields such as engineering and biochemistry, there are some are taking 

the class to meet a graduation requirement and not in their first year of college. The class 

met three times a week for 50 minutes in a lecture hall. Each student was expected to 

attend one laboratory session each week, led by the course instructor. The instructor held 

a tutorial session once a week as an additional forum for students to ask questions on 

what they covered during lecture. The sessions were always well attended. 

The class instructor holds a graduate degree in chemistry with a research focus in 

chemistry education. She has been teaching in higher education for twelve years and has 

been at her current institution for four years. The instructor of the class was a dedicated 

teacher and committed to familiarizing students with the three representations of 

chemistry throughout the course. She explicitly included particulate drawings and 

thinking into her classrooms lectures and activities. Following suggestions from 

chemistry education research (e.g. Bunce & Gabel, 2002) and the previous semester’s 

assessment data, the instructor explicitly addressed the particulate nature of matter and 

particulate representations of the chemistry concepts included in the course. Explicit 

instruction on particulate representations was included in the first topic in the course: 

elements, compounds and mixtures using a series of activities (Taber, 2002, pp. 1-16). 
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Active learning instructional strategies were used throughout the course, including 

interactive lectures with embedded clicker questions offering think-pair-share 

opportunities for students, and the use of POGIL (Process-oriented Guided Inquiry 

Learning) activities, allowing students to explore and develop concepts (Eberlein, 

Kampmeirs, Minderhout, Moog, Platt, Varma-Nelson & White, 2008).  

Course activities and discussion for the first unit were focused on how to 

represent elements and compounds using particulate drawing and translating between 

symbolic (molecular formulas, H2O) and particulate (H-O-H). The use of particulate 

drawings was reinforced in each subsequent unit, for example, in the second unit students 

were introduced to ionic compounds including drawings and explicit discussion about 

treating ions as individual particles within a matrix of ions. In a subsequent unit, students 

explored connections between symbolic and particulate representations in balanced 

equations, stoichiometry, and limiting reactant stoichiometry using POGIL activities 

developed by the course instructor. Course material on solution stoichiometry was 

presented using interactive lectures that included many PNM examples on how to 

represent ionic compounds in solution. In these PNM ionic solution examples, solvent 

water was sometimes shown and sometimes purposely omitted from the diagrams. In the 

spring 2010 term, an activity was used to develop students’ ability to represent the PNM 

for a precipitation reaction (Taber, 2002, pp. 95-102). In the final unit of the course 

students are introduced to atom and ion size, VSEPR theory and molecular geometries. 

Table 3.1 below the content and dates when topics were covered in the course. 

 



 

 26 

Table 3.1. 

Details of course content and assessments 

Date Lecture/ Discussion Topic Chapter Content and Test dates 

9/3 Introductions and Chapter 1 The Chemical World 

9/7-9/10 Chapter1 (cont.)  

9/13-9/17 Chapters 2 and chapter 3  Measurement and Problem Solving 

Matter and Energy 

9/20-9/24 Chapter 3 9/22: Test 1 (Chapters 1-2 and part 3) 

9/27-10/1 Chapter 3 (cont.)  

10/4-10/8 Chapters  3 and 4  Atoms and Elements 

10/11-10/15 Chapter 4 (cont.) 10/13 & 10/15 Test 2 Part 1 & Part  2 (Chapter 

3 and part of 4)**10/14:  

10/18-10/22 Chapter 6 Chemical Composition 

10/25-10/29 Chapter 6  and chapter 7 Chemical Reactions 

11/1-11/5 Chapter 7 (cont.)  

11/8-11/12 Chapter 8 Quantities in Chemical reactions 

11/15-11/19 Chapter 8 (cont.)  11/19 & 11/22: Test 3 Part 1 & Part 2 (part of 4, 

6, 7, and  8) 

11/22-11/24 Chapter 9  Electrons in Atoms and the Periodic table 

11/29-12/3 Chapter 10  Chemical Bonding 

12/6-12/10 Chapter 10 (cont.) 12/10: Test 4 (8-9, part 10) 

12/13 Chapter 10 (cont.) Chemical Bonding 

12/17 Comprehensive Final Exam   
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Participants 

 Data were collected from a freshman general chemistry class at a university in 

the mid-western United States. 51 students consented to have me look at their responses 

to test items that were part of my research study. Interview participants were recruited 

during class time, at the end of a class session midway through the semester. Consent 

forms were passed around, for volunteers to provide their contact information. 17 

students initially volunteered, but only 11 were interviewed due to scheduling difficulties. 

One of the interviewees could not stay long enough to complete the interview, and 

therefore that data was left out during analysis. Table 3.2  provides demographic 

information for the interview participants. 

Table 3.2.  

Summary of interview participants’ demographic information 

 

 

Name Year  Gender Major Semesters of 

HS chemistry 

Mary Freshman F Chemistry Four 

Maggie Freshman F Undecided Two 

Julie Freshman F Pre-med Four 

Irene Freshman F Biotechnology Two 

Alex Freshman F Biochemistry Four 

Alexus Sophomore F Food Science Two 

Frankline Freshman M Conservation Two 

Jayne Senior F Biomedical Sciences Two 

Antonio Freshman F Health / Human performance One 

Randy Senior M Psychology One 
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Data collection 

Two forms of student data were collected for this study: Students’ written 

responses to each of the three open-ended drawing questions and Student Interviews.  

Written Data Collection 

The drawing items (see Figure 3.1) were administered as part of three separate 

mid-term examinations over the course of the semester (see Table 3.2 for timeline).  

 

Figure 3.1. Open-ended drawing response questions used in the study 
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Table 3.3 below shows a timeline of for data collection. The first written 

assessment item was part of the second mid-term examination; the second written 

assessment item was part of the third mid-term examination, while the third written 

assessment item was part of the final examination.  Interview data were collected one and 

a half weeks before the final examination, and therefore came before the third test item 

above was attempted by the class.  

Table 3.3 

Timeline of data collection 

Event Date 

Test 2 10/14/2010 

Test 3 11/19/2010 

Interviews 12/06/2010 – 12/08/2010 

Comprehensive final course exam 12/17/2010 

 

Interview Data Collection 

During the interview, the three written assessment items (see figure 3.1)  were 

presented to the participants. The participants were asked to first balance the equations, 

explaining each step they took in the process of balancing.  As each participant drew 

particulate representations of the three reactions, they were asked questions (both generic, 

and specific to their drawings) to help uncover the thinking and reasoning behind their 

drawings. A copy of the interview questions is in Appendix A. 

Participants were interviewed over three days in the fall semester of 2010 as 

schedules permitted. Interview time ranged from 47 to 55 minutes. Interview questions 

were semi-structured, open-ended, and followed the guidelines of Reuben (2003). At the 
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time of the interview, students had not attempted the third equation (the reaction between 

dilute hydrochloric acid and calcium carbonate). Data on students’ drawings shows that 

the interviewees did not necessarily get an advantage over the rest of the class from 

having seen the third equation a week before they took their final course examination. 

Those who drew conceptually appropriate representations of the equation in test item 

three above during the interview got the question correct in the final examination of the 

course, while those who did not draw appropriate particulate representations of the 

equations in the item  still failed to get the question correct in the final examination.  

Data Analysis 

Data analysis took place on several levels. At the level of each equation/question, 

responses were first scored for balancing, by looking at the coefficients that students 

calculated. When correctly balanced, the three equations would be: 

_1_CH4 (g )  +   _2_O2 (g)  →  _1_CO2 (g)  +  _2_H2O (g) 

_2_ AgNO3(aq) + _1_ CaCl2(aq)  →  _2_ AgCl(s) +_1_ Ca(NO3)2 (aq) 

_2_HCl (aq) + _1_CaCO3(s) → _1_CaCl2 (aq)  +  _1_H2O (l)  +  _1_CO2 (g) 

Each of the students’ drawings was then reviewed for conceptual appropriateness. A 

response considered appropriate will have the correct reactant and product species, the 

correct charges on the species, the nature/types of bonding clearly and correctly depicted 

(depicted as atoms bonded through lines (representing bonds) or through ‘touching 

circles’), and a physical state consistent with the information provided and the species 

drawn. I used the instructor’s notes and answer keys as part of the determination. 
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Specifically, in equation one, the molecules should have the correct molecular 

geometry, with constituent atoms having appropriate sizes relative to each other. The 

molecules should be portrayed as neutral species, with no charges on them. These criteria 

were also applied to water and carbon dioxide in equation three.  

Equation 2 being an ionic reaction has to have ions depicted at the particulate level, 

with anions and cations in each compound clearly indicated. Each cation and anion has to 

have the correct charges (valence) with respect to the compound that they constitute. The 

particulate drawings also should show the nitrate ion, a polyatomic ion as reacting as a 

single unit. For equations 2 and 3, students need to show the three ionic compounds in the 

reaction dissociated into constituent ions, with the ions showing the correct charge in the 

given compound. Figure 3.2 shows sample student drawings considered conceptually 

appropriate. 

(a) 

 

(b) 
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(c) 

 

 

Figure 3.2. Sample student drawings considered conceptually appropriate. 

Data analysis began with grouping data into two broad categories of appropriate 

and inappropriate particulate representations. The categories are based on a set criteria, or 

a comparison (Merriam, 2009) which in this case are drawings considered by the 

instructor as appropriate particulate representations of the three chemical equations, as 

described above. Membership into the class of appropriate particulate representations 

required all aspects described above for each reaction to be correct. The inappropriate 

category was further detailed through the identification of sub-categories. Sub-categories 
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refer to attributes that help ground the category in the data (Charmaz, 2006). Grounding 

of the categories/theory in the data therefore relies on using the data to generate ideas 

(Merriam, 2009). These sub-categories serve as both analytic and sensitizing roles, not 

only helping characterize students’ understanding, but also construct relationships 

between the sub-categories. These sub-categories will be described in detail in chapter 

four. 

Initial data analysis occurred at different times since the test items were 

administered at three different times, and involved three stages. In the first stage, all 

student responses were scored for correct balancing, by looking at the coefficients filled 

in. The second stage involved looking at student responses in order to develop sub-

categories from the student drawings. Initial codes were informed by previous research 

(Kern et al., 2010; Nyachwaya et Al., 2011). The drawings were also reviewed to check 

for emerging categories. Development of the coding guide was an iterative process. For 

each test item, the initial coding of students’ drawings was followed by a second one after 

about two weeks to see if I could come up with the same categories or if new ones 

emerged. These two stages took place after each test was administered. With both forms 

of data collected, I analyzed the data using the “constant comparative method”, where I 

compared students’ drawings (written data) with interview data to see if there were any 

similarities. This helped to identify patterns in the data. 

As a characteristic of grounded theory, I wrote memos as I analyzed students’ 

drawings and interview data. During analysis of students’ drawings data, the memos 

focused on emerging themes in the data, which also helped inform interview questions. 
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With interview data, the memos referred to emerging themes, some of which were a 

confirmation of themes seen in the drawings. The memos were mostly interpretive 

(Merriam, 2009). 

According to Charmaz (2006), grounded theory methods consist of “systematic 

inductive guidelines for collecting and analyzing data to build middle-rage theoretical 

frameworks that explain the collected data “(p. 509). I coded the data (students’ 

drawings) as soon as they took each test. My interpretation of the data shaped the 

emergent codes. I developed initial codes by looking at each student’s drawings and 

defining what I thought the student did. I kept going back to the data until I felt that I had 

reached saturation. These initial codes provided a starting point for subsequent analyses. 

The initial coding pointed to gaps in students’ understanding of PNM, while giving leads 

on the areas that would be the focus of the interviews. It also gave background ideas that 

informed the overall research problem (Charmaz, 2006). These codes were a provisional 

set of categories explaining students understanding of PNM. 

The first question in this research study seeks to compare students’ understanding 

at the symbolic and particulate levels. To answer the question, I looked at the number of 

students (percentage) who are able to correctly balance the given chemical equations, and 

draw appropriate particulate representations for each reaction. This gave an indication of 

whether students understood the chemistry portrayed at the symbolic and particulate 

levels. This analysis was also be supported by interview data. To answer the second 

research question on how students’ understanding of PNM varies across different types of 

reactions, I looked at how many students drew appropriate particulate representations of 
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each reaction. This comparison gave me an idea of which reaction students found easy to 

represent at the particulate level as well as which reaction students struggled with most. I 

also looked at the sub-categories of inappropriate particulate representations of each 

reaction. This helped me to determine which sub-categories were common to the three 

reactions. 

To answer the third research question on how students’ understanding of PNM 

changed over the course of the semester, I looked at the proportion of students drawings 

fitting into the category of appropriate particulate representations, to see what trend they 

indicated-whether students were getting better at understanding and representing 

reactions at the particulate level. This would be indicated by whether the percentage of 

students drawing appropriate particulate representations increased or decreased over the 

course of the semester. Also, since the three reactions are different (reaction one is 

mainly molecular, two is mainly ionic and three is a mixture of molecular and ionic 

compounds), I compared the sub-categories of inappropriate particulate representations in 

reaction 1 to those sub-categories pertaining to molecular compounds in reactions three. I 

also compared proportions of students’ drawings in the sub-categories of inappropriate 

particulate representations in reaction 2 to those pertaining to the ionic compounds in 

reaction 3. Depending on whether the proportion of students’ drawings is going up or 

down, I was able to conclude on how students understanding of PNM changed over the 

course of the semester. 

Finally, to investigate research question 4, on the struggles that students have with 

fundamental chemistry concepts, I reviewed all student drawings of each of the three test 
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items. I compared students’ particulate drawings with the criteria set by the course 

instructor and the models used in the course, and began to speculate on what students 

were struggling with based on their particulate drawings. I wrote a ‘memo’ under each 

drawing, if it was lacking in one or more aspects. My analysis was guided by past 

research (e.g. Coll & Treagust, 2001; Kern et al., 2010; Nyachwaya et al., 2011; 

Yezierski & Birk, 2006). I also reviewed interview data and students’ drawings during 

the interview to find out if there are any struggles. I wrote memos as I read each 

interviewee’s transcript. The memos were notes on what each interviewee understood and 

what they struggled with. The table below summarizes the type of data that was collected 

to answer each of the four research questions. 

Table 3.4  

Summary of data collected to answer each research question. 

Question Summary of information gathered 

1 Proportion of students correctly balancing equations. 

Percentage of students drawing conceptually appropriate particulate 

representations for each reaction. 

2 Proportion of students’ drawings appropriate particulate representations of 

each reaction. 

Summary of themes under inappropriate particulate representations for 

each reaction. 

Themes and proportions of inappropriate particulate representations across 

the three reactions 
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Validity and reliability 

In order to achieve validity and reliability, this study uses multiple sources of 

information. More specifically, I used student written responses and interview data for 

validation. These sources help advance the validity and reliability of my data (Merriam, 

1998). Additionally, I asked peers who are familiar with chemistry to code selected 

written responses and interview data to establish inter-coder reliability early in the coding 

process. The same peers also helped me to revise my interview protocol during my pilot 

study. 

Study limitations 

One limitation of this study is related its nature as a qualitative study, and the fact 

that I used a small number of participants. Data on students’ drawings came from 50 

3 Comparison of percentages of student drawings falling into each theme in 

reaction one and the covalent portion of reaction three. 

Proportion of student drawings fitting into themes of inappropriate 

particulate representations in reaction two and the ionic portion of reaction 

three. 

4 Perceived struggles from students’ particulate drawings in each reaction. 

Interview data probing students understanding of underlying chemistry, 

such as understanding of the process of balancing equations, meaning of 

state symbols, classification of chemical reactions, understanding of 

polyatomic ions and understanding of bonding among others. 
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students. Interview data came from 10 students. This may make generalizability of the 

results challenging. My conversations with the course instructor revealed to me that 

student demographics can be quite different from one semester to another, making it hard 

to generalize even across semesters in the same institution.  In scoring student responses, 

I relied on the conventions used by the course instructor, which may be different from 

those I am familiar with and those that are used in common text books. 

Given the voluntary nature of the study, I interviewed only those students who 

volunteered for the study, and whose schedules were favorable. Of the ten participants 

whose interview data I used, eight were female. All of the ten participants were white, 

who took chemistry in high school and were headed into science majors. The purposeful 

sample (Creswell, 2005), may therefore not necessarily be representative of the class.  

In the next chapter, I describe the results (data) of this study. I first describe the 

analysis drawings data and the various categories and sub-categories of student drawings 

data for each of the three equations. I then describe ten cases (interview data), discussing 

themes that point to individual students’ understanding of aspects of the particulate nature 

of matter. 
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CHAPTER IV 

 

FINDINGS AND RESULTS 

 

The data presented in this chapter address the following research questions: 

1. How does students’ understanding of the chemistry of three reactions at 

the symbolic level compare to their understanding at the particulate level?    

2. How does students’ understanding of PNM vary across reaction types? 

3. How does students’ understanding of PNM change over the course of the 

semester? 

4. What struggles with fundamental chemistry concepts are evident from 

students’ particulate drawings? 

As described in Chapter 3, two forms of data were collected for this study: 

Students’ written responses to the three assessment items in (figure 3.1), and follow-up 

interviews. Data in the form of students’ drawings was used to illuminate students’ ability 

to represent the three chemical reactions at the particulate level, while the interview data 

provided further give insight into students’ understanding of PNM as they explained the 

behavior and interactions of particles in the three reactions. 

Data from this study will be presented in two separate sections. The first section 

describes data from students’ drawings and the themes that emerged from the individual 

drawings. The second section provides richer details of students’ understanding of PNM 

using the interview data to substantiate the themes derived from student drawings. 

 



 

 40 

Section 1: Results and themes from the drawing data 

Symbolic vs. Particulate understanding 

As described in chapter III, the first step in data analysis involved an assessment 

of students’ ability to balance the three equations of chemical reactions.  Students needed 

to have the correct coefficients in front of reactants and products in each equation.  

The three equations, when correctly balanced would be: 

_1_CH4 (g )  +   _2_O2 (g)  →  _1_CO2 (g)  +  _2_H2O (g) 

_2_ AgNO3(aq) + _1_ CaCl2(aq)  →  _2_ AgCl(s) +_1_ Ca(NO3)2 (aq) 

_2_HCl (aq) + _1_CaCO3(s) → _1_CaCl2 (aq)  +  _1_H2O (l)  +  _1_CO2 (g) 

Next, students’ drawings were checked for the presence of conceptually appropriate 

particulate representations. The drawings were then coded as appropriate or inappropriate 

as described in chapter 3.  

 A preliminary analysis of students’ understanding at the symbolic and particulate 

levels was achieved by comparing the proportion of students who correctly balanced each 

of the three equations, and the corresponding proportion of students who drew 

conceptually appropriate particulate representations of the reactions (see Table 4.1). 

Table 4.1  

Summary of student drawings comparing symbolic and particulate understanding 

 

 

Question                                1                                       2                                   3 

% Correctly Balanced 

 

% Appropriate 

drawings 

96.0 

 

21.6 

100.0 

 

7.8 

98.0 

 

3.9 
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It is apparent that students are able to correctly represent the chemical reactions at 

the symbolic level but not the particulate level. However, while the percentage of 

students who drew conceptually appropriate particulate representations of the reactions 

gives an indication of how their understanding of PNM varies across different types of 

reactions, in order to gain a better understanding of students’ conceptions of PNM 

through the three reactions, it is important to look at students’ drawings of each reaction 

separately. In the following section, data is presented on students’ drawings for each 

separate reaction. 

Analysis of Students’ drawings of for Reaction 1 

The first reaction involved a reaction between methane gas and oxygen gas to 

give carbon dioxide gas and water. 

_1_CH4 (g )  +   _2_O2 (g)  →  _1_CO2 (g)  +  _2_H2O (g) 

Initially, students’ particulate drawings of this reaction were grouped into two broad 

categories: i) Appropriate particulate representations or ii) Inappropriate particulate 

representations. Inappropriate representations were further grouped into sub-categories 

representing different types of inappropriate understanding. In the following paragraphs, 

each category and its respective sub-categories are described. 

Appropriate particulate representations of Reaction 1 

21.6 % of students’ responses included particulate drawings that were coded as 

appropriate particulate representations. Covalent bonding models used in the course by 

the instructor used either ‘touching’ circles or lines joining atoms together. The first 

drawing in Figure 4.1 above is an example of the ‘touching circles’ model. These 
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drawings also showed the atoms in methane, water and carbon dioxide as having different 

atomic sizes relative to each other. For example, in a methane molecule, hydrogen atoms 

should be shown to be smaller than the central carbon atom. Correct molecular geometry 

was evident for all four molecules involved in the reaction. The drawing in Figure 4.1 

below shows a sample student response that depicted appropriate particulate 

representations of the equation for the combustion of methane. 

 

 

 

Figure 4.1. Sample student drawing showing appropriate particulate representation of 

reaction 1. 

Inappropriate particulate representations of Reaction 1 

78.9% of students’ particulate representations of the combustion of methane were 

found to be lacking in at least one important aspect of particulate understanding, thus 

being coded as chemically inappropriate. Representations within this category were 

further coded into a number of sub-categories: charged covalent species, incorrect 

molecular geometry, incorrect bond order and connectivity, formula errors (dyslexic 
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water), incorrect relative atomic sizes, and independent atomic species. Note that several 

drawings were coded as inappropriate in multiple aspects allowing for a drawing to be 

coded into multiple sub-categories. Each sub-category is described in the following 

section with sample drawings to illustrate the sub-category. 

Charged covalent species 

In this sub-category, drawings showed individual atoms within molecules 

depicted as charged particles even though the reaction involved exclusively molecular 

compounds. Figure 4. 2 below shows a sample student response representative of the 

charged covalent species theme. 8.2% of students’ drawings were coded in the charged 

covalent species sub-category. 

 
 

Figure 4.2. Sample student drawing showing ‘charged species’. 

 

Incorrect molecular geometry 

 

Drawings within this sub-category showed particulate representations with 

appropriate atomic connectivity, but with the wrong molecular geometry. This occurred 

predominantly in drawings involving water and carbon dioxide molecules with the 

carbon dioxide molecule shown as being bent (Figure 4.3 b), or the water molecule being 
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shown as linear (Figure 4.3a). 65% of students’ particulate drawings of the first reaction 

were coded into the incorrect molecular geometry sub-category 

(a) 

 

(b) 

 

 

Figure 4.3. Sample drawings showing incorrect molecular geometry 
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Incorrect atom connectivity  

 

Drawings in this sub-theme showed incorrect atomic connectivity. For example, a 

correct drawing of a water molecule would show oxygen as the central atom, however, in 

Figure 4.4 (a), the drawing depicts two hydrogen atoms bonded together, with only one 

of them bonded directly to oxygen. In Figure 4.4 (b) below the student drew all three 

atoms connected together, as opposed to the hydrogen atoms being individually 

connected to the oxygen atom. 8.2 % of students’ particulate drawings fit into this sub-

category.  

 (a) 

 
(b) 

 
 

 

Figure 4.4. Sample drawings illustrating the theme ‘incorrect bonding and connectivity’. 
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Incorrect bond order 

In this sub-category, students’ drawings depicted the wrong bond order. The bond 

is the number of electron pairs that are shared by a pair of bonded atoms. For example, in 

Figure 4.5 below, the student’s drawing shows two oxygen atoms connected with a single 

bond, as well as a single carbon-oxygen bond in carbon dioxide. Both of these molecules 

have a bond order of two, but they both have a bond order of one as drawn. 2.0% of 

students’ drawings fit into this sub-category. 

 

 

 

Figure 4.5. Sample student drawing illustrating incorrect bond order. 

Formula errors  

Particulate drawings in this sub-category included drawings that showed discrete 

atoms bonded as discrete molecules that did not match the molecular formula from the 

chemical equation. Most common were drawings that depicted “dyslexic water” (Kern et 

al., 2010) where students drew HO2 instead of H2O. Figure 4.6 below shows a sample 

drawing that falls into this theme. 6.1% of students’ drawings showed dyslexic water.   
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Figure 4.6. Sample student drawing illustrating the theme of formula errors (dyslexic 

water). 

 

Incorrect relative atomic size 

 

Student responses in this category did not distinguish the different relative sizes of 

the constituent atoms. In Figure 4.7, all atoms in methane and carbon dioxide are shown 

as being of the same size, while in the water molecule, hydrogen atoms are drawn to be 

bigger in size that the oxygen atom. Students’ particulate drawings that fell into this sub-

category either showed molecules in which all constituent atoms are shown to be of the 

same size (mostly in methane), or shown to have the wrong relative atomic sizes. Most of 

the ‘problem’ drawings involved water, where hydrogen atoms were depicted as being 

larger than oxygen. 67.3% of students’ drawings of the first reaction fell into this sub-

category. 
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Figure 4.7. Sample drawing illustrating the theme ‘incorrect atomic size. 

 

Atomic Species 

 

In this sub-category, students’ particulate drawings indicated individual atoms 

instead of the molecules involved in the reaction. For example, in Figure 4.8 below, two 

molecules of oxygen have been broken into four ‘stand-alone’ atoms. The individual 

atoms as depicted here change the identity of oxygen, which exist as molecules. 4.1% of 

students’ particulate drawings of the first reaction fell into this sub-category.  

 

 

 

Figure 4.8. Sample student drawing illustrating the theme of ‘atomic species’. 
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Molecular species 

 

In this theme, students replicated the formulas of the reactants and products as 

provided in the chemical equations. While the drawings showed discrete molecules they 

lacked detail at the individual atomic level. For example, in Figure 4.9 below, methane, 

water and carbon dioxide are depicted as molecular units. 12.2% of students’ drawings 

fell in this sub-category.  

 

 

 

 

Figure 4.9. Sample drawings illustrating the theme molecular species 

 

Table 4.2 below summarizes the frequency of each of the sub-categories of 

inappropriate particulate representations of the molecular reaction. Since many drawings 

fell into multiple sub-categories, the percentages shown in the table add up to more than 

100. 
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Table 4.2  

Summary of sub-categories under inappropriate particulate representations 

 

Sub-category % student responses 

Atomic size 67.3 

Molecular Geometry 65.1 

Molecular species 18.4 

Incorrect connectivity 10.2 

Charged species 8.2 

Formula errors 4.8 

Incorrect bond order  2.0 

Atomic Species  1.9 

 

 

Analysis of Students’ drawings of reaction 2 

The second reaction involved the reaction between aqueous silver nitrate and 

calcium chloride producing aqueous calcium nitrate and silver chloride as a precipitate. 

_2_ AgNO3(aq) + _1_ CaCl2(aq)  →  _2_ AgCl(s) +_1_ Ca(NO3)2 (aq) 

During instruction, the course instructor used a small sphere with a net charge to indicate 

charged species as a model for ionic bonding.  

Initially, students’ particulate drawings of this reaction were grouped into two 

broad categories: i) Appropriate particulate representations or ii) Inappropriate particulate 

representations. Inappropriate representations were further grouped into sub-categories. 

In the following paragraphs, the two broad categories are described. Sub-categories of 

inappropriate particulate representations are described. 
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Appropriate particulate representations 

7.8 % of students’ particulate drawings of the second reaction were considered 

appropriate. Appropriate particulate drawings needed to include the dissociated anions 

and cations with the correct charge (valence). Particulate drawings also needed to show 

the nitrate ion, a polyatomic ion as reacting as a single unit. For solid ionic compounds, 

students’ particulate drawings should show an ionic lattice, of alternating cations and 

anions. Figure 4.10 below shows a sample particulate drawing of reaction two that was 

considered appropriate. 

 

 

 

 

 

Figure 4.10. Sample drawing of appropriate particulate representation of reaction two. 
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Inappropriate particulate representations 

92.2% of students’ particulate representations of the silver chloride precipitation 

reaction were found to be lacking in at least one important aspect of particulate 

understanding, thus being coded as chemically inappropriate. Inappropriate drawings in 

this category were grouped into the following sub-categories: neutral species, atoms in 

the ionic compounds joined using ‘touching’ circles, molecular ions, incorrect valence, a 

mixture of atoms and ions in the same mixture, split polyatomic ions, incorrect 

connectivity and formula errors (interpretation of the symbolic language).  In the 

following paragraphs, each category and its respective sub-categories are described. 

Neutral species 

In this theme, students’ particulate drawings show that the compounds have 

dissociated into ions without showing any charges on the individual ions. For example, in 

Figure 4.11, both silver nitrate and calcium chloride are shown as dissociated, but no 

charges are shown on the resulting ions. This can also be interpreted as partially 

developed particulate understanding – knowing that the compounds dissociate in aqueous 

solution but not understanding the specific details of the particles involved. In the 

drawing below for example, the student represented aquesous compounds differently 

from solid compounds, but does not include details such as charges.  4.2% of students’ 

drawings fit into this sub-category.  
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Figure 4.11. Sample drawing showing neutral ions.   

Ionic compounds as atoms connected using ‘touching circles’ or ‘lines 

In this sub-category, students’ particulate drawings showed atoms joined through 

‘touching circles’ in an identical manner to their representation of covalent bonds. Figure 

4.12 provides an example of a student drawing from this sub-theme. 78% of student 

drawings of the second reaction fell into this sub-category. 

 

 
 

Figure 4.12. Sample drawing illustrating the theme ‘Atoms in the ionic compounds 

joined using ‘touching circles’ 
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Molecular ions 

 

In this sub-category, students’ particulate drawings showed molecules with a 

charge. In Figure 4.13 below, the drawing shows an example of a molecular ion- 

molecule of chloride ions. An ion is a species with a net charge. A molecule of chlorine is 

electrically neutral, and therefore would not have a net charge 10.4 % of students’ 

particulate drawings in this category fell into this sub-category. 

 

 

 

Figure 4.13. Sample drawing showing ‘molecular ions’. 

 

Incorrect valence and balance of charges 

 

In this sub-category, students’ particulate drawings had ions with the wrong 

charge on ions in the given compounds. In figure 4.14 for example, calcium is depicted as 

a monovalent ion in calcium chloride and calcium nitrate. In calcium chloride on the 

reactants side, the drawing illustrates a case of unbalanced charges. From the formula of 

calcium nitrate, given that there are two nitrate ions, the valence of the calcium ion has to 

be positive two in order for charges to balance. In this reaction, the calcium ion was the 

‘problem ion’. 16.7 % of students’ drawings fell into this sub-category. 
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Figure 4.14. Sample drawing showing incorrect valence. 

 

Inconsistent particulate representations  

In this sub-category, students’ particulate drawings showed a mixture of ions and 

atoms that are ‘covalently bonded’. This was specifically seen in silver chloride, which is 

a solid.  In Figure 4.15 below, the students’ particulate drawing shows a monovalent 

calcium ion, covalently bonded silver chloride and ‘nitrate molecules’. 4.2% of students’ 

drawings fit into this sub-category.  

 

Figure 4.15. Sample drawing showing inconsistent particulate representations. 
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Confusion from the ‘solid state’ 

 

In this sub-category, students’ drawings of compounds in the reaction correctly 

showed all species except solid silver chloride as ionized and dissociated in solution. It 

can be speculated that the students are struggling with the fact that all other compounds 

are in aqueous state, while silver chloride is in the solid state.  Silver chloride is shown as 

covalently bonded instead of ions in a lattice. 4.2% of students’ drawings fell into this 

sub-category. Figure 4.16 below shows a sample drawing that illustrates this sub-

category. 

 
Figure 4.16. Sample drawing illustrating the sub-category ‘interference from the ‘solid 

state’. 

 

Formula errors 

 

In this sub-category students drew particulate representations that did not match 

formulae in the equation. For example, in figure 4.17 (a) below the drawing shows silver 

chloride showing a neutral atom of silver bonded to two chloride ions, while in 4.17 (b) 

shows Ag Cl2 (probably an interpretation of 2AgCl). 14.6% of students’ drawings fit into 

this sub-category. 
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Figure 4.17. Sample drawings showing formula errors. 

Incorrect representation of polyatomic ions 

 

In this sub-category, students’ particulate drawings depicted polyatomic ions, 

such as the nitrate ion as dissociated. Polyatomic ions react as single units, meaning that a 

nitrate ion should be drawn as a single intact unit. In Figure 4.18 below, the nitrate ion 

has been split into a nitrogen atom and separate oxygen atoms. 8.1% of students’ 

drawings fit into this sub-category. 

 

 

(a) 

 

(b)  
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Figure 4.18. Sample student drawing illustrating the theme of incorrect representation of 

polyatomic ions. 

Molecular species 

 

In this sub-category, students re-drew the formulas of the reactants and products 

as provided in the chemical equations. The particulate representations show discrete 

molecules that are lacking in detail. In Figure 4.19 below, all compounds in the reaction 

are depicted as molecules, but not enough detail is provided to make them appropriate. 

4.2% of students’ drawings fell in this sub-category. Figure 4.19 below shows a sample 

drawing that fits in this theme. 

 

 
 

 

Figure 4.19. Sample drawing illustrating the sub-category ‘molecular species’. 
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Table 4.3 below summarizes the frequency of each of subcategories of 

inappropriate particulate representations of the second reaction. Since many drawings fell 

into multiple sub-categories, the percentages shown in the table add up to more than 100. 

Table 4.3  

Summary of percentage of students’ drawings falling into the inappropriate particulate 

drawings category for the second reaction.  

 

Sub-category % student responses 

Touching circles 78 

Valence 16.7 

Formula errors 14.6 

Molecular ions 10.4 

Incorrect representation of polyatomic ions 8.1 

Inconsistent particulate representations 4.2 

Neutral species 4.2 

Interference from the ‘solid state’ 4.2 

Molecular species 4.2 

 

Analysis of Students’ drawings of reaction 3 

The third equation represents a reaction between dilute hydrochloric acid and 

calcium carbonate, to give calcium chloride, carbon dioxide and water as products. Dilute 

hydrochloric acid, calcium carbonate and calcium chloride are ionic compounds, while 

carbon dioxide and water are covalent compounds. The balanced equation of this reaction 

is shown below 

_2_HCl (aq) + _1_CaCO3(s) → _1_CaCl2 (aq)  +  _1_H2O (l)  +  _1_CO2 (g) 
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During instruction, the course instructor used a small sphere with a net charge to indicate 

charged species as a model for ionic bonding.  

Initially, students’ particulate drawings of this reaction were grouped into two 

broad categories: i) Appropriate particulate representations or ii) Inappropriate particulate 

representations. Inappropriate representations were further grouped into sub-categories. 

In the following paragraphs, the two broad categories are described. Sub-categories of 

inappropriate particulate representations are described. 

Appropriate particulate representations 

Only 5% of the students’ particulate representations fit into this category. The 

appropriate representations showed the three ionic compounds in the reaction dissociated 

into constituent ions, with the ions showing the correct charge in the given compound. 

The covalent compounds (water and carbon dioxide) on the other had would be depicted 

as atoms bonded through lines (representing bonds) or through ‘touching circles’. In 

carbon dioxide and water the relative sizes of atoms in each of the compounds have to be 

correctly depicted, and bonded with the correct geometry. Figure 4.20 below shows a 

sample drawing that was considered to be an appropriate particulate representation. 
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Figure 4.20. Sample drawing showing an appropriate particulate representation of 

reaction 3. 

Inappropriate particulate representations 

95.0 % of students’ particulate representations of the silver chloride precipitation 

reaction were found to be lacking in at least one important aspect of particulate 

understanding, thus being coded as chemically inappropriate. Inappropriate drawings in 

this category were grouped into the following sub-categories: charged species which 

should be neutral, molecular ions, incorrect molecular geometry, formula errors, incorrect 

bond order, incorrect representation of polyatomic ions, incorrect atomic and ionic size, 

interference from the ‘solid state’, and  inconsistent particulate representations. In the 

following paragraphs, the sub-categories are described, and sample drawings representing 

the sub-categories are provided. 
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Ionic compounds drawn as ‘touching circles’ 

 

In this sub-category, students’ particulate drawings showed atoms joined through 

‘teaching circles’ in an identical manner to their representation of covalent bonds. Figure 

4.21 provides an example of a student drawing from this sub-category. Hydrochloric 

acid, calcium carbonate and calcium chloride are ionic compounds. In this drawing, the 

student uses the same model of bonding for ionic and covalent compounds. 65.3% of 

student drawings of the second reaction fell into this sub-category. 

 
Figure 4.21. Sample student drawing illustrating the sub-category ‘touching circles’. 

Charged species 

In this sub-category, the covalently bonded molecules were shown as charged 

species, a recurring theme from the first reaction. Specifically, carbon and oxygen are 

shown as charged in carbon dioxide, while oxygen and hydrogen in water are shown to 

be charged (see Figure 4.22). This issue was also seen in the first reaction, involving 

water and carbon dioxide molecules. 6.1 % of students’ drawings fit into this sub-

category. 
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(a) 

 

(b) 

 

 

Figure 4.22. Sample drawing showing ‘charged species’. 

 

Molecular ions 

 

Students’ particulate drawings in this category show molecular chloride ions. 

Specifically, in Figure 4.23 (a and b), the drawings show a divalent chloride ion, a net 

negative charge of 2. This sub-category was also seen in reaction two above, also 
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involving chloride ions. As a note there are other issues with this particular drawing, such 

as the molecular geometry of carbon dioxide and the bond order in carbon dioxide, the 

focus of this sub-theme however is on the use of molecular ions.2.9 % of students’ 

particulate drawings of the third reaction fell into this sub-category. 

 

Figure 4.23. Students’ drawings fitting the theme ‘molecular ions’.  

 

Incorrect molecular geometry 

 

In this recurring sub-category, water and carbon dioxide were drawn with 

incorrect geometry. Either a water molecule was depicted as a linear molecule, or a 

carbon dioxide molecule was depicted as bent. 65.3% of students’ drawings fit into this 

   
(b) 
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theme. Figure 4.24 below shows a carbon dioxide molecule depicted as a ‘bent’ 

molecule. 

 

 
 

Figure 4.24. Sample drawing showing incorrect geometry 

Formula errors 

 

In this sub-category, students’ particulate drawings did not match the formulae 

provided in the equation.  This is a recurring issue, seen also in the first reaction 

(molecular reaction). For example, in Figure 4.25 (a), the drawing depicts HO2 (dyslexic 

water) instead of H2O. In Figure 4.25 (b) the drawing shows ions of a compound that 

would be H2Cl (probably from 2 HCl). Overall, 22.4% of students’ particulate drawings 

of the third reaction fell into this category. 
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(a) 

 
(b) 

 
 

Figure 4.25. Sample drawings showing formula errors. 

 

Incorrect representation of polyatomic ions 

 

In this sub-category, students’ particulate drawings depicted polyatomic ions, 

such as the carbonate ion as dissociated. Polyatomic ions react as single units, meaning 

that a carbonate ion should be drawn as one intact unit. In Figure 4.26 below, the 

carbonate ion has been split into a carbon atom and separate oxygen atoms. 10.2% of 

students’ drawings fit into this sub-category. 
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Figure 4.26. Sample drawing illustrating the theme of incorrect representation of 

polyatomic ions. 

 

Incorrect bond order 

 

In this sub-category, the drawings depict a wrong bond order. In figure 4.27 

below, the drawing shows a single C-O bond. This issue was also seen in students’ 

drawings of the first reaction. In 4.25 (b) (above) on the other hand, in HCl2, hydrogen 

has more bonds than it should have in hydrochloric acid. This particular example is not 

only problematic in terms of bonding, but also with the formula of hydrochloric acid. 

8.2% of students’ drawings fit in this theme 
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.  

 

Figure 4.27. Sample drawings illustrating the theme ‘bonding errors’. 

Incorrect atomic and ionic size 

In this recurring sub-category, the relative sizes of atoms and ions as drawn were 

inappropriate. For example, in Figure 4.28 below, hydrogen ions are shown as being 

larger than chloride ions. Note that in the drawing, the drawing  of solid calcium 

carbonate is inappropriate as calcium carbonate is an ionic compound, which in this 

drawing has been represented as ‘touching circles’ but this issue has been covered in 

reactions 2 and 3 above. 59.2% of students’ drawings showed incorrect relative atomic 

sizes, while 26.5% had incorrect relative ionic sizes. 
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Figure 4.28. Sample drawing showing ‘incorrect ion size 

 

Confusion from the ‘solid state’ 

 

In this sub-category, students’ particulate drawings showed a mixture of ions and 

atoms that are ‘covalently bonded’. This was specifically seen in calcium carbonate, 

which is a solid.  In Figure 4.29 below, the students’ particulate drawing shows reactants 

in reaction 3, where hydrochloric acid is dissociated, while calcium carbonate is intact. 

32.7% of students’ drawings fit into this sub-category.  

 

Figure 4.29. Sample drawing illustrating the theme ’confusion from the solid state’. 
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Molecular species 

 

In this theme, students provided the formulas of the reactants and products as 

provided in the chemical equations. The particulate representations show discrete 

molecules which are lacking in detail. In Figure 4.30 below, hydrochloric acid and 

calcium carbonate are depicted as discrete molecules, but not enough detail is provided to 

show a full particulate understanding of the reaction. 10.2% of students’ drawings fell in 

this sub-category. Figure 4.28 below shows a sample drawing that fits in this sub-

category. 

 

 

 

 
 

Figure 4.30. Sample student drawings fitting the theme molecular ions. 

 

Table 4.4 below summarizes the frequency of each of the sub-categories of 

inappropriate particulate representations of the ionic reaction (reaction three). Since many 

drawings fell into multiple sub-categories, the percentages shown in the table add up to 

more than 100. 
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Table 4.4 

Summary of percentage of students’ drawings falling into the inappropriate particulate 

drawings category for the third reaction. 

 

Sub-category % student responses 

Touching circles or lines 63.5 

Molecular geometry 65.3 

Atomic size 59.2 

Ionic size 26.5 

Inconsistent particulate representations 32.7 

Formula errors 22.4 

Incorrect representation of polyatomic ions 10.2 

Molecular/ condensed species 10.2 

Molecular ions 8.2 

Incorrect bond order 8.2 

Charged species 6.1 

 

Section 2: Interview data 

Given that the above themes were speculated from students’ drawings, it was 

important to obtain complementary data to give more weight to the findings. Also, one is 

left with many questions as they look at students’ drawings. For example, as students 

balance equations of chemical reactions, do they understand what they are doing? Do 

they know what a balanced equation is, and why it has to be balanced? Can students 

classify the three reactions used for this study? Are students able to differentiate between 

an ionic compound and a covalent compound? Do students know the meaning of the 

various state symbols used in the reactions? How do they translate the knowledge of 

physical states to particulate drawings? In the theme of interference from physical states, 
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what is it about a solid reactant that makes it problematic to represent? In the theme of 

formula errors and knowledge of polyatomic ions, why will a student draw dyslexic 

water, or break up a carbonate ion into three ‘CO’ units? Clearly, one has no way of 

answering these and many other questions related to students’ particulate drawings. To 

achieve this goal, interview data were collected.  

Interview data is complementary to students’ drawings’ data. The purpose of this 

data is to help understand aspects of students’ understanding of PNM that could not be 

confirmed from their particulate drawings about their understanding of PNM. As noted in 

the introduction to this chapter, these aspects include their thinking and processes during 

equation balancing, their understanding of a subscript, their understanding of a chemical 

reaction, the types of chemical reactions represented by the chemical equations, 

understanding and representation of physical states, and questions related to their 

individual particulate drawings. 

The following sections contain descriptions of each interviewee’s work during the 

interview process (from here-on called cases). The information provided in this section 

will start with brief background information about the interviewee, followed by a review 

of their drawings for each equation in the three mid-terms. Note here that the categories 

and sub-categories of each drawing have been covered under section one of this chapter, 

and will therefore only be stated. Next, each interviewee’s data is presented in the 

following order: balancing of the three equations, understanding of a subscript, 

understanding and classification of the three chemical reactions, representation and 

understanding of physical states, particulate representation of the three reactions during 
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the interview, which is followed by questions based on each participant’s drawings. The 

follow-up questions take the order of geometry, understanding of bonding, properties of 

ionic and covalent compounds, atomic or ionic size, formula errors, and polyatomic ions. 

Because of scheduling challenges and time constraints, and based on a participant’s 

drawings, the questions asked varied. The participants’ names used here are pseudonyms.  

Case 1: Mary 

Background information 

Mary was a freshman, enrolled in the general chemistry class, which is a 

requirement in her major (chemistry). She took four semesters of chemistry in high 

school. Her main source of information in the course was lecture notes in form of Power 

Point slides provided by the instructor on the class website. While Mary correctly 

balanced the three equations on the written exams, her particulate drawings of all three 

reactions (Figure 4.31) revealed aspects that would be considered inappropriate.  

 

(a) 

 

(b) 
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(c)   

 

 

Figure 4.31. Mary’s drawings of reactions 1, 2 and 3 during mid-terms. 

Mary’s drawings above have aspects that fit into the category of inappropriate 

particulate representations described above for each of the three reactions. In the first 

drawing, which is the reaction of the combustion of methane, she has drawn a linear 

water molecule. In methane, hydrogen atoms are depicted as having larger sizes 

compared to the central carbon atom, while in water, hydrogen seems bigger than oxygen 

as drawn. In the second equation, all compounds have been drawn to show ‘touching 

circles’, characteristic of covalent compounds. In the third equation, involving dilute 
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hydrochloric acid and calcium carbonate, all compounds are drawn with ‘touching 

circles’. In hydrochloric acid, calcium chloride, carbon dioxide, and water, the relative 

sizes of atoms are incorrectly portrayed. For example, in her drawing of hydrochloric 

acid, a hydrogen atom is shown to be of the same size as a chlorine atom. The molecular 

geometry of carbon dioxide is shown as bent. These themes have been addressed under 

the section of students’ drawings. 

The following section describes Mary’s work and response to questions during the 

interview.  

Balancing of the three equations 

In balancing the three chemical equations, Mary was methodical, starting with the 

first element in the first compound, followed by the second element, and then the first 

element in the second compound. She attributed this process to how she was taught in 

high school, saying: 

The first thing I was taught to do in high school is to start with the ‘C’ (referring 

to carbon in methane). Then I would go to H’s (meaning hydrogen) next… I was 

taught to do H’s and O’s last. I don’t know why but that’s how I was taught.  

 

Even though they covered equation balancing in the freshman chemistry class, she still 

made reference to the high school chemistry classes. She correctly balanced all three 

chemical equations. 

Mary described the process of balancing the three equations as “trying to make 

each element equal to the other, like on the reactant side and the product side”. She 

defined a balanced equation as “one that is ready to use in a problem”. She is looking at a 

balanced equation in terms of its utility, that an equation is balanced so that it can be used 
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for example in calculations. On whether she could use an equal sign instead of a forward 

arrow in the equations, she said “no because they are each forming a different compound 

so they are not actually like equal to each other, and the arrow shows movement from the 

reactant to the product so they are not equal”. 

When I asked Mary about another sign that is commonly used in equations of chemical 

reactions, Mary identified it as a ‘double arrow’. 

 Mary defined a double arrow as “having a reaction going to the product side and it can 

come back, with certain rules”. She could however not identify this type of reaction as 

reversible. 

Understanding of a subscript 

Mary was asked to explain why we have a subscript of two in calcium nitrate. She 

used the illustration below to explain her answer: 

 

Figure 4.32. Mary’s drawings to explain the source of subscript two. 

She said that “because calcium has a two, we need to have two nitrates”. Her reason for 

having the two nitrates was so that “charges could balance”. She could not identify the 

name given to the ‘two’ as a subscript. 
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Understanding of the meaning and classification of chemical reactions 

Mary defined a chemical reaction as a reaction between two different compounds 

to form a product.  She further added that in a chemical reaction, two compounds are 

added together to form two different compounds. She described a reaction as a process 

where compounds are breaking apart to form a product.  

On classifying the three chemical reactions, Mary started with reaction 3, which 

she called acid-base reaction, but was not sure whether calcium carbonate was a base or 

not. She was not sure of the classes that the other reactions fell into. Her criterion for 

classifying reactions is based on the different compounds in the reactants and products. 

When asked to use the criteria, she identified reaction 2 as a ‘salt reaction’, and reaction 1 

as “one that gives off a gas”. 

Understanding and representation of physical states 

Mary correctly identified what g, s, l, and aq. stand for in a reaction, and noted 

that they tell the physical state in which a reactant or product is. She represented matter in 

the different states as shown in Figure 4.33 below. Initially, she was not sure of how a 

solid like sodium chloride dissolved in water to form an aqueous solution. She didn’t 

think that there would be ‘free’ sodium and chloride ions in an aqueous solution of 

sodium chloride “because the ions will be dissolved”. In accounting for the orientation of 

particles as depicted in her drawings, she said:  

For the gas, they are further apart because they have more I should say space to 

move around, and there is less of them I think yea, a…am in the liquid, they have 

less space than a gas but more space than the solid, so they are closer together 

than in the gas, and then in the solid there are just more of them and they are 

really close together. 
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She also added that “a solid usually has more particles that are usually more chaotic, 

because there is more pushing against each other”. Her reasoning helps explain why she 

has chosen a different number of particles in her drawings. She however noted that she 

would see a similar trend if she were to use the same number of particles in all three 

scenarios.  

 

Figure 4.33. Mary’s drawings illustrating the orientation of particles in various physical 

states. 

On the nature of motion of particles in the liquid, solid and gas, Mary said that 

movement would be orderly in a solid, random in a gas, while in a liquid, motion would 

be in between, “where it is getting kind of orderly, but still kind of random”. She 
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attributed the random motion in a gas to the fact that there is more space for the particles 

to move around, “so they tend to go wherever they want”. 

The following section presents information on Mary’s particulate representations 

of the three reactions and her response to interview questions. She correctly balanced all 

three chemical equations. 

Particulate representations of the three reactions 

The drawings below (figure 4.34) show Mary’s work during the interview. She 

was asked to imagine that she could see the atoms, molecules and ions involved in the 

three reactions, and draw what she would see. The drawings are followed by a description 

of her work, and answers that she gave to questions asked during the interview. 

Mary’s particulate representation of the first reaction falls into the category of 

inappropriate particulate representations. One of the sub-categories identified include that   

of atomic size, specifically in methane and water where the size of a hydrogen atom is 

shown to be larger than carbon and oxygen atoms respectively. Also, the drawing of 

carbon dioxide falls into the sub-category of incorrect molecular geometry. Her drawing 

of the second reaction falls into the category of inappropriate particulate representations. 

The drawings fell into the sub-category of ‘touching circles’, which is a characteristic of 

covalent bonding. Mary’s particulate drawing of the third reaction also fell into the 

category of inappropriate particulate representations. The subcategories identified with 

the particulate representation of this reaction include ‘touching circles’, incorrect 

molecular geometry in carbon dioxide, formula errors, such as HCl2, and incorrect 

relative atomic sizes in the drawing of hydrochloric acid and water. 
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Figure 4.34. Mary’s particulate drawings of equations 1, 2 and 3 during the interview. 

The sections below show Mary’s responses to questions that she was asked and 

which were based on her drawings. 

Understanding of Geometry 

Mary’s particulate drawings of carbon dioxide and water in equations 1 and 3 

depict the wrong molecular geometries. When asked what the molecular geometry of 

water and carbon dioxide was, she said that she thought the molecular geometry of 

carbon dioxide was trigonal pyramidal, while she could not remember the molecular 
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geometry of water. To the right of the drawings of the first reaction in Figure 4.34 above, 

she re-drew the carbon dioxide molecule after I told her that its molecular geometry is 

linear.  

Understanding of bonding 

Mary identified the force holding together the atoms of carbon and hydrogen in 

methane as a bond. She however could not identify the type of bond as being covalent. 

However, when I asked her to tell me the types of elements that bond covalently, her 

response was that she could not remember. She later said that she thought that “pretty 

much every element in the periodic table can form covalent bonds”.  When asked to 

describe the process covalent bonding, her response was that she did not know. Mary also 

said that a bond between an atom of a metal and one of a non-metal is a ‘non-covalent 

bond’. She could not identify or define an ionic bond. She also was not able to name any 

properties of ionic compounds. In the drawings above, after some guidance, she was able 

to realize and draw silver and nitrate ions, calcium and chloride ions, and hydrogen and 

chloride ions next to the boxes of reactants in equations two and three. 

On bond strength, Mary said that a double bond is stronger than a single bond, 

“because it is held together better because of more electrons”. On bond length, she said 

that a single bond would be longer than a double bond, but she was not sure why. 

Understanding of properties of ionic and covalent compounds 

Mary was given a scenario in the laboratory where she had two unlabeled clear 

liquids, one being a covalent compound and the other being ionic. She was asked to 

describe a procedure that she could use to identify or differentiate them. This procedure 
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was part of a laboratory activity the class did on conductivity. Her response was that she 

did not know of a procedure that she could use.  I asked her to predict what would happen 

if I passed an electric current through the solutions, to which she replied that she was not 

sure. (I told her that ionic compounds in aqueous solution would conduct electricity while 

covalent compounds would not). I asked her to explain why the ionic compounds and not 

covalent would conduct electricity. Her response was “I wanna say it has to do with 

charge…the electronic charge”. 

Understanding of atomic size 

In her drawing of a water molecule in equations 1 and 3, Mary does not appear to 

be paying attention to the relative sizes of atoms. When asked how the sizes of an oxygen 

and hydrogen atom would compare, she said that an oxygen atom would be bigger than a 

hydrogen atom. She however did not know why. In methane, she said that a carbon atom 

would be bigger than a hydrogen atom because “it is the central atom”. In calcium 

chloride, Mary said that a calcium atom would be bigger than a chlorine atom, but she 

could not account for the trend. 

Case 2: Julie  

Background information 

Julie was a freshman, who was taking the general chemistry course because it is a 

requirement for her intended major which was Pre-med. She reported that she was 

required to take ‘a lot of chemistry’ and that she took ‘all the chemistry offered in her 

high school’ (two years of chemistry). Her main source of information in the course was 

lecture notes. As she noted, she ‘never looks at the class text’. She missed the third 
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midterm exam that had the second equation. She correctly balanced the other two 

equations, but drew inappropriate particulate representations of the two reactions in her 

mid-term exams as can be seen in Figure 4.35. 

(a) 

 

 (b) 

 

Figure 4.35. Julie’s particulate drawings of equations 1 and 3 during her mid-terms. 

Her drawings of reaction one fit into the category of inappropriate particulate 

representations. The drawings fall into the sub-categories of incorrect relative atomic size 

and incorrect molecular geometry. Incorrect relative atomic sizes can be seen in water 

and methane where hydrogen is drawn to be larger than oxygen and carbon respectively. 

The molecular geometry of water is shown to be linear. 
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Julie’s drawings of reaction three also falls into the category of inappropriate particulate 

representations. The sub-categories identified in the drawings include molecular ions 

(chloride), incorrect molecular geometry in carbon dioxide, and ‘inconsistent particulate 

representations’ where some species are portrayed as charged while other ionic 

compounds (calcium carbonate) are shown as un-dissociated species. 

The following section(s) describe Julie’s work during the interview. She correctly 

balanced the three chemical equations during the interview. 

Balancing of the three equations 

In balancing the equations, Julie described her strategy as first looking to see what 

elements are involved, picking one of them and starting from there to balance the given 

equation. She added that she does not make a chart but rather does a lot of ‘chik-abooms’, 

meaning going back and forth between reactants and products. In the second equation, 

she started with the nitrate in calcium nitrate, and then proceeded to balance this with the 

nitrate in silver nitrate. In the third equation, she started with hydrogen in hydrochloric 

acid. She does not appear to have memorized any strategy for balancing equations. In 

describing the process of balancing equations,  

To me it is a…am I split them up into like elements, or say the nitrate (NO3 ) is a 

molecule so that goes together for me. So, I make sure that there is an equal 

number of each element or molecule on each side. 

 

In a balanced equation she noted that you cannot use equal sign “because the products 

resulting from the reaction are different from the reactants”, adding that “it doesn’t mean 

that the products that result from that reaction can then form another reaction to give the 

reactants”. On whether she knew another sign that could be used in place of the ‘forward 
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arrow’, she responded that she was not sure, and that for her, the forward arrow made 

more sense. She added that she could see a ‘therefore’ sign as a possibility. When asked 

what she knew of reactions at equilibrium, she said she could not remember the sign used 

in such cases. 

Understanding of a subscript 

Julie was asked to explain the significance of subscript two in calcium nitrate. Her 

answer was that “the two means that there are two of the molecules of the nitrate which 

would suggest that there would be two nitrogen atoms and six oxygen atoms”. Asked 

why the two was necessary, she said that since the charge of calcium is plus two and that 

of the nitrate ion is a negative one, “you need two nitrates so that charges can balance to 

get an overall charge of zero”. She did not have a reason for why the overall charge had 

to be zero. 

Understanding of the meaning and classification of chemical reactions 

Julie defined a chemical reaction as “something that causes a change in the 

composition of elements or compounds, such as color and odor”, further adding that 

“stuff like that can change in a chemical reaction”. She described the process of a 

chemical reaction as involving “ions being dispersed in aqueous solution, where they 

attach, and are attracted to other ions where there is a stronger pull”. She added that this 

process helps break apart other elements and molecules, leading to the formation of new 

compounds. 

Julie classified reaction 1 as oxidation reduction, saying that she came to this 

conclusion through elimination of other options. She however could not offer a reason for 
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her choice, only saying “Oh boy” when asked to explain why she thought it was an 

oxidation- reduction reaction. She classified equation two as an oxidation-reduction 

reaction, adding that it could not be acid base (seems to support her earlier criteria of 

elimination). She added that the nitrate was oxidized while chlorine was reduced. Saying 

that she didn’t think the concept was well taught in high school, she noted: 

It didn’t seem like we spent enough time talking about the different types of 

reactions and oxidizing and reducing because the way it was presented was pretty 

confusing to me, so that is a harder concept for me to get.  

 

For equation 3, she correctly identified HCl as an acid, but quickly added that the 

reaction could not be an acid-base reaction because according to her, there was no base. 

When I pointed to her that calcium carbonate was a base, she noted that she “was looking 

for an OH group as has been emphasized to us”. According to her this is not something 

that seems to be clearly explained. She would look for OH in order to call it acid-base. 

She further added that in an acid, hydrogen is generally present. 

Representation and understanding of physical states: 

Julie correctly identified the physical states g, s, l, and aq., and what they stand 

for, noting that they tell the physical states of reactants and products. She depicted the 

orientation of particles in the physical states as   shown in figure 4.36 below. Figure 4.36 

(a) show’s Julie’s depiction of particles in a gas and liquid respectively. 
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(a) 

 

(b) 

 

 

 

Figure 4.36: Julie’s depiction of the orientation of particles in various physical states 

Julie described the aqueous state using the example of silver nitrate where she 

said that the “actual ions will be equally distributed in the liquid”. This is represented in 

Fig. 4.36 (b) by the figure on the left. For a solid, Julie noted that in silver chloride, silver 

and chlorine (AgCl) will be together, in a group “probably at the bottom of the solution” 

as shown in the figure on the right in Fig. 4.36 (b). 

She accounted for the difference in orientation by noting that “Particles in a gas 

are further apart because they are more excited than in the other states”. She added that it 

could also be due to heat, using an example of water changing from a liquid to a gas. 

Julie said that in a solid, particles are “bonded stronger so they are closer”, and then 

quickly added that “I don’t know, we didn’t really talk about it”. 
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The following section provides information on Julie’s work during the interview. 

She correctly balanced the three chemical equations during the interview. 

Particulate representations of the three reactions 

The drawings below show Julie’s work during the interview. She was asked to 

imagine that she could see the atoms, molecules and ions involved in the reaction, and 

then draw what she would see. The drawings are followed by a description of her work, 

and answers that she gave to questions asked during the interview. 

 

Figure 4.37. Julie’s particulate drawings of equations 1, 2 and 3 during the interview 

Julie used arrows in her particulate drawings of the second and third equations 

(like showing reaction mechanisms), saying “this is what I see in my mind happening”, 

referring to what she perceives as “breaking off and pairing up”. In her drawing of the 

combustion of methane reaction, Julie had a double bond between two oxygen atoms. 

When asked why she chose a double bond, Julie replied that in her mind, oxygen tends to 
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form double bonds. On why she depicted carbon dioxide as being linear, she said that “it 

is easier to draw in straight lines, but if you were to go to longer chains, you would get a 

non-linear chain”. Her reason for why carbon dioxide has a linear geometry is that a 

double bond is rigid, and therefore will not take any other shape. She further added that 

for compounds like water, the single bonds in them are flexible.  

Julie’s particulate representations of the three reactions fell into the category of 

inappropriate particulate representations. In her drawing of the first reaction, the sub-

category of incorrect molecular geometry can be identified in water. Her particulate 

drawings of the second reaction fell into the sub-categories of inconsistent particulate 

representation where some species are shown to be dissociated while others are not. Her 

particulate drawings of the third reaction fall into the sub-categories of incorrect 

molecular geometry (in water), atoms of ionic compounds joined by lines, characteristic 

of covalent compounds, even when she has clearly identified the compounds as ionic. 

Understanding of Geometry 

Julie depicted the molecular geometry of water as being linear in both equations 1 

and 3. When asked what the correct geometry should be, Julie said that she did not know 

what the right geometry was supposed to be. She made a correction to the drawing of 

water to right of the methane reaction, after she was told that the correct geometry of 

water is ‘bent’. 

Understanding of bonding 

Julie used lines to join atoms, a model commonly used to represent covalent 

compounds, just as she used lines to represent bonds in the first reaction. The ions 
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indicated in silver nitrate and calcium chloride were inserted as a correction to earlier 

drawings after our conversations. She defined an aqueous solution as “a solution of a salt 

that contains ions together in the solution, but which are not directly together”. In her 

initial drawings, she did not indicate the ions in the reactants and products. 

Julie identified the fact that in methane, carbon-hydrogen bonds are a result of 

electron sharing, which according to her constitutes a molecular bond, while in silver 

nitrate, the attraction between positive and negative charges keeps them together, “where 

silver wants and therefore takes the electron in the nitrate instead of sharing”. She 

identified a C-H as a molecular bond, where electrons are shared, while between silver 

and the nitrate ion, there is an ionic bond, “where silver is taking the electron from the 

nitrate”. On how the strengths of ionic and covalent bonds compare, she noted that the 

molecular bonds will be stronger because they are sharing electrons instead of taking, 

adding that sharing results in a stronger bond than where the positive and negative 

charges are attracting. 

Julie noted that a double bond will be stronger than a single bond because there 

are “four electrons being shared compared to two electrons” in a single bond. On how the 

bond lengths compare, she noted that a single bond is longer than a double bond. To 

explain the trend, Julie made reference to models that they used in high school saying that 

In high school when we did like we did the bonding, like we had things that we 

put together, and when we did it, we had springs connecting and they were like 

this (referring to the shape below) and when the springs kind of bent, it was close 

together, and when it was straight, you get to have a long one. 

 

She used the drawing below to illustrate bonding in carbon dioxide and the models the 

used in high school. 
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Understanding of atomic/ionic size 

In explaining how the sizes of a carbon and hydrogen atom compare, Julie said 

that “hydrogen will be quite a bit smaller because carbon has six electrons while 

hydrogen has one, meaning it will be six times larger”. On how the sizes of carbon and 

oxygen atoms compare, she noted that oxygen is larger than carbon, explaining that 

“oxygen tends to hold electrons, adding to its cloud of electrons, which makes it bigger 

than carbon”. When asked how a calcium and chloride ion will compare in size, she said 

that a calcium ion will be bigger than a chloride ion because ions get smaller as you move 

from left to right in the periodic table, and bigger as you move from top to bottom. 

Understanding of polyatomic ions 

Julie seemed to struggle with the terms polyatomic ions, calling them ‘molecular 

ions. When guided, she was however able to correctly note that polyatomic ions ‘stay 

together in a reaction’ (referring to the fact that they react as a single unit). 

Case 3: Irene  

Background information 

Irene was a freshman whose major was Biotechnology. She took two semesters of 

chemistry (regular and advanced chemistry) in high school.  She was required to take ‘a 

lot of chemistry’ in the intended major, a reason why she is enrolled in this course. Her 

major source of information in the course was lecture notes.  In the three mid-term 
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examinations, while she correctly balanced the three equations, her particulate drawings 

revealed aspects that rendered them inappropriate, as shown in Figure 4.38.  

 

(a) 

 

(b) 

 

(c) 
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Figure 4.38. Irene’s particulate drawings of equations 1, 2 and 3 during the mid-terms 

Irene’s particulate drawings of the three reactions fell into the broad category of 

inappropriate particulate representations. Her drawings of the first reactions fall into the 

sub-categories of incorrect molecular geometry (in water) and incorrect relative atomic 

sizes. In particular, in methane, hydrogen and carbon atoms are drawn as equal in size, 

hydrogen and oxygen atoms in water are drawn as having the same size, while carbon 

and oxygen atoms in carbon dioxide are shown to be of same size. Irene’s drawing of the 

second reaction mainly falls into the sub-category of inconsistent representations, where 

some species except silver chloride are shown to be dissociated and ionized. Her drawing 

of reaction three shows inconsistent particulate representations, with solid calcium 

carbonate not shown as an ionic compound. Other sub-categories notable in the 

particulate drawing of reaction three include ‘bonding basics’ particularly in carbon 

dioxide where the carbon-oxygen bond is single. There are also molecular ions (chloride) 

and incorrect valence in the calcium ion. 
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The following sections provide a summary of Irene’s responses and work during the 

interview. 

Balancing of the three equations 

In balancing the three equations, Irene did not have a defined procedure; in the 

first equation, she started out by balancing “the carbons”, while in the second she 

balanced the nitrate first, and in the third equation, she started with hydrogen. She did not 

have a preference for what element to start with. 

Irene defined a balanced equation as “one having an equal amount of each 

element on the products and reactant sides”. She added that reactants and products both 

have the same elements that are rearranged differently, meaning that they are joined to 

different elements in products. Asked whether we could use an equal sign in place of the 

forward arrow in a balanced equation her response was that 

Not in chemistry. You are supposed to use an arrow. They are not equal things I 

guess if you had the same thing on both sides like if you did not have a reaction. 

They are not equal as in they mean the same things. 

 

When asked to identify other signs that are used in chemical reactions, Irene said that she 

did not know of any others. 

Understanding of a subscript 

Irene was asked to explain the significance of subscript two in calcium nitrate, 

and told that she could use diagrams to explain her answer. Irene chose to describe 

instead of representing in writing, the significance of subscript two in calcium nitrate. 

She noted that in calcium nitrate, the subscript 2 means that there are two nitrates for 

every calcium, adding that this is necessary in order to make a neutral compound. She 
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also said that “calcium has a charge of plus two while a nitrate has a charge of negative 

one so you need two to balance the charge on calcium”. She was not able to identify the 

term used to describe the number two (a subscript). She called the subscript a coefficient.  

Understanding of the meaning and classification of chemical reactions 

Irene defined a chemical reaction as “when you put things together and get 

something else, something with different properties”. She did not refer to reactants and 

products. She used the example of the combustion of methane to illustrate the fact that 

reactants and products are different, noting that methane and oxygen are different from 

carbon dioxide and water. When asked what happens in a chemical reaction, she said that 

It is kind of when you learn about this, you are just sort of told that they switch 

partners, or they switch which ones pair with which, but I guess I don’t really 

know why they would decide to switch you know but I know it will depend on the 

amount of energy that is present, like some reactions will require energy for the 

switch to happen, others will release energy, but I don’t know why they switch 

partners to begin with.  

 

She further added that switching of partners has to do with electrons, adding that 

“electrons are the things that make bonds happen”. Using silver nitrate as an example, she 

said that in such compounds the ions are floating around, adding that “when different 

charges are put together, the cause new compounds to form”. 

When asked what she would consider in order to classify a reaction, Irene noted 

that you look at your reactants and products to see what changes. She then went on to 

classify equation two as a ‘double replacement reaction’ because all elements involved 

“switched partners”. She however could not use the criterion to classify reactions one and 
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three. Her classifications of reactions one and three vacillated between double 

replacement and “I don’t remember”. 

Understanding and representation and of physical states 

Irene explained the significance of physical states s, l, g and aq., in a reaction as 

indicating the physical states of elements or compounds in the reaction. She defined the 

liquid, solid and aqueous states saying that  

the aqueous state is where the compound is not dissolved in water, but is sort in 

between liquid and solid, like it is really small pieces, its ions are like floating 

around in water, so it is not quite a solid and not quite a liquid. A solid is 

something that has a permanent shape to it. A liquid is something that has a 

definite volume but not a definite shape. 

 

Figure 4.39. Irene’s drawings of the orientation of particles in various physical states 

Irene described particles in a gas as being “really spread out and random”, 

particles in a liquid as “close together with no distinct pattern”, and particles in a solid as 

“really close together and with a pattern”. She attributed the differences in orientation of 

particles in to the amount of energy present. She noted that in a gas, there is a lot of 

energy that excites electrons. She could not identify the source of energy for the particles. 

She further added that in a solid, there is not much energy, meaning that the movement of 
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particles is a lot less, such that they stay in one spot. She described the aqueous state as 

being similar to a liquid. Asked what the difference between liquid water and aqueous 

silver nitrate is, she said that 

 water will stay together as one molecule, meaning that the hydrogen won’t 

separate from oxygen , but in silver nitrate, the silver atoms will separate from the 

nitrate but will be somewhat attracted due to the charges, but will somehow be 

suspended in water. 

 

Particulate representations of the three reactions during the interview 

The drawings below show Irene’s work during the interview. She was asked to 

imagine that she could see the atoms, molecules and ions involved in the reactions and 

then draw what she thought she would see. The drawings are followed by a description of 

her work, and answers that she gave to questions asked during the interview. 
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Figure 4.40. Irene’s particulate drawings of equations 1, 2 and 3 during the interview 

Irene’s particulate drawings of the three reactions during the interview all fell into 

the category of inappropriate particulate representations. A number of sub-categories can 

be seen in the drawing of the first reaction. These include formula errors (dyslexic water), 

and bonding basics (single C-O bond in carbon dioxide, single O-O bond in oxygen). Her 

drawing of the second reaction showed inconsistent particulate representations, where 

silver chloride was depicted as ‘touching circles’. Note that the charges seen on the 

drawing above were added during the interview as I corrected her work. Irene’s drawing 

of the third reaction fell into the sub-category of ‘bonding basics’ seen in the carbonate 

ion and carbon dioxide, with single C-O bonds. 

The following sections describe Irene’s answers to questions asked during the interview.  

Understanding of geometry 

Irene accurately drew the geometry of water and carbon dioxide (although carbon 

dioxide has issues with bonding). She said that the geometry of water is a result of 

polarity, saying that “one part is slightly charged, changing how the molecule would 

look”. For carbon dioxide, she could not name the molecular geometry (even though she 
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drew the correct geometry), saying, “we’re covering that tomorrow and I don’t remember 

what we did in high school”. 

Understanding of bonding: 

Irene noted that in methane, carbon and hydrogen are covalently bonded. In silver 

nitrate she observed that the silver and nitrate ions have charges to them, which attract 

each other “like a magnet”, quickly adding “but they are not bonded”. To her the charges 

hold the ions together, but this does not constitute a bond.  Asked about the types of 

bonds that would be found in a reaction mixture involving reaction two, she said that 

there are ionic bonds, covalent bonds and polar covalent bonds. When asked about the 

type of bonding in adjacent water molecules, she noted that they would be attracted to 

each other because they are polar. She illustrated this as: 

 

Figure 4.41: Irene’s illustration of bonding in water 

Irene said “if you have two adjacent water molecules, oxygen is slightly negative 

while hydrogen is slightly positive, so hydrogen will be attracted to oxygen”. She further 
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said that she didn’t think that this type of bond is called a polar covalent bond.  When 

asked how a C-H bond would compare to a Ca-Cl in terms of strength, Irene said that the 

C-H will be stronger because they are sharing electrons, adding that “it is more 

permanent as compared to Calcium and chloride ions which are just attracted, adding that 

if there were other halide ions, they will be attracted to the calcium”. 

When asked how the strength of a single and double bond would compare, she 

noted that double bonds would be stronger than single bonds because four electrons are 

shared in a double bond as opposed to two electrons in a single bond. On how the lengths 

of the two bonds compare, she said that a double bond will be shorter since more 

electrons are being shared compared to only two in a single bond. 

Understanding of atomic/ionic sizes 

When asked how the sizes of a carbon and a hydrogen atom will compare, Irene 

said that carbon will be a lot larger because it has more electrons that will make it larger 

compared to hydrogen. In carbon dioxide, she noted that carbon will be slightly smaller 

than oxygen, because carbon has six electrons while oxygen has eight, further adding that 

“more electrons mean a larger size since electrons make up most of the volume of an 

atom”. Irene also said that a calcium atom will be larger than a chlorine atom because 

calcium has more electrons than chlorine. 

Understanding of polyatomic ions 

When Irene was asked about the difference between a carbonate ion and a 

chloride ion, she correctly identified a carbonate ion as being polyatomic ion, but she 

could not tell that polyatomic ions react as single units. 
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Formula errors 

One case of formula errors that stood out is dyslexic water. In the combustion of 

methane reaction, the Irene drew dyslexic water (HO2). When this was brought to her 

attention, she was able to catch it and correct the mistake, saying  

‘Oh gosh! That was just a stupid mistake’! (while laughing at what she did). It 

should probably be the other way round. I probably just thought flipped it around 

or something but it was O2H or something just put the two in the wrong spot 

when I was looking at it. 

 

Case 4: Maggie  

Background information 

Maggie is a freshman whose major is animal science. As a requirement in her 

major, she has to take two courses of general chemistry (Gen. Chem. 1 and 2) and 

organic chemistry. Maggie took one year of high school chemistry during her junior year. 

Her main source of information in the course is lecture notes, which she supplements 

with the online homework. When Maggie attempted the three questions above during the 

course of the semester, she correctly balanced the three equations, but drew inappropriate 

particulate representations of the reactions, as shown in figure 4.42. 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 4.42. Maggie’s particulate drawings of equations 1, 2 and 3 during the mid-terms 
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All of Maggie’s particulate drawings of the three reactions fall into the category 

of inappropriate particulate representations. For the first reaction, the sub-categories of 

incorrect atomic size and connectivity (in water) can be identified. In the second reaction, 

the sub-category of ‘touching circles’ can be seen, in addition to inconsistent particulate 

representations where some species (calcium and nitrate) are shown as separated species. 

In Maggie’s drawing of the third reaction, the sub-categories that can be identified 

include ‘touching circles, inconsistent particulate representations where calcium is shown 

as an independent particle, free from the chlorine molecules shown, formula errors 

(dyslexic water) and molecular geometry in carbon dioxide. The following sections 

describe Maggie’s work and responses during the interview.  

Balancing of the three chemical equations 

In balancing the equations provided, Maggie systematically moved from the first 

element of the first reactant to the next element and the next reaction. Asked about how 

she goes about balancing an equation, Maggie said that she chooses the first or second 

element, looks at the products side to see if they equal out on both sides and then goes 

back and forth while writing little notes on the side. No notes are however visible in her 

present work. 

Maggie explained that a balanced equation “tells you how many of each product you 

need to get the finished product”. She used the example of silver nitrate saying that “you 

need two silver nitrate and one calcium chloride to get calcium nitrate and silver 

chloride”. She added that in a balanced equation, you have all elements in the reactants 

going to the products although they split up, and have a positive and negative combining. 
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Asked about another sign that could be used instead of the arrow in the equations, 

Maggie replied that an equal sign could be used. When I asked her whether she believed 

that an equal sign was appropriate to use, she said yes, adding that that is how she was 

taught. 

Understanding of a subscript 

When asked about the significance of subscript two in calcium carbonate, Maggie 

said that two is the charge on calcium. She added “since charges always travel, the charge 

transfers to the other part, from calcium to the nitrate”. Asked why the process of charge 

transfer is necessary, she replied: 

I really don’t know the reason behind it but just it is something I know that when 

you have a charge here or when it is something like three plus, it goes down here, 

to the other to whatever element is here. 

Maggie could not identify the ‘two’ as a subscript, instead calling it a coefficient. She 

said she did not know the term subscript.  

Understanding of the meaning and classification of chemical reactions 

Maggie defined a chemical reaction as “when you mix two of the compounds to 

get new products”. She added that in a chemical reaction, bonds break apart and form 

new ones in molecules, and physical states change, giving the example of silver nitrate 

and calcium chloride reacting to give insoluble silver chloride. Maggie classified reaction 

three as acid base, saying that she knows that hydrochloric acid is an acid, and she 

thought that calcium carbonate is a base. She could not identify or classify the other 

reactions. When asked about criteria she could use to classify reactions, she replied that 

she looks at whether the reactants are in aqueous, liquid, gaseous or solid states. She 

however could not use this information to classify the given reactions. 
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Understanding and representation of physical states 

Maggie correctly identified what the physical states i.e. g, s, l and aq., stand for. 

She defined the aqueous state as meaning “that something is insoluble in water”. She 

depicted particles in the liquid, solid and gaseous states as shown in figure 4.43 below. 

 

Figure 4.43: Maggie’s drawings of the orientation of particles in different physical states 

When asked to account for the orientation of the particles in the three different 

states, she said that “it is because that is the way the particles come together to form it”. 

Particulate representations of the three reactions 

The drawings below (figure 4.44) show Maggie’s work during the interview. She 

was asked to imagine that she could see the atoms, molecules and ions involved in the 

reactions, and then draw what she thought they would look like.  

The drawings of all three equations fell into the category of inappropriate 

particulate representations. The sub-categories of inappropriate particulate 

representations in the first reaction include formula errors (dyslexic water), molecular 

geometry (carbon dioxide) and atomic size (such as in methane and water. In the second 

reaction, the main sub-category is ‘use of touching circles. In the third reaction, the sub-
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categories include formula errors (dyslexic water), molecular geometry (carbon dioxide), 

atomic size (such as in HCl), and use of ‘touching circles’. 

The following section presents Maggie’s response to interview questions, most of which 

are related to her drawings. 

Understanding of geometry 

Maggie drew carbon dioxide as a bent molecule, in both equations one and three. 

She was not sure of the geometry of a carbon dioxide molecule, saying that it could either 

be straight or the way she has depicted it in her drawing as a bent molecule. When I 

asked Maggie to name the geometry of water, her response was that she didn’t know, but 

thought it would be like a “Mickey Mouse”. 

Understanding of bonding 

Maggie’s initial drawings indicate the use of the same model to depict atoms that 

she used in the first reaction involving the combustion of methane for equations two and 

three. This could be due to her understanding of the meaning of ‘aqueous state’ that she 

defined as insoluble in water. (Note that the drawings to the right are corrections that she 

made after being told what an aqueous solution is, using the example of table salt 

dissolving).  When asked why she chose the same model for all reactants and products, 

her response was 

I can say really I think that we probably went over it in class but I just don’t 

always know if it is like when you draw them if they should be together or not. I 

just draw them and hope for the best. 

 

When asked to identify the type of bonding in methane, Maggie initially called it 

a chemical bond, and later called it a carbon-hydrogen bond. When told about covalent 
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bonding, Maggie defined it as “a bond between a metal and a non-metal atom”, while she 

defined ionic bonding as “a type of bond that exists between two metal atoms”. She said 

she had never heard of metallic bonding. She defined molecular bonding as “bonding 

between two non-metal atoms”.  

Understanding atomic size 

Maggie depicted a hydrogen atom as being larger than that of an oxygen atom in 

her particulate representation of the first reaction. When asked about what she thought the 

sizes of an oxygen atom compared to that of a hydrogen atom, initially she responded that 

she does not pay attention to the sizes in her drawings, adding that she just draws her 

circles. She said that a hydrogen atom would be bigger. He reasoning was that as you 

move to the right of the periodic table, the atomic size decreases. Maggie thought that an 

oxygen atom would be smaller than a carbon atom for the same reason. Asked about how 

the sizes of a chlorine atom and a calcium atom compare, Maggie initially said chlorine 

would be larger and later added that they would be the same size. She also said that a 

hydrogen atom would be larger than a chlorine atom. 

Formula errors 

Maggie drew two oxygen atoms connected to one hydrogen atom as the formula 

for water (HO2 instead of H2O). She did this both in the first reaction and the third one. 

When asked to look at the formula, Maggie identified the mistake. When I asked her why 

she drew it as she did, she replied: “I always think it is two O’s although I know that it is 

H2O. I didn’t look over like I usually do”. She said that if she had looked over her work, 

she would be able to catch and correct the mistake. 



 

 108 

Interpreting the symbolic language 

In equations two and three above, Maggie seems to be struggling with interpreting 

the meaning of the state symbols in the equations (symbolic level) and the particulate 

representations of the compounds in the various states. When specifically asked why she 

drew silver chloride as she did, she said that it was because silver chloride is a solid, 

making it sink to the bottom, and due to the fact that it is not soluble in water, which 

means that she would not see the ions. 

 

Figure 4.44. Maggie’s particulate drawings of equations 1, 2 and 3 during the interview 
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Case 5: Alex  

Background information 

Alex is a freshman whose major is Biochemistry. She took two years of high school 

chemistry. Her main source of information is lecture notes. She is taking this course 

because it is required for her major. While Alex correctly balanced the equations on the 

written examinations over the course of the semester, her particulate drawings of the 

three equations had aspects that were considered inappropriate, as seen in figure 4.44.  

 

(a) 

 

(b) 
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(c) 

 

Figure 4.45. Alex’s particulate drawings of equations 1, 2 and 3 during the mid-terms 

Alex did not draw detailed particulate representations of reaction one. She 

provided the chemical symbols used in the equation provided. The particulate drawings 

of the second and third reactions fall into the category of inappropriate particulate 

representations. In the second reaction, the subcategory of inconsistent particulate 

representations can be identified. All compounds except silver chloride are shown to be 

dissociated. In the third reaction, the categories that are identified include incorrect 

relative ionic sizes, use of ‘touching circles’ in calcium carbonate, and the molecular 

geometry in carbon dioxide. 

The following section presents Alex’s work during the interview. 

Balancing of the three equations 

Alex didn’t seem to have a defined approach to balancing equations. According to 

her, she first looked at the equation to see “which reactant was best to start with”. For 

instance, she started with hydrogen and then carbon in equation 1, started with the nitrate 

in equation 2, while she started with the carbonate in equation 3.  
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Alex defined a balanced equation as “one having the same number of elements on each 

side of the arrow”. On whether it would be appropriate to use an equal sign in place of 

the ‘forward arrow’ in a balanced equation, her response was that it is okay since “we do 

need the same number of elements on each side”.  

Asked to identify what is common on the left and right hand sides of the equation, she 

pointed to subscripts, coefficients and common elements. According to Alex, a 

coefficient tells you “how many you need to tell that the reaction is completely reacted”. 

She also added that the “components” of both sides are not the same, referring to the fact 

that reactants and products are not the same. 

Understanding of a subscript 

Alex was asked to explain the significance of the subscript ‘two’ in the formula of 

calcium nitrate. Her response was that “the two comes from calcium because calcium has 

a two-plus and nitrate has minus one charge”. She further added that  

when they combine, you have to make sure that they are balanced together so that 

like one of them is not overwhelming the other. You switch the charges on them 

so that they can combine. So this entire thing (referring to nitrate) gets a two and 

calcium gets a one. 

 

When asked to identify what name is given the two, Alex called it di-nitrogen. 

After some questioning, she called it a coefficient, but finally she correctly identified it as 

a subscript. When asked the difference between the subscript and coefficient, she said 

that  

the subscript comes from the charge on a given element, and the coefficient is put 

in front of the combination of elements to make sure that an equation is balanced 

so that it reacts completely so that you are not left with anything in ideal.  
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Understanding of the meaning and classification of chemical reactions 

Alex defined a chemical reaction as 

Would be I don’t know one combination of two elements plus another or it can be 

you know two combinations of elements that are completely arranged. In 

chemical reactions, they ‘switch partners, either to give them heat or excited so 

they want to switch. 

 

When she was asked to classify the three reactions, Alex said that she did not know how 

to classify the first reaction. For reaction two, she said that she could not remember the 

name, but knew that it produces a solid. She classified reaction three as an acid-base 

reaction, saying that there was hydrochloric acid, and that calcium chloride was the base 

in the reaction. 

Understanding and representation of physical states 

Alex correctly explained the meaning of g, s, l and aq (what they stand for) but 

she could not explain what they tell in a reaction or about reactants and products. She 

represented the orientation of matter in the physical states as shown in figure 4.49 below: 
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Figure 4.46. Alex’s drawings of the orientation of particles in various physical states 

Alex explained that “a solid is made up of very compact particles with no space in 

between them”. She described liquid particles as being more dense particles that are 

closer than in gases, and the aqueous state as “where there is water and there is a 

combination of elements that are aqueous in there”. However, her drawing of particles in 

aqueous state shows silver nitrate (which is the example she chose to use) being 

covalently bonded.  

Alex attributed the difference in orientation of the particles as drawn to 

temperature, and used the example of water, saying that “if given a lot of heat, water 

would turn into gas, and if the vapor is cooled, it turns to liquid, and if the liquid is cooled 
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further, it will turn into a solid”. According to her, “temperature excites the particles; the 

more heat particles are subjected to, the more they want to bounce around, and that with 

less heat particles want to get closer together”. She brought in an analogy of heat survival 

in humans, where she said that if they wanted to survive heat, they would get together. I 

pointed to a liquid and solid in the interview room, and told her that there were gas 

particles all around us, and asked her to account for the difference in the forms of matter 

in the room. Her response was that the three were in their ‘ground states’. 

Particulate representations of the three reactions 

The drawings below (figure 4.46) show Alex’s work during the interview. She was asked 

to imagine that she could see the atoms, molecules and ions involved in each reaction, 

and then draw what she thought she would be able to see. All of the particulate drawings 

of the three equations fall into the category of inappropriate particulate representations. 

For reaction one, the sub-categories that can be identified include molecular geometry 

(water and carbon dioxide), and atomic size (such as in water). For reaction two, the main 

sub-category is the use of ‘touching circles’. In the third reaction, the main sub-category 

is the use of ‘touching circles. These sub-categories have been described n detail above. 

Understanding of geometry 

In her drawings for the reaction of combustion of methane reaction, Alex drew the 

molecular geometries of water and carbon dioxide as linear. In the third reaction, she 

drew water as a linear molecule. On asking her why she drew the molecular geometries 

as she did, her response was 

It doesn’t really matter just so long as they are connected… aam … with carbon 

as the central atom along with oxygen for the gas, two oxygen…well in picture 
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form right now it is fine but we are learning right now that the geometry is fine 

and now she has given us a whole bunch of geometrical waves to figure out the 

angle at which these are connected, so in picture form it is fine. 

 

Later she said that both water and carbon dioxide have a trigonal geometry. 

Understanding of bonding 

Alex identified the force holding carbon and hydrogen in methane as a bond. She 

called the C-H bond in methane an electronic bond, while she said that the type of bond 

in silver nitrate is a ‘single bond’.  She could not name covalent or ionic bonds. After 

some questioning and realizing that she did not know, I told her that a C-H bond is 

covalent while the Ag-NO3 bond is ionic. When asked to name one difference between 

ionic and covalent compounds, Alex noted that “both types of compounds will dissolve in 

water completely, but ionic compounds get broken apart but the ions don’t completely 

dissolve”. When I asked Alex how the strength of ionic and covalent bonds would 

compare, she said that a covalent bond would be stronger because ionic bonds get broken 

in a liquid. On properties of covalent and ionic compounds Alex said that they both 

dissolve in water completely, but in ionic compounds, ions break apart, so they don’t 

completely dissolve. 

Alex was asked to compare the strength and length of a single and double bond. 

She said that a double bond is stronger than single since “there are more electrons 

connecting elements together”. In terms of length, she said that a single bond is longer 

than a double bond. She said that she was not sure of the reason why this was so. 
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She used a covalent bond model for ionic compounds in the three equations above, but 

later said they should not be the same. When asked to write an equation for dissolving 

sodium chloride in water, she wrote: 

 

Figure 4.47. Alex’s illustration of dissolving sodium chloride in water 

She seems to be using the strategy of ‘switching partners’ mentioned above to determine 

what the products of the reaction are, hence she predicted that the products of dissolving 

sodium chloride in water will be sodium oxide and HCl.  

She said that when sodium chloride dissolves, you can barely see the crystals of 

sodium chloride in water. On probing, she corrected the products of dissolving sodium 

chloride in water. She also revised her drawings of equations 2 and 3. Even with the 

revisions, she portrayed the nitrate ion as breaking apart, into nitrogen and oxygen in 

silver nitrate and calcium nitrate. (This points to a lack of understanding of polyatomic 

ions, namely that polyatomic ions react as single units. She was unable to identify the 

name ‘polyatomic ions’). 

Understanding of atomic size 

On why she chose to portray oxygen as smaller than carbon in carbon dioxide, 

Alex said that since carbon is the central atom, she chose to draw it like that “because it 

looks nicer”. Asked how the sizes would compare in reality, she said that oxygen will be 
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larger than carbon “because oxygen has a larger mass per mole than carbon”. In water, 

she said that oxygen would be larger “because it has a bigger mass than hydrogen”. When 

asked how the sizes of calcium and chlorine compare, her response was that chlorine will 

be smaller because calcium has a higher mass per mole. On how atoms of hydrogen and 

chlorine compare in size, she said that chlorine is bigger because it has a higher mass. 
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Figure 4.48. Alex’s particulate drawings of equations 1, 2 and 3 during the interview 

Case 6:  Alexus 

Background Information 

Alexus is a sophomore, whose major is food science. She took two semesters of 

chemistry in high school (one semester of regular chemistry and one semester of 

advanced chemistry). Her main source of information in the course is lecture notes and 
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the online homework link. She does not look at the class text unless she is really 

confused. While she correctly balanced the three equations of chemical reactions in her 

mid-term examinations, she struggled with drawing appropriate particulate 

representations of the three reactions, as seen in figure 4.49.  

 

(a) 

 

(b) 

 

(c) 
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Figure 4.49. Alexus’ particulate drawings of equations 1, 2 and 3 during the mid-terms 

Alexus’ particulate drawings of the three reactions all fall into the broad category 

of inappropriate particulate representations. In the first reaction, the particulate drawing 

of carbon dioxide falls into the sub-category of incorrect molecular geometry since 

carbon dioxide is depicted as a bent molecule. Alexus’ particulate drawing of the second 

reaction shows inconsistent particulate representations. Silver chloride is drawn as 

‘touching circles’, a model used to show covalent compounds, while all the other species 

are shown to be ionized. Her particulate drawing of the third reaction on the other hand 

falls into the sub-categories of incorrect ionic sizes, where hydrogen ions seem larger 

than chloride ions, incorrect molecular geometry in carbon dioxide where it is drawn as a 

bent molecule, and incorrect atomic size in water where hydrogen and oxygen are shown 

to be of the same size. 

The sections below describe Alexus’ work during the interview and responses to 

interview questions. 

 



 

 121 

Balancing of the three equations 

Alexus has a procedure for balancing equations. As she notes, she starts with 

hydrogen and does oxygen last in balancing equation the first equation. When I asked her 

why she started with hydrogen, her response was “I don’t know why”. In the second 

equation she started with chlorine because according to her, it was the first one she 

spotted as not balanced.  

On what a balanced equation means to her, Alexus said “a balanced equation means that 

all different elements on one side have the same amount on the other side”. I asked 

Alexus whether it would be appropriate to use an equal sign instead of the forward arrow 

in a balanced equation. She said  

no because they change their bonds, like this one over here is a gas but like this 

one over here is aqueous goes to a solid here (referring to silver nitrate) and so it 

is not really the same thing…in the first reaction, it went from oxygen to a liquid 

that you could drink if you turned it into a liquid.  

 

On another sign that could be used in place of the forward arrow in a chemical reaction, 

Alexus said we could use an approximately sign, adding that she did not know another 

sign that could be used. 

Understanding of a subscript 

Alexus was asked to explain the significance of the subscript ‘two’ in calcium 

nitrate. She said that the two “means that there are two nitrate groups in silver nitrate, 

necessitating that there be two groups of the nitrate in the products”. It was apparent that 

she was referring to the balanced equation. When told that the formula of calcium nitrate 

has two nitrate groups even before balancing, her response was that “there is a two 

because it has to be zero for them to be together, so that there is two positives and two 
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negatives” adding that “only then will they form an octet and bond together better”. She 

used the illustration below to explain her answer.  

 She noted that there are 2 groups of the nitrate, which she illustrated as: 

 

She further added that “there is a two because it has to be zero for them to be together, so 

that there are two positives and two negatives”. She said that “only then will they form an 

octet and bond together better”. In explaining the octet mentioned here, she noted that 

calcium has two valence electrons, and struggled with identifying the number of valence 

electrons in the nitrate ion.  She used the illustration below to explain the octet that she 

mentioned. She correctly called the two a subscript. 

 

Understanding of the meaning and classification of chemical reactions 

Alexus’ definition of a chemical reaction was that  

It is where you mix like two different kinds of chemicals or two different kinds of 

like anything like oxygen with something else and then it can go to a heat reaction 

or some kind of reaction and then it will change into a different for most of the 

time…sometimes it doesn’t.  
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Alexus did not use the term reactants. She instead called reactants ‘reaction 

chemicals’. She was told that the right terminology is reactants. She recognized and used 

the term products when referring to carbon dioxide and water in the first reaction. In 

describing what happens in a chemical reaction (the process), Alexus noted that “in a 

chemical reaction, reactants react with each other by detaching from each other and re-

attaching with other elements”. Using the silver nitrate example, she said that they 

separate to go into different compounds, adding that “they swap partners”. She further 

added that when detaching, their bonds break and re-attach for example nitrate with 

calcium and they form a new bond. She said that in aqueous solution, ions don’t really 

attach, they just float around, able to stay together because their charges “attach 

together”. 

Alexus classified the combustion of methane reaction as a redox reaction. She 

defined a redox reaction as meaning that “there is reducing oxygen, which turns into 

water, and carbon dioxide”, adding that oxygen was the reducing agent in this case. 

Asked to identify the oxidizing agent, she said that it was “either carbon or oxygen”. She 

classified reaction two as a metal-salt reaction; while she classified reaction three as a 

chemical base reaction, because hydrochloric acid (HCl) is a base according to her. 

Asked to explain what she looks for in order to classify a reaction, she said that she looks 

at what is reacting and what is forming. She however could not apply this criterion to 

classify the reactions. 
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Understanding and representation of physical states 

Alexus said that the symbol S stands for solid, l for liquid; aq. for aqueous, and g 

for gas. She however could not explain what they show in a chemical reaction. Alexus 

defined the aqueous state as “where groups float around together”. She drew the 

following particulate representations of matter in the different physical states: 

 

 

 

Figure 4.50. Alexus’ depiction of particle orientation in various physical states 

In the drawings above, Alexus’s initial drawing of particles in a liquid was similar 

to what they looked like in her drawing of a solid, which she changed after I pointed this 

out. When asked to account for the difference in the orientation of particles as she had 

drawn, she said: 

It is by the density...normally if you look at like water, there is a higher 

temperature, so this will be the higher temperature (pointing to the gas), and then 
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this would be the coldest (pointing to the solid) and this will be the medium 

temperature (pointing to the liquid).  

 

She further added that temperature changes the density in ‘most states’. She said that 

temperature changes the density of particles in a given state. She also said that when the 

temperature is high, it turns a liquid into gaseous state. 

Particulate representations of the three reactions 

The drawings below (figure 4.51) show Alexus’ particulate drawings of the three 

reactions during the interview. She was asked to imagine that she were able to see the 

atoms, molecules and ions involved in the reactions, and then draw what she thinks she 

would see. The drawings are followed by a description of her work, and answers that she 

gave to questions asked during the interview.  She chose to use boxes in order to ‘show a 

before and after picture’. 
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Figure 4.51. Alexus’ particulate drawings of equations 1, 2 and 3 during the interview 

In the second equations, I asked Alexus to include more detail to the nitrate, 

which is why some portions are crossed out. Alexus’ drawings of the three reactions fell 

into the broad category of inappropriate particulate representations. In the first reaction, 

the sub-categories of inappropriate particulate representations include incorrect molecular 

geometry in carbon dioxide and incorrect relative atomic sizes in methane. In the second 

reaction, the sub-categories of inconsistent particulate representations and molecular ions 
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are evident. In the third reaction, the particulate drawings fell into the sub-categories of 

incorrect molecular geometry in carbon dioxide, incorrect relative atomic size in water, 

molecular ions (chloride ions) and use of touching circles (covalent bond model). 

The sections below describe Alexus’ responses to interview questions related to her 

drawings. 

Understanding of geometry 

Alexus chose similar geometries (linear) for carbon dioxide and water in equations one 

and three. On being asked why she chose the same geometries for water and carbon 

dioxide, she replied “I draw it like Mickey mouse. I don’t know the shape. We are just 

learning that now and so I don’t know the geometry”.  

At the bottom, Alexus drew geometries of carbon dioxide and water after help identifying 

the geometries. She did not draw a correct depiction of a bent molecule even after I told 

her that the molecular geometry of water is ‘bent’.  

Understanding of bonding 

Alexus did not know the type of bonding in methane, or the processes of bond formation. 

She called the C-H bond in methane a non-ionic bond. On being asked to describe 

bonding in calcium chloride, she initially vacillated between sharing of electrons and not 

sharing of electrons. She eventually said that the calcium and chloride ions stay around 

each other and added that “but I don’t understand how they stay together. There is some 

kind of pull but there are differences in electrons that cause the attraction. The attraction 

is a weak bond, which I don’t know how to name”. 
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Alexus could not name other types of bonding in chemistry. When I asked her 

whether she knew about metallic bonding or hydrogen bonding, Alexus said that she had 

not heard of metallic bonding. She said that she knew of a hydrogen bond as one formed 

between hydrogen and oxygen, and hydrogen and carbon. When asked how the strength 

of covalent and ionic bonds compare, she responded that “the covalent bond is stronger 

because groups are stuck together in a group while ionic bonds, they are just floating 

around.” 

Alexus has used the covalent bond model that she has used in the methane 

reaction, particularly for silver chloride and calcium carbonate, where ‘touching circles’ 

of atoms are used. On why she chose to represent the two compounds as being covalently 

bonded, she replied: 

We were told that silver and chloride are not supposed to have ions since it is a 

solid, same as calcium carbonate, so there is no positive and negative charge since 

they are grouped together…they are one group where they share electrons and this 

is particularly a case for solids. They trade their ions to not have a positive or 

negative ion. 

 

Alexus correctly explained how a single bond (such as O-H in water and a double bond 

(such as C-O in carbon dioxide) compare, explaining that a double bond would be 

stronger and shorter since “you have to break two bonds in place of one, and you have a 

double pull in the double bond”. 

Understanding of properties of ionic and covalent compounds 

Alexus was given a scenario where she had to identify and differentiate a covalent 

from an ionic compound in a laboratory setting. Her response was that “you heat the two 

unknown solutions and take their boiling points”, adding that the covalent compound will 
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have a higher boiling point than the ionic compound.  When I asked her what would 

happen if she passed an electric current through the solution, she said that the ionic 

compound would conduct electricity because of “the little particles floating around that 

hold charge”. 

Understanding of atomic size 

Alexus was asked to explain how the sizes of a carbon atom would compare to 

that of a hydrogen atom since she depicted them as being the same size in methane. She 

said that a carbon atom would be larger than the hydrogen atom. Asked why she did not 

draw the appropriate relative sizes of carbon and hydrogen, she said that she recognized 

and understood this but did not represent them as such. 

On how the sizes of a carbon atom and an oxygen atom would compare, Alexus’ 

response was that “I understand that oxygen is heavier, because of the weight, since 

carbon has a weight of 12 while oxygen has 16. But then there is a thing that as you move 

across the periodic table, size gets bigger.” 

Alexus noted that an oxygen atom would be larger than a hydrogen atom, saying that 

oxygen is heavier. She further added that a calcium atom would be larger than a chlorine 

atom “since calcium is lower in the periodic table compared to chlorine”. 

Case 7: Frankline  

Background information 

Frankline a freshman whose declared major is Conservation. Frankline took two 

semesters of general chemistry in high School. His main source of information in the 

course is lecture notes. While Frankline correctly balanced the equations in the mid-
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terms, he drew appropriate particulate representations of one of the three reactions, as 

seen in figure 4.52. 

 

(a) 

 

(b) 

 

(c) 
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Figure 4.52. Frankline’s particulate drawings of equations 1, 2 and 3 during the mid-

terms 

Frankline drew appropriate particulate representations of the first reaction. His 

particulate drawing of the second reaction is incomplete on the reactant side as it seems 

to be missing a calcium ion. The particulate drawing of the third reaction on the other 

hand falls into the category of inappropriate particulate representations. The sub-

categories ‘touching circles’ in the representation of dilute hydrochloric acid, and 

incorrect relative atomic size in carbon dioxide can be identified. The sections below 

describe Frankline’s work and response to questions during the interview. 

Balancing of the three equations: 

Frankline’s process of balancing chemical equations involved “counting atoms or 

elements on the reactant and products sides”. Asked what his procedure for balancing a 

chemical equation is, Frankline responded that “I generally look to see if they are whole 

ions then I just see how many of one are there and how many of the other and then add 
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coefficients to one of them to balance them”.  He added that he generally starts with the 

first element in each reactant and then goes to the next element. 

Frankline defined a balanced equation of reaction as a “complete reaction”. He 

added that “it is one where there is an equal mass of each”. Citing the law of conservation 

of mass, Frankline noted that “the law states that you can’t gain or lose matter and 

therefore mass is conserved”. He qualified his answer by referring to the balanced 

equation of the combustion of methane. 

When Frankline was asked whether it would be appropriate to use and equal sign in the 

balanced equations, Frankline said that it would not, because “you have different 

compounds although they have the same mass collectively”. When asked about other 

signs that are used in chemical reactions, Frankline responded that a reversible sign can 

be used, “if products can be changed back to reactants”. 

Understanding of a subscript 

When asked about the significance of the subscript ‘two’ in calcium nitrate Frankline 

responded that “it means that there are 2 nitrate anions…because you are reacting two 

moles of silver nitrate with calcium chloride, so there is twice as much of the nitrate”. 

When I reminded him that even before balancing, we had the subscript, Frankline replied 

that calcium has a charge of ‘plus two’ while the nitrate anion has a charge of ‘negative 

one’, and illustrated the process as:  
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When asked why there had to be two nitrate anions, Frankline said that this was 

necessary “because charges need to cancel and be neutral”. 

Understanding the meaning and classification of chemical reactions 

Frankline defined a chemical reaction as “a shift in the distribution of atoms or 

ions”. He explained the ‘shift’ as involving the breaking of bonds, adding that “there is 

movement around to form new products”.  

Frankline classified the first reaction as a combustion reaction. His reason for the 

classification was “because oxygen was added to methane”. He classified equation two as 

a double replacement reaction, adding that this was “because ‘anions and cations switch”. 

He qualified his answer by saying that in the reaction, “silver in silver nitrate ‘dumps’ the 

nitrate and picks up the chloride while calcium picks up the nitrate anion”. He classified 

the third reaction as an acid-carbonate reaction. In his reasoning, he recognized 

hydrochloric acid and calcium carbonate, noting that they produce a salt, water and 

carbon dioxide. He did not know that the carbonate was a base. 

When asked about the criterion he uses to classify reactions, he said: 

I just memorize like the rules like whether it is a single replacement or a double 

replacement, a combustion reaction I look for oxygen, and in acid carbonate reactions, 

they give a salt water and carbon dioxide. 

 

Understanding and representation of physical states 

Frankline explained that the letters g, s, l, and aq. tell us what state a compound is in. He 

drew particulate representations of matter in these states as shown below.  
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Figure 4.53: Frankline’s drawings of the orientation of particles in various physical states 

While drawing, Frankline explained his drawings, saying that  

for solids it is tightly parked, for liquid they will be more spaced out but they will 

be more fluid, more free to move around, and in gas, they will be the least dense 

of the three states of matter and they would have more energy.   

 

When asked why he thought particles in a gas would have more energy, 

Frankline’s response was that “when you heat something up, it changes phases into a 

gas”. I asked to think about matter in the interview room in gas, liquid and solid phases 

and explain why they were in different phases. He said that it was because they have 

different freezing points. When asked to specifically account for the different orientation 

of particles in his drawings, his response was that “the gas particles have more like 

kinetic energy and they move around… there are collisions between the particles and the 

particles are excited and they bounce off the surfaces of the container”. 

Frankline was asked to use dissolving of sodium chloride to explain the aqueous 

state. He described what happens when salt dissolves saying that “the matrix of ions 

dissociates because of water works between the bonds and the ions break apart the 
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cations and anions break apart to form aqueous ions…the ions are dissolved in the 

water”.  

Particulate representations of the three reactions 

The drawings below (figure 4.54) show Frankline’s work during the interview. He 

was asked to imagine that he could see the atoms, molecules and ions involved in the 

reaction, and then draw what he thought he would see. The drawings are followed by a 

description of his work, and answers that he gave to questions asked during the interview. 
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Figure 4.54. Frankline’s particulate drawings of equations 1, 2 and 3 during the interview 

Frankline’s particulate drawing of first reaction falls into the broad category of 

appropriate particulate representations. However, due to the model that he has used in his 

drawing, it is hard to make judgments on his understanding of issues such as relative 

atomic size. Frankline’s particulate representation of the second reaction on the other 

hand falls into the category of appropriate particulate representations, although the 
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drawings lack internal consistency. Specifically, the charges are not balanced as drawn 

since he has one chloride ion and one nitrate ion with a calcium ion. Frankline’s 

particulate representation of the third reaction falls into the category of inappropriate 

particulate representations, with the  sub-category of using ‘touching circles’ in an ionic 

compound (dilute hydrochloric acid) identified in the particulate drawing. The particulate 

drawings also seem to lack internal consistency, particularly in the depiction of calcium 

chloride, where he has a single chloride ion. The following section describes Frankline’s 

responses to interview questions related to his drawings. 

Understanding of geometry 

Frankline identified the molecular geometry of carbon dioxide as being liner. He 

attributed this to the fact that carbon, which is the central atom, does not have unpaired 

electrons. When asked about the geometry of water, Frankline said that it was tetrahedral 

since water has two pairs of unpaired electrons even though he drew a bent water 

molecule, which is the correct geometry. When reminded that this was the electron 

geometry, his response was that he did not know what the molecular geometry was. 

Understanding of bonding 

When asked to identify the type of bond between carbon and hydrogen in 

methane, Frankline called it a covalent bond. He defined a covalent bond as when atoms 

share electrons to form bonds. On why he showed a double bond between the two oxygen 

atoms in the oxygen molecule, he said that there are two pairs of unpaired electrons , and 

each oxygen atom has six valence electrons, so each gives two electrons to be shared, 

hence the double bond. 
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On how the strength of a single bond compares to that of a double bond, Frankline said 

that a double bond would be stronger, because there are more electrons being shared and 

holding the two ends together. On how the lengths of the two bonds compare, he noted 

that single bonds would be longer because “atoms are weakly bound”. 

 Frankline identified bonds in silver nitrate as ionic, which he defined as being 

present between an atom of a metal and a non-metal. He added that ionic bonds are 

stronger, due to a larger electronegativity difference. He thought that dilute hydrochloric 

acid is covalent, quickly adding that in water, hydrogen ions dissociate. He attributed 

acidity to hydrogen ions, which contradicted his answer of the acid being covalent. 

Properties of ionic and covalent compounds 

Frankline was given a scenario in the lab where he was provided with two 

unlabeled containers of liquids, one of which is ionic and the other as covalent. He was 

supposed to describe an experiment to identify or differentiate between them. His 

response was: 

run electricity through the solutions to get the conductivity…ionic solutions will 

conduct generally conduct electricity because the flow of electrons goes through 

the cations and anions line up like positive like the different poles will line up and 

the electrons will flow through the dissociated ionic compounds. 

 

Understanding of atomic/ionic size 

Frankline said that an oxygen atom will be slightly smaller than a carbon atom, 

“because it (oxygen) has more protons drawing electrons closer to the nucleus. He added 

that “ as you go down the periodic table, atoms get larger”. For hydrogen and oxygen, he 

said that hydrogen is a lot smaller because hydrogen has only one electron which is 
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tightly pulled to the nucleus. On how atoms of nitrogen and oxygen compare in size, his 

response was that oxygen would be slightly smaller given that it is to the right of nitrogen 

in the periodic table, adding that as you move across the periodic table, the size 

decreases. When asked how calcium and chlorine atoms would compare in size, 

Frankline said that calcium would be smaller because there are more protons pulling 

electrons closer to the nucleus. 

When Frankline was asked how a chlorine atom compared in size to a chloride 

ion, he said that “a chloride ion has one more electron, so it will be a bit larger. With the 

chlorine atom, it will be larger than the ion”. (This is a contradiction). On how a calcium 

atom and a calcium ion compare in size, he said that “ the ion would be smaller, since 

they have the same number of protons but there will be fewer electrons in the ion, which 

will be attracted more strongly”. 

Frankline identified nitrate and carbonate ions as polyatomic ions. Asked why they don’t 

dissociate during reactions, his response was that “the covalent bonds that hold nitrogen 

and oxygen don’t dissociate in water, adding that they react as one whole thing with a 

charge. 

Case 8: Jayne  

Background information 

Jayne is a senior, whose declared major is Biomedical Sciences. She took two semesters 

of general chemistry in high school (she confessed that she didn’t really pay any attention 

to what she was taught). Her main source of information in the course is the online 

homework site (Mastering Chemistry), where she finds the help option on the site to be 
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very helpful, since she can practice and get immediate feedback on whether she is right or 

wrong. She described herself as a ‘self-learner’ who teaches herself if she has to 

understand a concept. She said that she uses class notes regularly, adding that they are not 

always clear. Jayne correctly balanced the three equations in her mid-term examinations, 

and drew appropriate particulate representations of the first reaction (combustion of 

methane). Her drawings for the second and third reactions have aspects that can be 

considered inappropriate as seen in figure 4.55. 

(a) 

 

(b) 

 

(c) 
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Figure 4.55. Jayne’s particulate drawings of equations 1, 2 and 3 during the mid-terms 

Jayne’s drawing of the first reaction falls into the category of appropriate 

particulate representations. The particulate drawings of the second and third equations 

fall into the category of inappropriate particulate representations. In the second equation, 

the drawing falls into the sub-category of inconsistent particulate drawings. Every 

compound except silver chloride is shown to be dissociated. Silver chloride is depicted 

using ‘touching circles’. The particulate representation of the third reaction falls into the 

sub-categories of incorrect ionic and atomic radius. On the reactant side, hydrogen ions 

are depicted as having the same size as chloride ions. On the product side, oxygen and 

hydrogen in the water molecule are shown as equal in size.  

The sections below summarize Jayne’s responses to questions, and work during the 

interview. 

 

 



 

 142 

Balancing of the three chemical equations 

In balancing the three equations, Jayne started out by balancing hydrogen, saying 

that she could start anywhere, adding that she “usually starts with an element where you 

know that there is a different number on the other side”. Jayne further said that she needs 

an even number of each species because “we have to have a single number as a 

coefficient”. Asked why an even number was necessary, her response was that it was 

“because it is oxygen and you can’t use decimals in front of it you can’t put a one point 

five. You have three on the right and two on the left side. You need whole numbers as 

coefficients”. For equation two she started with a nitrate, saying that it had “a different 

number on the other side”. In equation three, she started out with hydrogen, followed by 

chlorine. 

According to Jayne, a balanced equation means that you have the same number of 

elements on one side on reactants and products side, adding, “you are not going to gain or 

lose anything”. She further noted that in reactants and products, you have the same 

elements and same chemical compounds. She said that reactants and products “are 

different in the sense that you are going from one physical state to another and from one 

type of bonding to another”. 

Asked whether it was appropriate to use an equal sign in a balanced equation, Jayne said 

no because sometimes when you get reactants, they can’t always go back to the products, 

depending on what you use. Now if you were to use heat for this reaction, like ‘delta H’ 

or something else, it is really hard to get back to reactants (referring to reaction 3). It 

would be really hard to get carbon dioxide to form reactants. 

 

When asked about another sign that is also used in chemical reactions, she said 

“you could use two arrows if they are able to go back and forth”. She further added that 
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“it is kind of like an equal sign that this is able to go back and forth” finally saying that 

they had not covered those kinds of reactions in her class. When I asked her what 

reversible reactions are, Jayne said that “reversible reactions happen when you have very 

weak bonds”. She used the example of sodium chloride going into solution, which she 

called “weak ionics” as shown below.  She said that “in this case you can break the ions 

apart and also put them together”. 

 

Understanding of a subscript 

I asked Jayne to explain the significance of the subscript two in calcium nitrate. 

She said  

the two means you have two nitrate ions with one calcium ion because according 

to the periodic table, calcium has a charge of ‘plus two’ while the nitrate ion has a 

negative one charge. So, you need two nitrates to balance the charge on calcium 

ion… calcium is a ‘two plus and nitrate is a ‘one minus sign’ and so you’ll need 

two to balance.  

 

Asked why it was important to have a balanced charge, Jayne replied that since we don’t 

show any charge on calcium nitrate, then it must be balance. She further added that if we 

had a charge on any of the two, it would be unbalanced. 

Meaning and classification of chemical reactions 

Jayne defined a chemical reaction as “where you have reactants reacting with one 

another and where bonds or electrons are changing between the elements”. When I asked 

her to classify the three reactions into the types that they represent, her first response was 
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that she doesn’t really memorize the types of reactions “because in chemistry students are 

not asked questions on reaction types” and therefore she does not commit it to memory. 

Asked about the criteria she could use to classify a reaction, she said that in the third 

reaction, she could recognize hydrochloric acid and carbon dioxide and water, telling her 

that it is an acid-base reaction. In the second one, she said that she could not think of the 

reaction, but she classified it as a metal reaction. She said she was not sure of how to 

classify the first reaction (combustion of methane). 

Representation and understanding of physical states 

Jayne explained that S stands for solid, l for liquid, g for gas and aq for aqueous 

solution. She added that the physical states “help describe a reaction”. She used the 

second reaction to illustrate this saying “reactants come together to form a solid, 

indicating a phase shift”. She illustrated matter in the different physical states as shown in 

figure 4.56 below. 

 

 

 

Figure 4.56. Jayne’s drawing of the orientation of particles in different physical states 

Jayne described her drawings, saying that “particles in a gas go everywhere 

hitting each other and being far apart”. She described particles in a liquid or aqueous 
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solution being slightly closer together but still far apart “in containment, and doing the 

same things like a gas”. In a solid, she said particles are really close, “stuck together and 

vibrating in constant motion”. 

Jayne attributed the difference in orientation of particles in the different phases of 

matter to different melting points, saying that at a certain temperature, a liquid will turn 

into a gas, and at another temperature, it will turn into a solid. Asked why specifically gas 

particles are far apart, Jayne said that molecules in a gas have much more volume, 

followed by solutions, while in solids the volume is much smaller.  

Particulate representations of the three reactions 

The drawings below (figure 4.57) show Jayne’s work during the interview. She 

was asked to imagine that he could see the atoms, molecules and ions involved in the 

reaction. She was asked to draw what she thought she would see. The drawings are 

followed by a description of her work, and answers that she gave to questions asked 

during the interview. 
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Figure 4.57. Jayne’s particulate drawings of equations 1, 2 and 3 during the interview 

(Note that the additional drawings above the second equation and below the third 

equation above show Jayne’s revisions during the interview). 

Jayne’s particulate representations of the three reactions fall into the broad 

category of inappropriate particulate representations. In her drawing of the first reaction, 

the sub-category of incorrect molecular geometry can be identified. Additionally, Jayne 

has what appears to be floating particles (atoms) in that reaction.  Her particulate drawing 
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of the second reaction has sub-categories of inconsistent particulate representations, 

particularly with silver chloride. It is worth noting that due to the nature of Jayne’s 

particulate drawings, it is hard to tell how she attends to aspects such as ionic sizes. 

Jayne’s drawing of the third reaction uses lines to depict bonding in the ionic compounds 

(a model for covalent bonding), seen in her drawing of dilute hydrochloric acid, calcium 

carbonate and calcium chloride. The sub-category of incorrect molecular geometry (in 

water) and bonding basics in the carbonate (she has six bonds attached to a carbon atom) 

can also be identified in the particulate drawings. 

The sections below describe Jayne’s work and responses to questions during the 

interview. 

Understanding of geometry 

  Jayne initially drew the molecular geometry of water as linear. She later revised 

the geometry to be bent, but classified the molecular geometry of water as trigonal planar. 

Asked how she determines the molecular geometry of a molecule she said 

 I am still getting a little bit used to molecular geometry but usually I look at more 

like bond formation usually I look at the bonds and so there is two coming out of 

here and also the shape that it makes naturally so for here it is like a triangle, so 

its molecular geometry is trigonal planar. 

 

On electron geometry, Jayne said that she looks at the number of bonds and 

electron pairs coming off of the elements to determine the geometry, adding that it also 

depends on the element. For water, she said that there are two electron pairs, meaning the 

electron geometry is tetrahedral. Asked about the molecular and electron geometry of 

carbon dioxide, Jayne said that they would both be linear because “you don’t have any 

electron pairs on carbon”. 
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Understanding of bonding 

Jayne defined a bond as a “shared pair of electrons, or a charge between two 

ions,” adding that a bond attaches elements together such as hydrogen to carbon. Asked 

to state the types of bonds that she knew, Jayne named covalent bonds, ionic bonds and 

hydrogen bonds. She described covalent bonds as the strongest types of bonds formed 

through sharing of electrons, ionic bonds as “a charge where you have positive and 

negative elements reacting”, and hydrogen bonds as some elements with hydrogen and 

other elements, such as O-H, H-H adding that “you can get most of elements to form 

hydrogen bonds”. 

On the how the strengths on single and double bonds compare, Jayne noted that 

double bonds will be stronger because four electrons are shared in a double bond 

compared to two in a single bond. When asked how the lengths would compare, she said 

that single bonds will be longer, adding that she did not know why. 

When asked about the types of bonds in calcium carbonate, Jayne only identified 

covalent bonds between carbon and oxygen in the carbonate. She said that she was not 

sure where an ionic bond would be in the compound. On how the two types of bonds 

compare, Jayne said that covalent bonds will be much stronger.  

Properties of ionic and covalent compounds 

Jayne was provided with a scenario where she has two clear unknown liquid 

compounds, one being ionic and another as covalent, and asked to come up with a 

procedure that she would use to identify or differentiate them. She said “I think you 
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would I guess you would since I they are already in solution I would look to see if they 

have dissolved intermingled with the solution”. 

When I clarified to her that they would both be clear solutions, she was unable to come 

up with a test to differentiate or identify them. I told her that we could pass an electric 

current through them, and asked her to predict what will happen. She said that the 

solution of the ionic compound will “light the bulb”, while the solution of the covalent 

compound will not “because it has no charges”. 

Understanding of polyatomic ions 

Jayne struggled to identify polyatomic ions in the three reactions. Once identified 

to her, she was asked to give a reason why polyatomic ions did not dissociate during 

reactions, Jayne said that it was due to the bonding between the atoms, saying that “they 

are sharing bonds”.  

Case 9: Antonio  

Background Information 

Antonio is a freshman whose major is health and human performance, with a 

minor in psychology. She took one semester of general chemistry in high school. Her 

main source of information for the course is a combination of lecture notes and the online 

homework.  In the course of the semester, when Antonio took the midterms containing 

the three equations, she was able to correctly balance the three equations. She however 

did not draw appropriate particulate representations of the three reactions, as seen in 

figure 4.55.  
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(a) 

 

(b) 

 

(c) 

 

 

Figure 4.58. Antonio’s particulate drawings for reactions 1, 2 and 3 during her mid-terms 
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Antonio’s particulate representations of the three reactions fall into the broad 

category of inappropriate particulate representations. In her drawing of the first reaction, 

the sub-categories of incorrect molecular geometry (in carbon dioxide) and incorrect 

relative atomic sizes (in water) can be identified. Antonio’s particulate drawing of the 

second reaction fell into the sub-categories of neutral species (atoms and ions) and 

‘touching circles in silver chloride. In her drawing of the third reaction, the sub-

categories of incorrect relative ionic sizes (hydrogen and chloride ions can be identified.  

The following sections summarize Antonio’s responses to questions and work during the 

interview. 

Balancing of the three equations 

Antonio started with carbon in balancing the first chemical equation, started with 

silver in the second equation, and chlorine in the third equation. She said she did not have 

a specific rule on where she started, adding that she could start with any element in the 

reactants. She defined a balanced equation as meaning that there are “an equal number of 

atoms on each side of the arrow”. She further added that in a balanced equation, reactants 

and products have the same number of each element, but with different ways of 

combining. 

Asked whether it would be okay to use an equal sign in a balanced equation, her 

response was that “ I feel like it could be but I feel like it would confuse me because then 

I would get the idea in my head that they are the exact same elements or compounds on 

both sides”. When asked to name or identify another sign that is usually used in chemical 

reactions, Antonio said that a ‘double sided arrow’ is used.  
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She added that the ‘double sided arrow’ means that the reaction “can be undone and re-

done”. She could not identify  the types or classification of reactions where the sign is 

used, saying that she has not used the sign in chemistry, adding that she had only seen it 

in “other places”. 

Understanding of a subscript 

When I asked Antonio to explain the significance of the subscript two in calcium 

nitrate, she said that “it applies to the nitrate meaning that there are two molecules of the 

nitrate”. She further said that “calcium is a plus two charge, while the nitrate is normally 

a negative one charge, so you need two of them to equal the charge of calcium”. She 

illustrated her reasoning as: 

 

Understanding of the meaning and classification of reactions  

When Antonio was asked to classify the three reactions, her first response was 

that this was one of the areas that she struggled with. She said that in classifying 

reactions, she looks to see the kind of products formed. She said that for oxidation-

reduction reactions, she looks to see if oxidation numbers are changing. She further 

added that she understands what it takes but she does not know how to apply that 

information. She said that in equation one, the water produced says that it is an acid-base 

reaction.  For reaction two, she said that she noticed that products were “switching who 

they were with”, which she said is typical of ionic equations she had worked with. She 

said she didn’t know the name of the class, adding that “it is something called solubility”. 
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She said that in equation three, the fact that water is produced automatically drives her to 

think it is an acid-base reaction. On questioning, she identified hydrochloric acid as the 

acid, but she did not know that calcium carbonate is a base. 

Antonio defined a chemical reaction as “when there is changes in element or atom 

make up, when products and reactants have a different atom make up, and when there is a 

change in electrons moving around”. She described a chemical reaction as involving the 

transfer of energy between elements, and rearranging of elements through breaking and 

forming of bonds. 

Understanding and representation of physical states 

Antonio explained that S stands for solid, l for liquid, g for gas and aq for aqueous, 

adding that they tell us the state in which the elements or compounds are in. She 

represented particles in the four phases as shown in figure 4.59 below. She explained her 

drawings, saying that  

in a gas the particles will be further apart from each other, in a liquid, they would 

be slightly closer together but still free moving so that they could slide past each 

other, in a solid they would be packed right next to each other and they cannot 

freely move past each other and in aqueous state, the particles will be within 

water.  
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Figure 4.59. Antonio’s drawing of the orientation of particles in various physical states 

Antonio accounted for the orientation, saying that in a liquid there is higher 

energy, and the connection between particles is not strong, while in a solid, the 

connection is very strong, and in a gas, the connection is very loose. When asked why 

there is a difference in connections, she cited the example of water, saying that water is a 

liquid at room temperature, which when cooled becomes a solid “because you are having 

energy taken out, or which changes into a gas when heated because electrons get 

excited”.  

Particulate representations of the three reactions 

The drawings below show Antonio’s work during the interview. She was asked to 

imagine that she could see the atoms, molecules and ions involved in the reactions. She 

was asked to draw what the particles would look like. Figure 4.60 below shows Antonio’s 

particulate drawings during the interview. The drawings are followed by a description of 

her work, and answers that she gave to questions asked during the interview. 
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(Nrg release stands for release of energy according to Antonio). 

 

 

 

 

Figure 4.60. Antonio’s particulate drawings for reactions 1, 2 and 3 during the interview 

Antonio’s particulate drawing of the first reaction falls into the category of 

appropriate particulate representations. Due to the nature of the model that she has used 

in her particulate drawings, it is hard to make judgments about aspects related to PNM. 

Her particulate drawing of the second reaction also falls into appropriate particulate 
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representations. Antonio’s particulate drawing of the third reaction falls into the category 

of inappropriate particulate representations. The sub-category of incorrect molecular 

geometry can be identified in the drawing, where water has been depicted as a linear 

molecule. However, in terms of the electron geometry, the drawing is appropriate.  

Understanding of bonding 

Antonio defined a bond as “something that connects two elements together, and 

that can be ionic or covalent”. Asked to identify other types of bonding, Antonio replied 

that the two are the only ones she was taught about.  She gave examples of covalent 

compounds as methane and silver nitrate. When I asked her to give one property or 

difference between the two types of bonds, Antonio said that a covalent bond is a lot 

stronger because most ionic bonds can be broken via water, and that covalent compounds 

can form double and triple bonds at times which are strong. 

Asked to explain how the length of a single bond would compare to a double 

bond, Antonio said that “a double bond is stronger because the double bond holds four 

electrons together as opposed to two in a single bond”. She also said that a double bond 

would be shorter “because there is a stronger pull from the four electrons, meaning that 

atoms will be closer together”. 

Properties of ionic and covalent compounds  

Antonio was presented with a scenario where she had two clear solutions in 

unlabeled beakers, where one is covalent and the other is ionic. She was asked to think of 

a procedure that she could use to identify the two solutions. Her response was  

I would probably try to come up with a salt solution that I know is fairly reactive 

with most ionic compounds so I would come up with something that would form 
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a solid that I will combine with the ionic compound and then I will go from there.  

I am not sure how to identify covalent compounds, but I can identify ionic ones. 

 

When asked to name an example of a reactant that she could use, she replied that she was 

not sure of one then. I then asked her what she thought would happen if I passed an 

electric current through the solutions. She said that the ionic compound will conduct 

electricity because it had free floating ions which will help with the connection. 

Understanding of atomic/ionic sizes 

When asked how the sizes of an oxygen atom and a hydrogen atom would 

compare, Antonio noted that an oxygen atom would be smaller than a hydrogen atom, 

adding that she knew that the reason had to do with the position of the element on the 

periodic table. According to her, an atom will be smallest if its position is to the right, 

like if it is close to fluorine. She said that oxygen would have a stronger pull on its 

electrons that hydrogen, making it smaller. On how the atomic sizes of oxygen and 

carbon compare, Antonio said that a carbon atom will be bigger than an oxygen atom, 

attributing this to the fact that it is to the right of carbon in the periodic table. On how the 

sizes of calcium and chlorine atoms compare, Antonio said that a calcium atom is bigger, 

saying that there is a strong electronegativity pull in chlorine, given that there are more 

electrons in the outer shell of a chlorine atom. 

Translating between the levels of representation 

Antonio seemed to struggle with translating between the symbolic and particulate levels 

of representation, especially with silver chloride. She seemed to struggle with whether 

she could see ions in a solid. The reason she gave for the confusion was that “this was a 
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solid all of a sudden”. Even after I told her that silver chloride is an ionic compound, she 

still expressed doubt, saying” I hope they still have ions”. 

On polyatomic ions, Antonio was not able to classify the nitrate and carbonate as 

polyatomic ions. She was not sure of why they do not dissociate in solution during 

reactions. 

Case 10: Randy  

 

Background Information 

 

Randy is a senior who intends to go to medical school. His declared major is 

psychology. He took one semester of college prep. chemistry in high school. He is taking 

the general chemistry course he is enrolled in because it is required in his major. His 

main source of information in the course is the class textbook, which he uses “to clarify 

unfamiliar concepts”. Other sources include the on-line homework site, and lecture notes.  

He goes in for the instructor’s office hours to get extra help. While Randy correctly 

balanced the three equations of chemical reactions during the midterms, his particulate 

drawings on the other hand showed aspects of inappropriate particulate representations 

discussed above, as shown in figure 4.61 below. 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 4.61. Randy’s particulate drawings of the three equations during midterms 
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Randy’s particulate drawings of the three reactions in the mid-terms all fall into 

the broad category of inappropriate particulate representations. The sub-categories 

identified in the drawing of the first reaction include ‘charged species’, in methane and 

oxygen, atom connectivity in water, and incorrect molecular geometry in carbon dioxide. 

His drawings of reaction two fall into the sub-categories of ‘touching circles’ and 

connectivity issues in calcium nitrate. The particulate drawings of the third reaction fall 

into the sub-categories of formula errors (HCl2), ‘touching circles’, and incorrect relative 

atomic size in water. The sections below describe Randy’s work and response to 

questions asked during the interview. 

Balancing of chemical equations 

Randy started balancing the first equation by looking at oxygen first. He seemed 

to be stuck, noting that he sometimes forgets which elements to start with. He chose to 

start with carbon instead, followed by hydrogen, and then said that starting with carbon 

made the balancing easier compared to starting with oxygen. He said that he could start 

with any element, and went ahead to balance equations two and three by starting with the 

first element in the first reactant as listed (silver first in silver nitrate, and hydrogen first 

in hydrochloric acid in the third equation).  

To Randy, a balanced equation means that “the ratio of the atoms on either side of the 

equation is equal”. He said that in a balanced equation, the type of elements is the same 

on both sides of the equation. On whether we could use an equal sign in place of the 

forward arrow, he said “not always because one side could be larger than the other. I 

know it doesn’t mean equal but I can’t quite find the words to explain it”. 
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Understanding of a subscript 

When asked about the significance of the subscript ‘two’ in calcium nitrate, 

Randy said that there is two molecules of nitrate for one calcium because the nitrate has a 

charge of negative one and calcium has a charge of plus two. He illustrated his answer as: 

 

His reason was that since a nitrate has a charge of negative one, you need two of them to 

balance the charge on calcium (+2). He was able to identify the two as a subscript. 

Understanding of the meaning and classification of chemical reactions 

Randy defined a chemical reaction as “the rearranging of atoms into a certain 

molecule”. He described the process of a chemical reaction as involving the releasing of 

energy, (which he called exothermic reactions), absorbing of energy (which he called 

endothermic), and changing of the structure of molecules. Randy thought reaction 3 was 

an acid -base reaction, but later changed his choice after I asked him to explain his 

choice, instead calling it a combustion reaction.  When asked why he classified it so, his 

response was “this is an acid base reaction...I want to say water is produced, but this 

carbon dioxide leads to think that it is another combustion reaction”. He defined a 

combustion reaction as “one where two reactants produce water and carbon dioxide”. He 

classified reaction two as a redox reaction, because he did not see any acid or base in the 

reaction (seems to be using a process of elimination). His criteria for classifying reactions 
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was to look at reactants and products to see if hydrogen is attached to any reactants, 

adding that in a certain position (as first element), the reaction it would be acid base.  

Understanding and representation of physical states 

Randy explained the meaning of the symbols g, s, l, and aq as gas, liquid, solid 

and aqueous respectively. He added that these tell physical states of reactants and 

products.  He illustrated what matter in the various states would look like as shown in 

figure 4.62 below. He described the orientation of particles in the gas liquid and solid in 

terms of density. He said 

In a gas, they are spaced apart, in a solid they would be more densely packed together, 

liquid they would be not as solidly packed together, not as densely solid unless I am 

thinking of liquid water which is denser than ice. 

  

He attributed the difference in density to temperature. He added that the difference is 

caused by atomic mass, saying 

I don’t really know to explain it …the speed at which they are moving, solids are 

moving but they don’t have a very high rate, gas molecules I assume have a high 

rate because they are widely spaced apart but not as dense.  

 

Randy defined aqueous state as a liquid like state that is not completely solid or gas, but 

is in the middle between a liquid and a solid. The Bottom drawing is an illustration of 

sodium chloride in aqueous state. He said that when dissolving, ionic bonds will break 

and you end up with sodium combining with oxygen while chlorine combines with 

hydrogen. After probing, he came to a conclusion that sodium chloride will be spread 

evenly within water. He described his drawing as showing that the ions are evenly spaced 

apart. 
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Figure 4.62. Randy’s drawings illustrating the orientation of matter in various physical 

states 

Particulate representations  

The drawings below (figure 4.63) show Randy’s work during the interview. He 

was asked to imagine that he could see the atoms, molecules and ions involved in the 

reaction and then draw what he thought he would see. The drawings are followed by a 

description of his work, and answers that he gave to questions asked during the interview.  

Figure 4.64 below shows Randy’s particulate drawings during the interview. In the 
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drawings, the extra arrows point to revised drawings during the interview, after the initial 

drawings. 

 

Figure 4.63. Randy’s particulate representations of the three equations during the 

interview 

Randy’s particulate drawings of all three reactions above fall into the category of 

inappropriate particulate representations. His drawing of the first reaction falls into the 
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sub-categories of incorrect relative atomic sizes (in water) and incorrect molecular 

geometry (in carbon dioxide). His drawing of the second reaction falls into the sub-

category of ‘touching circles’, while the particulate drawings of the third reaction fall into 

the sub-categories of ‘touching circles’ and incorrect relative atomic sizes (in HCl and 

water). 

In the drawings below, Randy was asked to draw what he thought he could see in calcium 

carbonate after I had pointed to him that he would see ions in calcium carbonate. He 

depicted a dissociated carbonate ion (species with the wrong valences in the carbonate 

ion). Initially Randy depicted a carbonate ion as having a charge of +2. He had a ‘carbon 

ion’ with a charge of +4, indicating the wrong valence on carbon and oxygen in calcium 

carbonate.  

 

Understanding of geometry 

Randy knew that the geometries of carbon dioxide and water are linear and bent 

respectively, but did not depict the molecules as such. When asked why, he said that 
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carbon and oxygen are central atoms in carbon dioxide and water respectively. Randy 

thought that the molecular geometry of the nitrate ion as trigonal pyramidal and its 

electron geometry as tetrahedral. 

He drew the nitrate ion as 

  

Understanding of bonding 

Randy identified the C-H bond as a single covalent bond. When asked about the 

types of bonds in the other compounds in the reactions, he said he was not sure of the 

type of bonding in silver nitrate, while he said that dilute hydrochloric acid was 

covalently bonded, and that calcium chloride as being polar covalent. When asked to 

define an ionic compound, Randy said that “it is one that has an electronegativity above 

two…I just read that in a worksheet today, I don’t know what the two is, and polar 

covalent have an electronegativity of 0.4 to 2”. 

Randy was able to identify calcium as a metal and chlorine as a non-metal, but did 

not recognize the fact that the two would have an ionic bond between them.  When asked 

about any properties of ionic compounds, he said that they are easily broken apart, though 

he could not specify what breaks them apart. He also said that they are mostly found in 

salts. 
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When asked about how the strength of a double bond and a single bond compares, Randy 

said that “a double bond is stronger than a single one since a double bond uses two 

electrons from each instead of one”. In terms of bond length, he said that a double bond 

would be longer than a single bond. 

Randy identified the types of bonds in calcium carbonate as “a covalent between 

Oxygen and Carbon, and ionic between calcium and oxygen”. When asked how the two 

types of bonds compare in strength, he said that covalent bonds are stronger than ionic 

bonds. He attributed this to the fact that in covalent bonds, electrons are shared, and that 

the electronegativity difference between atoms covalently bonded is small. 

When asked about other types of bonds that he knew of, Randy named a non-

polar bond, which he said could be found in oil. He also named hydrogen boding, which 

he said could be found in water, hydrochloric acid and hydrogen halides. Randy was able 

to identify the carbonate and nitrate ions as polyatomic ions, which he said react as single 

units.  

Properties of ionic and covalent compounds 

Randy was presented with a scenario where he had two unlabeled containers, 

suspected to contain solutions of ionic and covalent compounds, and asked to describe a 

procedure that he could use in the laboratory to identify the solutions. His response was 

that “I could heat them up…the ions would break apart but I don’t know how you see 

that”. When asked what would happen if one ran an electric current through the solutions, 

he said the solution of an ionic compound will conduct electricity “because of ions”. 
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Understanding of atomic/ionic Sizes: 

When I asked Randy how the sizes of oxygen and hydrogen atoms compare, he 

gave an incoherent answer saying “an oxygen atom would be bigger than hydrogen…I 

just drew it... because it has a larger mass and more electrons, has a higher…it wants to 

reach the octet and it draws valance electrons...hydrogen has only one valence electron”.  

On how the sizes of atoms of oxygen and carbon compare, Randy said that an 

oxygen atom would be bigger than a carbon atom, adding that “oxygen atoms don’t 

attract each other and carbons are pulling apart”. Asked why he thought an oxygen atom 

would be bigger than a carbon atom, he said it is because oxygen is higher up in the 

periodic table.  On how a calcium atom compares in size to a chlorine atom, he said that 

calcium is heavier than chlorine and would therefore be bigger, adding that “this is true 

unless you have a chloride ion, which will make the sizes the same”. 

In the foregoing chapter, I have presented two different forms of data that were 

collected in order to answer the four research questions posed at the beginning of the 

chapter. In the next chapter, I will analyze the data, by specifically looking at how the 

data helps respond to each of the four questions. The two complementary forms of data 

will be used to answer each of the questions as applicable. 

 

 

 

 

 

 



 

 169 

CHAPTER V 

DISCUSSION OF FINDINGS AND RESULTS 

The questions that guided this study were: 

1. How does students’ understanding of the chemistry of three reactions at the 

symbolic level compare to their understanding at the particulate level? 

2. How does students’ understanding of PNM vary across reaction types? 

3. How does students’ understanding of PNM change over the course of the 

semester? 

4. What struggles with fundamental chemistry concepts are evident from students’ 

particulate drawings? 

In the following discussion, the data and cases presented in chapter IV are used to address 

these research questions.  

(a) How does students’ understanding of the chemistry of three reactions at the symbolic 

level compare to their understanding at the particulate level? 

By looking at the percentages of students who correctly balanced the three 

equations, and those who drew appropriate particulate representations, one can get a 

sense of how their understanding at the symbolic level (indicated by their ability to 

balance the equations) compares to their understanding at the particulate level. The data 

in Table 4.1 above (also shown below) below clearly shows a large disparity between 

students’ symbolic and particulate understanding of chemical reactions.  
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Table 5.1  

Summary of student drawings comparing symbolic and particulate understanding 

 

 

While almost all students correctly balanced the three equations, most struggled 

with drawing appropriate particulate representations of three equations of chemical 

reactions. The percentage of students drawing appropriate particulate representations was 

very low for all three reactions. The data suggests that students struggle more with 

particulate representations of ionic compounds than covalent compounds. This disparity 

between students’ ability to balance the three equations and draw appropriate particulate 

representations indicated students’ inability to translate between the symbolic and 

particulate levels of representation.  

Balancing chemical equations requires a basic mathematical skill, which students 

apply as a simple algorithm. The results above agree with past research findings, which 

concluded that solving algorithmic or numerical problems does not necessarily imply 

conceptual understanding (Yarroch, 1985; Lychott, 1990). In their studies involving high 

school students, they found that even though most of the students were able to balance 

the given equations, they were not able to demonstrate conceptual understanding 

consistent with the notation(s) of the equations given.  A number of studies have shown 

that college students were more successful at solving algorithmic  questions than 

Question                                1                                       2                                   3 

% Correctly Balanced 

 

% Appropriate 

drawings 

96.0 

 

21.6 

100.0 

 

7.8 

98.0 

 

3.9 
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conceptual ones (Nakhleh, 1993; Nakhleh & Mitchell, 1993; Niaz & Robinson, 1991; 

Nurrenbern & Pickering, 1987; Pickering, 1990; Sawrey, 1990; Nyachwaya et al., 2011). 

A number of past studies (e.g. Yarroch, 1985; Nakhleh, 1992, 1993; Treagust, 

Chittleborough & Mamiala, 2003; Bunce & Gable, 2002; Bodner, 1991; Al-Kunifed et 

al., 1993; Benzvi, Eylon, & Silberstein, 1986; Gabel, 1999; Wu & Shah, 2004) found that 

students from high school to graduate school lack representational competence (Kozma 

& Russell, 1997; Madden et al., 2011). 

Interview data provided a window into participants’ ideas on the process of 

balancing an equation and the meaning of a balanced equation for a chemical reaction 

that further indicated their understanding at the symbolic level. While most of the 

participants defined a balanced equation in terms of conservation of mass, some could not 

clearly articulate what they understood about a balanced equation. For example, Alex 

thought that a balanced equation has an equal number of elements on both sides of the 

arrow, while Mary defined a balanced equation in terms of its utility, saying that it is an 

equation that is ready to use. Maggie on the other hand said that a balanced equation tells 

how much of each reactant is needed to get a finished product. For some students 

therefore, there seems to be a struggle with understanding of some aspects of the 

symbolic level of representation, such as the meaning of a balanced equation. 

A specific aspect of students’ understanding at the symbolic level involved 

subscripts and coefficients in a chemical reaction. During the interview, the participants 

were asked to explain the significance of subscript (two) in calcium nitrate. While most 

of them could account for the two, by pointing to the fact that a calcium ion is divalent, 
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and the fact that calcium nitrate is electrically neutral, some could not identify the term 

‘subscript’, instead confusing it with a coefficient. Alex, one of the participants called it 

‘di-nitrogen’. Abraham, Williamson and Westbrook (1994), in a study involving high 

school and college students found similar results, where the students were found to 

struggle with subscripts and coefficients and the role that they played in a balanced 

equation. Similarly, Naah and Sanger (2012) found that many of the undergraduate 

students in their study did not know the rules for using subscripts and coefficients in a 

chemical formula. Also notable in students’ drawings were struggles with interpreting the 

meaning of coefficients. In figure 5.1 below (also part of figure 4.34), the students 

misinterpreted the meaning of the coefficient 2 in 2 HCl. The students’ original drawing 

is enclosed in the box on the left. 

 

Figure 5.1. Student drawing showing misinterpretation of the meaning of a coeficent 

In the drawing, the student drew HCl2 as an interpretation of 2HCl. Students’ struggles 

with subscripts and coefficients have been reported in other studies (Yarroch, 1985; Al-

Kunifed et al., 1993; Sanger, 2005; Nyachwaya et al., 2011). 
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Most of the interview participants used drawings to illustrate ‘switching of 

charges’ to explain why there is a subscript of two in calcium nitrate. For example, Alex, 

one of the participants used this drawing to illustrate the process of ‘switching’: 

 

Figure 5.2. Student illustration showing ‘switiching of partners’ 

Eight of the ten participants explained the fact that calcium nitrate is a neutral 

compound as the reason why the ‘switching’ was necessary. The ninth participant did not 

know why the ‘switching’ was necessary, only appearing to have memorized a process 

that she could not explain. When asked during the interview why the ‘switching’ was 

necessary, her response was 

I really don’t know the reason behind it but just it is something I know that when 

you have a charge here or when it is something like three plus, it goes down here, 

to the other to whatever element is here. 

 

The tenth participant had the idea of electrical neutrality in mind when she said 

that   

“there is a two because it has to be zero for them to be together, so that there is two 

positives and two negatives…only then will they form an octet and bond together better”.  

She could not explain the meaning of ‘octet’ when asked to. 

Another aspect of how students’ understanding at the symbolic level compared to 

their understanding at the particulate level is how they interpreted the meaning of state 



 

 174 

symbols. While 9 out of the 10 participants correctly described what the state symbols 

solid, liquid, gas and aqueous stand for in an equation of a chemical reaction, eight of 

them drew appropriate representations of matter in the various phases. Some of the 

participants struggled with defining and representing the aqueous state. For example, 

Mary defined aqueous as meaning “insoluble in water”. Jayne and Randy on the other 

hand defined the aqueous state as meaning that matter is in a form that is “between a 

solid and a liquid”. Alexus defined the aqueous state as meaning that “groups are floating 

around together”. 

All of the participants verbally described the orientation of particles in the liquid, 

solid and gaseous phases, with only three correctly describing what particles in the 

aqueous phase look like.  

Most of the interview participants correctly drew particulate representations of 

matter in the liquid, solid and gaseous phases, but struggled with the aqueous phase, with 

many opting to just describe what they thought particles would look like. Figure 5.2 

below (also figure 4.45) shows a sample drawing by Alex, one of the participants.  
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Figure 5.3. Alex’s drawing of the orientation of particles in various phases. 

Alex’s depiction of the aqueous state shows silver chloride (which is an insoluble 

salt) covalently bonded (Nyachwaya et al., 2011).  

All the participants except one struggled to account for the orientation of particles 

in the various phases. Julie for example thought that particles in a gas are more excited 

that in other phases as the reason why she drew them as spaced far apart. Irene on the 

other hand thought that the difference in orientation of particles in different phases of 

matter is due to the amount of energy, saying that gases have the most energy. Alex 

thought that they look different because of temperature, saying 

“if given a lot of heat, water would turn into gas, and if the vapor is cooled, it 

turns to liquid, and if the liquid is cooled further, it will turn into a 

solid…temperature excites the particles; the more heat particles are subjected to, 

the more they want to bounce around, and that with less heat particles want to get 

closer together”. 
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Frankline on the other hand attributed the orientation of particles to differences in 

freezing and melting points. Alexus attributed the difference to density saying 

It is by the density...normally if you look at like water, there is a higher 

temperature, so this will be the higher temperature (pointing to the gas), and then 

this would be the coldest (pointing to the solid) and this will be the medium 

temperature (pointing to the liquid).  

 

Jayne thought that particles in a gas are spaced further apart because they have the 

most volume to move in. Randy on the other hand thought that the difference was due to 

atomic mass, saying that  

I don’t really know to explain it …the speed at which they are moving, solids are 

moving but they don’t have a very high rate, gas molecules I assume have a high 

rate because they are widely spaced apart but not as dense.  

 

 (b) How does students’ understanding of PNM vary across reaction types? 

For purposes of answering this question, the types of reactions being considered 

here can be broadly grouped into ionic and covalent. From table 5.1 above, only 21.6%, 

7.8%, and 3.9% of students drew appropriate particulate representations of the first, 

second and third reactions respectively. This indicates that most of the students’ 

particulate drawings of the three reactions showed a lack of understanding of PNM, 

especially with aspects such as bonding, geometry, and relative atomic and ionic sizes 

among others. The data suggests that students struggled more with particulate 

representations of ionic compounds and reactions than covalent ones, a finding consistent 

with what Nyachwaya et al. (2011) found in a similar study involving college students. 

This section is divided into separate discussions of covalent and ionic reactions with a 

final section that considers transfer of ideas between bonding types. 
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Section I: Covalent compounds 

 The first reaction involved mainly molecular (covalent) compounds. Some of the 

products in the third reaction, specifically water and carbon dioxide, are also molecular 

(covalent) compounds. A comparison of sub-categories of inappropriate particulate 

representations between the first and third reactions will give an idea of how students 

understanding of PNM related to covalent compounds changed over the semester. While 

21.6% and 3.9% of students drew conceptually appropriate representations of the first 

and third reactions respectively, students’ drawings that were coded as inappropriate 

particulate representations pointed to struggles with fundamental chemistry concepts. 

Table 5.2 shows a summary of sub-categories of inappropriate particulate representations 

(described in detail in chapter 4) that are common to the first and third reactions, and the 

percentage of students’ drawings that fell into each sub-category across the two reactions. 

Table 5.2  

Comparison of sub-categories of inappropriate particulate representations of reaction 

one that map onto covalent molecules of reaction three. 

Sub-category Reaction 1 Reaction 3 

Molecular geometry 67.3 65.3 

Atomic size 48.9 59.2 

Formula errors 6.1 22.4 

Charged species 8.2 6.1 

Bond order 2.0 8.2 

Molecular species 12.2 10.2 
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*Note that since a single drawing may have been coded into multiple categories, the 

percentages of students’ drawings add up to more than 100%. 

 

From the table above, it is clear that the students are struggling with similar issues 

across the two reactions when dealing with covalent compounds. Molecular geometry 

and atomic size posed the biggest challenge to students. From the first to the third 

reaction, the number of students who struggled with atomic size, formula errors and bond 

order increased, while fewer students struggled with molecular geometry, charged species 

and molecular species on the third reaction than they did on the first reaction. Since 

equation three was part of the final course examination, the results indicated that students 

still struggled with the same issues by the end of the course, struggles that they carry into 

other courses.  

Section II: Ionic compounds 

Reaction two involved ionic compounds, while reaction three had a mixture of 

both ionic and covalent compounds. The fact that the percentage of students who drew 

appropriate particulate representations of reactions 2 and 3 was low (7.8% and 3.9% for 

reactions two and three respectively) shows that students struggled more to represent 

ionic compounds at the particulate level than they did with covalent compounds. Table 

5.3 summarizes sub-categories of inappropriate particulate representations common to 

reactions two and three and the percentage of students’ drawings that fell into each sub-

category.  
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Table 5.3  

Comparison of sub-categories of inappropriate particulate representations common to  

reactions  two and three. 

Sub-category Reaction 2 Reaction 3 

Touching circles 64.6 63.5 

Inconsistent particulate 

representations 

47.9 32.7 

Atomic/ionic size 18.1 26.5 

Valence 16.7 26.5 

Formula errors 14.6 22.4 

Molecular ions 10.4 8.2 

Polyatomic ions 8.1 10.2 

Molecular species 4.2 10.2 

 

*Note that since a single drawing may have been coded into multiple categories, the 

percentages of students’ drawings add up to more than 100%. 

 

Table 5.3 above shows that using a covalent bond model to represent ionic 

bonding was the biggest struggle that students had across the two reactions. During 

interviews, eight of the ten participants’ drawings showed this struggle as well. Looking 

across the two reactions, fewer students struggle with differentiating between ionic and 

covalent bonding, using inconsistent particulate representations, and molecular ions. 

From reaction 2 to reaction 3, more students struggled with the correct relative atomic 

and ionic sizes, valence, formula errors, polyatomic ions and molecular species. The fact 

that there were students struggling with these aspects of PNM by the end of the semester 
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means that these struggles carried over to other courses especially for students who went 

on to upper level chemistry courses.  

Common issues across reaction types 

A large percentage of students struggled with representing reactions of both 

covalent and ionic compounds at the particulate level. While most of the categories of 

inappropriate particulate representations are specific to ionic or covalent compounds, for 

example molecular geometry and bond order which only apply to covalent compounds, 

there are some sub-categories that are common between the types of reactions. These 

include formula errors, atomic and/or ionic size, connectivity and molecular species. 

Looking at table 5.4 above, the sub-category of ‘charged species’ noted in both reactions 

1 and 3 shows students misapplying ideas of ionic bonding to covalent compounds, while 

in table 5.5, students are using ideas about covalent bonding to represent ionic 

compounds in equations 2 and 3. This is another struggle across the three reactions. 

Nyachwaya et al. (2011), in a study on college students’ understanding of PNM, found 

cases of students struggled representing covalent compounds as charged, while 

portraying ionic compounds as covalently bonded.  

 (c) How does students’ understanding of PNM change over the course of the semester? 

This question will be answered using students’ drawings only, since interviews 

took place in one sitting. To look at how students’ understanding of PNM changes over 

the semester, it is important to look at how the identified sub-categories in each of the 

above reactions change from the time students attempted the first equation to the time 

they attempted the third equation. It is important to note here that the first reaction was 
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given as part of a mid-term examination given one-third way through the semester; the 

second reaction was given as a mid-term at around two-thirds way through the semester, 

while the third equation was part of the final examination of the course. Since the first 

reaction involves mainly covalent compounds, the sub-categories identified for the first 

reaction above will be compared to corresponding similar categories in the third reaction. 

The second reaction mainly involves ionic compounds. The sub-categories identified for 

the second reaction above will therefore be compared with corresponding sub-categories 

in the third reaction, since it has ionic compounds. 

In table 5.6 below, six sub-categories of inappropriate particulate representations 

relevant to covalent compounds are compared between reactions 1 and 3. The data in that 

table suggests that students’ understanding of some aspects of PNM grew, while it 

decreased for some. Specifically, more students struggled with the depicting the correct 

molecular geometry and making formula errors in the third reaction (at the end of the 

semester) than they did in the first reaction. By the end of the semester, fewer students 

were struggling with depicting molecular compounds as charged species, relative atomic 

size, and bonding and connectivity. None of the issues underlying the inappropriate 

particulate representations went away between the time the students took the mid-term 

with the first reaction and the time they took the final course examination. While fewer 

students were struggling with the concepts of ‘charged molecular species’, atomic size 

and bond order by the end of the semester, the percentage of students struggling with 

molecular geometry and formula errors rose. 
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Table 5.4 

Comparison of sub-categories of inappropriate particulate representations of reaction 

one that map onto covalent molecules of reaction three. 

Sub-category Reaction 1 Reaction 3 

Molecular geometry 67.3 65.3 

Atomic size 48.9 59.2 

Formula errors 6.1 22.4 

Charged species 8.2 6.1 

Bond order 2.0 8.2 

Molecular species 12.2 10.2 

 

*Note that since a single drawing may have been coded into multiple categories, the 

percentages of students’ drawings add up to more than 100%. 

Table 5.5 below gives a comparison of sub-categories of inappropriate ionic 

particulate representations between the second and third reactions. As can be seen in the 

table, fewer students seem to be struggling with ‘touching circles (covalent bond model), 

‘molecular ions’ and inconsistent particulate representations in reaction 3 than in reaction 

two, indicating a slight growth in students’ understanding. The number of students 

struggling with valence, formula errors, and ionic size went up between the third mid-

term and the final course examination even though the course instructor reviewed the 

second test item (equation 2) for correct answers. It is possible that more students were 

attempting to draw the particulate representations by the time they took the final course 

examination, but had underlying struggles with issues such as valence and formula errors.  
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However, none of the issues underlying the six sub-categories went away by the end of 

the semester. 

Table 5.5  

A comparison of themes of inappropriate particulate representations in reactions 2 and 3 

Theme % drawings in reaction 2 % drawings in reaction 3 

Touching circles 64.6 63.5 

Molecular ions 10.4 8.2 

Valence 16.7 26.5 

Formula errors  14.2 22.4 

polyatomic ions 8.1 10.2 

Ionic size 18.1 26.5 

Inconsistent particulate 

representations 

47.9 32.7 

 

Another way of tracking change in students’ understanding of PNM across the 

three reactions is by looking at how sub-categories of inappropriate particulate 

representations that are common in the three reactions changed over the semester. Table 

5.8 shows how students’ understanding, based on themes of inappropriate particulate 

understanding that appeared across the three reactions changed over the semester. The 

percentage of students’ drawings that fell into each sub-category went down significantly 

in the second equation, only to go up again in the third equation. It should however be 

noted that there was generally a decrease in the percentage of students’ inappropriate 

particulate representations between the first and third reaction (except in formula errors). 

A possible explanation is that the instructor used results from the first test as formative 

assessment data and explicitly taught about these specific aspects. It is also possible that 
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over the course of the semester, the class covered material that students had not seen by 

the time they sat for test 2, but in time for the final course examination. A discouraging 

fact however is that the issues persisted beyond the course. 

Table 5.6  

A comparison of themes of inappropriate particulate representations in all three 

reactions. 

Theme % student drawings 

in reaction 1 

% student drawings 

of reaction 2 

% student drawings 

of reaction 3 

Formula errors 8.2 14.6 32.7 

Atomic/ionic size 67.3 18.1 59.2 

Bonding/connectivity 18.4 4.2 8.2 

Non-particulate 18.4 4.2 10.2 

 

(d) What struggles with fundamental chemistry concepts are evident from students’ 

particulate drawings and response to interview questions? 

For the three reactions, the sub-categories of inappropriate particulate 

representations point to struggles with fundamental chemistry concepts (Nyachwaya et 

al., 2011). While the three reactions are different, some of the struggles with fundamental 

chemistry concepts cut across at least two of the reactions. The following section 

summarizes students’ struggles with fundamental chemistry concepts evident from the 

drawings. It is worth noting that these themes were first speculated from students’ 

drawings. Interview data were then used to support the analysis where applicable. While 

discussing the struggles, I will make reference to the sub-categories of inappropriate 
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particulate representations from chapter 4. I will also use interview data that confirms the 

struggles. 

Understanding of bonding 

One of the biggest struggles apparent from students’ drawings is in distinguishing 

between models of covalent and ionic bonding. In responding to the drawing tasks, first a 

student must decide which model of bonding to apply to the problem. Ionic bonds are 

electrostatic forces, not a function of neutral atoms. Looking at students’ drawings of 

methane, oxygen, carbon dioxide and water in question 1, that the majority of students 

are correctly using a covalent bonding model to depict bonding, using touching circles or 

lines to represent bonds as modeled both during instruction and in their chemistry 

textbooks. Interestingly, 64.6 % of drawings for questions 2 and 63.5% of drawings for 

question 3 were also comprised of ‘touching circles and lines, similar to those used in 

question 1 to depict covalent bonds (see Fig. 4.21 (a) and (b) in chapter 4 above). 

Students here seem to be misapplying rules and models of covalent bonding to ionic 

compounds. In Fig. 4.22 in chapter 4 on the other hand, molecular compounds (e.g. 

carbon dioxide from Q 3) were portrayed as having dissociated in solution. In the sample 

drawing, the student has shown carbon dioxide as dissociating into C
+4

 and O
2-

 and water 

dissociating into H
+
 and O

2-
. 8.2% and 6.1 % of students’ drawings represented covalent 

compounds using ions in equations 1 and 3 respectively. This is a case where students are 

misapplying models of bonding in ionic bonding to covalent compounds. These trends 

point to students’ inability to distinguish between ionic and covalent compounds and the 

associated bonding models.  
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The participants demonstrated understanding of some aspects of bonding during 

the interview, while they showed a lack of understanding in others. For example, most of 

the participants correctly explained how a single bond compares to a double bond in 

terms of bond length and strength. A number of the participants could not define a 

covalent or ionic bond, nor could they identify the types of compounds in which these 

bonds exist. For example, Mary, one of the interviewees, when asked to name two 

compounds that bonded covalently said that “pretty much every element in the periodic 

table can form covalent bonds”. Maggie, another participant on the other hand defined an 

ionic bond as one that exists between two metal atoms. To be able to identify the types of 

compounds one is dealing with, and classify them into ionic or covalent is fundamental. 

This seemed to be a problem as shown in the two examples.  

The understanding and distinction between ionic and covalent bonding is 

necessary for these students to appropriately represent ionic compounds. There was also 

apparent confusion of the properties of ionic compounds. Three of the participants 

thought that since ionic compounds dissociate in solution into their constituent ions, they 

don’t dissolve completely. Three other participants thought that ionic bonds are not real 

bonds because they are just an attraction between opposite charges, and therefore not 

permanent. For this reason, they thought that at any given time, a covalent bond would be 

stronger than an ionic bond since covalent bonds are more permanent. Two participants 

said that since covalent compounds are capable of having double and triple bonds, they 

would be stronger than ionic bonds. 
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Related to students’ abilities to distinguish between ionic and covalent bonding is 

the knowledge that ionic compounds in solution have charges or ‘mobile ions’ while 

covalent compounds do not. The interview participants were given a scenario involving 

covalent and ionic compounds and asked to come up with a procedure to identify or 

differentiate between the two. One possible procedure they could have suggested was to 

run an electric current through the two solutions, where the ionic compound is expected 

to conduct electricity, and not the covalent one. Only one third of the participants were 

able to describe a procedure that could actually show a difference between the two. Most 

of the other participants seemed to struggle with a suitable procedure. For example, one 

student talked about using a salt that only reacts with ionic compounds saying 

I would probably try to come up with a salt solution that I know is fairly reactive 

with most ionic compounds so I would come up with something that would form 

a solid that I will combine with the ionic compound and then I will go from there.  

I am not sure how to identify covalent compounds, but I can identify ionic ones. 

 

This theme of misunderstanding of chemical bonding reinforces prior findings in 

the literature that chemical bonding is one of the areas in chemistry where students tend 

to develop misconceptions (Coll and Taylor, 2002). Some of the misconceptions 

identified in past research include the fact that there are intramolecular forces in ionic 

compounds (Taber, 1995, 1998), there are no bonds between molecules of polar 

substances such as water (Birk & Kurtz, 1999; Griffiths & Preston, 1989), and that 

continuous ionic (and covalent) lattices contain molecular species (Birk & Kurtz, 1999; 

De Posada, 1997; Peterson, Treagust, & Garnett, 1989; Taber, 1998). 
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Confusion related to the ‘solid state’ 

In 11.5% of drawings in equation 2 and 28.8% of drawings in equation 3, students 

seemed to be confused with the solid state in silver chloride and calcium carbonate 

respectively, specifically whether they could see the constituent ions in these compounds 

at the particulate level. In the specific student drawings, all other ionic compounds were 

represented as ionized in aqueous solution. In Fig. 5.4 (also figure 4.30 (a)) , silver nitrate 

has been represented as going into solution to form silver and nitrate ions, but silver 

chloride is represented as covalently bonded atoms. It is not clear whether students know 

that these are ionic compounds or not. Similarly, in the third reaction (equation), solid 

calcium carbonate in this case is portrayed as covalently bonded while calcium chloride 

is presented as ionized in solution, as shown in fig. 5.4 (figure 4.30(b)). While the 

drawings also fit in the theme of students’ inability to translate between levels of 

representation, I believe that it has more to do with the fact that the compounds are in 

solid state in addition to the fact that students have difficulty translating between levels. 

(a) 

 

(b) 
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Figure 5.4.  Sample drawings depicting the theme confusion from the solid state. 

During the interview, two participants provided drawings that fell into the sub-

category of confusion from the ‘solid state’. In the drawing below for example, Alexus, 

one of the participants had particulate representations that showed confusion from the 

solid state. In her drawings of equation 2, all species except silver chloride were drawn as 

dissociated. In equation 3 all ionic compounds except calcium carbonate are drawn as 

dissociated. When asked why she drew the two solid ionic compounds as such, Alexus’ 

response was 

We were told that silver and chloride are not supposed to have ions since it is a 

solid, same as calcium carbonate, so there is no positive and negative charge since 

they are grouped together…they are one group where they share electrons and this 

is particularly a case for solids. They trade their ions to not have a positive or 

negative ion. 

 

Another participant who drew the two ionic compounds as covalently bonded said that 

she didn’t think she would see ions in a solid. This finding is unique to this research 

study. 
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Partially developed model of ionic bonding 

 

 In 15.3% of students’ drawings of equation 2 and 7.6% of drawings of equation 3, 

students explicitly indicated dissociated species, but failed to show charges on the 

species. I speculate that this indicates partial understanding of the process of forming and 

the nature of ionic compounds in solution, that ionic compounds dissociate into 

constituent particles in aquesous solution. The students’ knowledge does not go far 

enough to the realization that constituent particles are ionized. It is important to note that 

in looking at the drawings, it is not clear whether students were in a hurry and forgot to 

include charges on particles, or whether they didn’t know that the particles are charged. 

Figure 5.5 below shows a sample drawing showing partially developed model of ionic 

bonding. Similarly, in a study exploring college students’ understanding of the process of 

dissolving ionic compounds in water, Kelly and Jones (2007) found that most of their 

students drew sodium chloride as neutral molecules. 

 

Figure 5.5. Sample drawing illustrating the theme ‘partially developed model of 

ionic bonding’ 
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Interpreting symbolic language 

A number of student drawings point to problems with interpreting the symbolic 

language used in the chemical equations. For example, students struggled to interpret 

coefficients and sub-scripts. For example, in Fig. 4.26(c), the student interprets 2HCl 

from the balanced equation of reaction three as HCl2, showing a problem with the 

meaning of a coefficient. This student might have also thought that chlorine is always a 

diatomic molecule. Nyachwaya et al., (2011) found similar struggles in a study involving 

freshman general chemistry students. In Fig. 4.26(b) in chapter 4 above, the student drew 

‘dyslexic’ water, HO2 instead of H2O (also observed in Kern et al., 2010) illustrating a 

misinterpretation of the subscript 2 in H2O. The conceptual misunderstandings may be 

stemming from students’ inability to translate between the symbols used in a chemical 

reaction to the particulate level. This finding agrees with a number of previous studies 

which found that students have difficulties in translating their understanding from one 

level to another (Ben-Zvi et al. 1986; Al-Kunifed et al. 1993; Gabel, 1999; Wu & Shah, 

2004).  

Understanding of polyatomic ions 

In a number of instances (5.8% and 7.6% of drawings in equation 2 and 3 

respectively) students demonstrated poor understanding of the nature and behavior of 

polyatomic ions. Specifically, these students did not represent polyatomic ions reacting as 

a single unit. In Fig. 5.6 (a), when drawing the particulate structure of calcium carbonate 

(CaCO3), the student showed oxygen and carbon atoms bonded directly to a central 

calcium atom. The drawing in Fig. 5.6 (b) shows a similar interpretation of polyatomic 
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ions for calcium nitrate and silver nitrate. As noted in the previous theme, some students 

misinterpreted the subscripts used in polyatomic ions, for example representing the 

carbonate ion as three CO groups.  

 (a) 

 

(b) 

  

 

 

Figure. 5.6. Sample drawings illustrating the theme ‘Understanding polyatomic ions’. 

Interestingly, most of the interviewees struggled with identification of polyatomic 

ions. Julie, for example called the polyatomic ions ‘molecular ions’, while Jayne and 
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Antonio could not identify the poly atomic ions in reactions 2 and 3. While Irene knew 

that a carbonate ion is a polyatomic ion, she could not articulate the fact that it would 

react as a single unit.  

Similarly, Nyachwaya et al. (2011) found that students drew dissociated 

polyatomic ions for both nitrate and carbonate ions. In a study involving undergraduate 

students, Naah and Sanger (2012) found students breaking carbonate and sulfate ions into 

smaller particles. The authors attributed this misconception to the fact that during 

teaching, chemistry instructors show carbonate salts reacting with acids and breaking 

down into carbon dioxide and oxide ions. Smith and Metz (1996) also found that students 

broke hydroxide groups into hydrogen and oxygen atoms. 

Understanding of periodic trends 

The concept of atomic and ionic size is an important one in chemistry, especially 

since this has an implication in the strength of bonds. After instruction, students should 

be able to provide appropriate representations of size, such as the ones used by their 

instructors and in text books. However, 63.5% of students provided drawings with 

problems in how they represented the sizes of atoms in equation 1, 26.9% in equation 2, 

and 67.3% in equation 3. Similarly, 15.4% of drawings in question 2 and 19.2% of 

drawings in question 3 had issues with the relative sizes of ions. For example, in figure 

5.7 (a), the student explicitly represented hydrogen atoms as being the same size as 

chlorine atoms, or same size as oxygen atoms in 5.7 (b). In figure 5.7 (c) the student 

shows a hydrogen and chloride ions as being same size. Calcium and chloride ions are 

also shown to be of equivalent size. It should be noted here that material on atomic and 
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ionic size in the college class was not covered until the last one-third of the semester. 

However, similar issues with atomic and ionic sizes were still noted with the third 

question, especially with hydrogen, oxygen and carbon dioxide, as shown in figure 5.7 

below. In a study looking at high school students’ mental models of bonding, Coll and 

Treagust (2003) found that the students could for example not explain how a lithium ion 

compared in size to a chloride ion. 

 (a) 

(b)  

(c) 

 

Figure 5.7. Sample drawings illustrating the theme ‘Atomic and ionic size’ 



 

 195 

Referring to the importance of ionic size, Coll and Treagust (2003) noted that the 

significance of ion size, for example, should be related directly to the notion of 

covalency. In other words, rather than simply noting that the lithium ion is small (which 

might not be seen as particularly significant by learners), this fact should be related to its 

polarizing ability. Coll and Treagust (2003) also noted that the models used in teaching 

could be a source of misconceptions to students. They caution that if care is not taken, 

teachers could inadvertently introduce misconceptions while trying to help students 

understand bonding at a general level. For example, models where species are depicted as 

being the same size will mislead students to think that all atoms and ions have the same 

size.  

During the interview, students were asked to compare sizes of atoms and ions 

involved in the three reactions. Most students exhibited inconsistency in their 

understanding of periodic trends, predicting some trends correctly while they got others 

wrong. Some of the participants correctly predicted periodic trends, but could not account 

for the trends. One participant for example said that in methane, the carbon atom would 

be larger than a hydrogen atom because carbon is the central atom. The same student was 

not sure why an oxygen atom would be larger in size compared to a hydrogen atom. Two 

students attributed the differences in size to the mass per mole of some elements, saying 

for example that since an atom of chlorine has a larger mass per mole than an oxygen 

atom, it would be larger. This finding agrees with what Nicoll (2001) found while 

studying undergraduate students’ misconceptions of bonding, where students correctly 



 

 196 

explained the atomic radius trend in the periodic table but gave the wrong explanations 

for the trends. 

Two participants seemed to misapply a memorized criterion of an element’s 

position on the periodic table. In one case, a student said that since hydrogen is to the 

right of oxygen in the periodic table, an atom of hydrogen would be larger than an 

oxygen atom. To the student, as you move across the periodic table, the atomic radius 

increases, which is a wrong trend. In another case a student thought that since the ratio of 

the number of electrons in a carbon atom and a hydrogen atom is 1:6, a carbon atom 

would be six times larger than a hydrogen atom. In a study looking at undergraduate 

students’ misconceptions of bonding, Nicoll (2001) found that students attributed atomic 

size to the number of electrons. Specifically, the students believed that as more electrons 

were added to an atom, the size increased. 

Molecular geometry and connectivity 

51.9 % of students’ drawings in equation 1 and 67.3% in equation 3 did not pay 

attention to the correct geometry of the molecules and ions. It is reasonable to expect that 

even without explicit instructions in the test to draw the correct shapes (maintaining the 

correct geometry), students should be able to show this in their responses. In fact, in 

providing a drawing, students have to make a decision about how to represent the shape 

of a molecule or ion. Some representative student drawings are shown in Fig.5.8 (figure 

4.4). In drawing (a) carbon dioxide is shown as bent instead of being linear. Water and 

carbon dioxide were the most common compounds whose geometry was wrongly 

depicted. Given that knowledge of molecular geometry is critical in organic chemistry, 
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for example in understanding SN1 and SN2 reactions, these errors in simple compounds 

are cause for concern if not addressed. Students’ struggles with geometry have been 

documented in other studies. In a study involving college students, Kelly and Jones 

(2007) found that students drew linear water molecules. 

In Figure 5.8 below, students are not representing connectivity correctly; oxygen 

atoms are directly connected in carbon dioxide while the hydrogen atoms in the water 

molecule have been joined together. What would be the central atom in this case 

(hydrogen) has more bonds than hydrogen can possibly have. 7.6% of drawings in 

equation 1, and 1.9% of drawings each, in equations 2 and 3 showed this problem. Most 

of the errors were noticed in water and carbon dioxide, in question 1 and 3. Student 

struggles with atom connectivity were also found by Nyachwaya et al., (2011) in a study 

involving college students. 

 

 

 

Figure.5.8. Sample drawing illustrating the theme ‘Connectivity’. 
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Underlying the connectivity issues above is a lack of understanding of the basics of 

bonding, specifically the number of bonds that an element can form. In both carbon 

dioxide and water, the rule of the maximum number of bonds is flouted. The student 

seems to just draw particulate representations using an algorithm, without paying 

attention to connectivity of the individual atoms. 

Understanding of overall oxidation number/charge. 

In 17% of student drawings of reactions 1-3, incorrect oxidation numbers were 

assigned to various charged species. For example, in Fig. 5.9(a), a student drew a calcium 

ion with a charge of +1. This finding is related to a previous theme in which problems 

with translating between symbolic and particulate representations was discussed. While 

these drawings are able to diagnose alternative conceptions, it is not always easy, or 

appropriate, to infer the reasoning behind the alternative conception. However, they do 

provide an instructor with information that is useful for follow-up instruction. In 

Fig.5.9(b), while carbon dioxide and water (from the acid-carbonate reaction) have been 

shown as charged species, the drawings are internally consistent and show reasonable 

charges given the incorrect choice to show them as dissociated ions to begin with. As 

noted in a previous theme, many students struggle with the initial determination of 

whether to represent a molecule as ionic or covalent. 

In 11.5% of drawings in equation 2 and 7.6% of drawings in equation 3, students 

provided drawings that lacked internal consistency of charges because charges were not 

balanced. For example, in figure 5.9 below, the students drew a divalent calcium ion 

bonded to a single monovalent chloride ion in the products. In Fig. 5.9(b), the student 
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drew two hydrogen ions bonded to a single chloride ion, probably after misinterpreting 

the meaning of the coefficient in 2HCl.  

(a) 

 

(b) 

 

 

Figure 5.9. Sample drawings depicting the theme ‘unbalanced charges’. 

Also noted in students’ drawings were cases where students drew molecular ions. 

As can be seen in  figure 5.10 below (figure 4.23 above) the drawings show molecular 
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chloride ions, pointing to a lack of understanding of the nature of chloride ions in 

solution. The drawings point to student misapplication of the fact that chlorine gas exists 

as neutral diatomic molecules, disregarding the fact that in aquesous calcium chloride, 

one would have calcium and chloride ions. 

 

Figure 5.10. Students’ drawings fitting the theme ‘molecular ions’ 

 

In a study on undergraduate students’ understanding of the process of dissolving 

ionic compounds in water, Naah and Sanger (2012) found incidences of students writing 

equations with incorrect charges, such as a divalent lithium ion and a sulfate ion with a 

   
 

 

 



 

 201 

net positive charge. In this study, students attributed molecular ions to the fact that 

neutral elements such as bromine bond together as diatomic molecules. The authors also 

found cases of student equations where charges and atoms were not balanced. 

Nyachwaya et al., (2011) encountered student drawings with the wrong valence or 

overall charge, and species such as water and carbon dioxide shown as charged. 

Evidence of memorized algorithms  

Memorized algorithms interfere with students’ ability to understand science 

(chemistry) at the conceptual level, as well as developing higher order thinking skills 

(Dori & Hameiri, 2003; Nakhleh & Mitchell, 1993). In balancing of the three equations 

during the interview, students often mentioned procedures that they were taught, but said 

they did not know why they were following them. For example, one student said she was 

taught to always begin balancing an equation by balancing hydrogen first, and ending 

with oxygen.  She did not know why she had to do that, saying 

The first thing I was taught to do in high school is to start with the ‘C’ (referring 

to carbon in methane). Then I would go to H’s (meaning hydrogen) next… I was 

taught to do H’s and O’s last. I don’t know why but that’s how I was taught.  

 

 In classifying the three reactions, some participants classified reaction three as 

acid base, but most could not identify the base since they didn’t see a hydroxide. They 

knew that a base has to have an OH group at the end.  Calcium carbonate did not fit this 

rule. Equally, when two students were asked to write an equation for dissolving sodium 

chloride in water during the interview, they had sodium oxide and hydrochloric acid as 

products. This fits with the algorithm of ‘switching partners’ shown in see Figure 

5.11(also figure4.47). Note that the student had originally written sodium oxide and 
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hydrochloric acid which she later cancelled when it was pointed to her that those were 

not the products of dissolving sodium chloride in water. 

 

Figure 5.11. Student illustration of dissolving sodium chloride in water 

The process of dissolving ionic compounds in water is problematic to students 

because it is not clear whether it is a physical or chemical change (Naah & Sanger, 2012). 

In a study looking at  students’ misconceptions in writing balanced ionic equations for 

dissolving ionic compounds in water,  the researchers found that several students 

considered dissolving as doble displacement reactions where a metal oxide and an acid 

were formed. According to Ebenezer and Gaskell (1995), the process of dissolving a 

compound in water has a dual behavior, either as a physical or chemical change, 

depending on the context. In the drawing above, the student initially considers the 

process as a chemical change, leading to the oxide and acid. Under the theme of 

molecular ions, one possible algorithm that students misapplied was the fact that chlorine 

exists as neutral diatomic molecules, not recognizing the fact that in aquesous solution, 

chlorine exists as monoatomic ions. 

Understanding of the meaning and process of a chemical reaction 

Eight out of the ten participants defined a chemical reaction as a process where 

reactants combine to form new products. None of the participants mentioned that the new 



 

 203 

products have different chemical properties, which is what will qualify the process as a 

chemical reaction (Ahtee & Varjola, 1998). All of the students’ responses on the 

processes involved in a chemical reaction were incomplete. Eight of the participants 

talked about new products forming, four talked about rearrangement of particles, energy 

changes, and switching of partners while five talked about bond breaking and bond 

formation. While all these features are part of the process of a chemical reaction (Hesse 

& Anderson, 1992), no student talked about all of them in their explanation. Most 

students talked of reactions as involving the ‘switching of partners’, which points to re-

arrangement of particles in the compounds involved. Other responses included bond 

breaking and formation.   

Reaction one and two were most problematic for the students to classify. While 

five of the ten participants attempted to classify reaction one, only one of them classified 

it as a combustion reaction. One participant called it an acid-base reaction since carbon 

dioxide and water are produced, while two participants classified the reaction as redox. 

For the two students who classified the reaction as redox, none could identify the 

oxidizing or reducing agents in the reaction. Two of the participants classified the second 

reaction as redox, one classified it as a ‘solubility’ reaction, while two classified it as a 

double replacement reaction. The remaining five could not classify the reaction. For the 

five students who correctly classified the third reaction as acid-base, none could identify 

the base in the reaction. They all talked of the ‘H’ in hydrochloric acid as an indication 

that one of the reactants was an acid. They however struggled with the fact that the 

carbonate did not have the ‘OH’ group that they are used to in bases. Two of them used 
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the fact that carbon dioxide and water are produced as the criteria for classifying the 

reaction as acid-base. None of the ten participants was able to classify all of the three 

reactions correctly.  

These results show that most students used discipline-based groupings (such as 

acid-base), with a few using non-discipline based groupings, based on surface features 

like the physical states of the reactants and products (Stains & Talanquer, 2007). For 

example, Mary, one of the participants, referred to reaction 2 as a ‘salt reaction’ since an 

insoluble salt was one of the products, while she classified reaction1 as ‘one that gives off 

a gas’. One of the participants (Maggie) explicitly stated that she looks at the physical 

states of reactants and products as a criterion for classifying chemical reactions. Some of 

the participants who attempted to classify the reactions paid attention to explicit features 

of the reactions (Stains & Talanquer, 2007), such as water and carbon dioxide as products 

in the reactions, as well as implicit features, such as chemical properties of reactants or 

products. The reliance by students on surface features during classification has been 

found by other studies (Kozma & Russell, 1997; Shane & Bodner, 2006). 

Evidence of carelessness and interference of everyday language 

Two of the interview participants drew dyslexic water (Kern et al,. 2010, 

Nyachwaya et al., 2011) in their representations. When this was brought up to the 

students, they recognized that there was a mistake in their drawing. When one of the 

students noted the mistake, her response was  

‘Oh gosh! That was just a stupid mistake’! (while laughing at what she did). It 

should probably be the other way round. I probably just thought flipped it around 

or something but it was O2H or something just put the two in the wrong spot 

when I was looking at it. 
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The two students who had dyslexic water in their drawings corrected their drawings. 

However, one of the students added that when she reads the formula ‘H2O’, she always 

thinks there are two oxygen atoms even though she knows that the formula has only one 

oxygen atom. She said “I always think it is two O’s although I know that it is H2O”. I 

didn’t look over like I usually do”.  

This could be indicating that the symbolic language (how the formula of water sounds) is 

influencing the students’ particulate representation. She said that if she had looked over 

her work, she would be able to catch and correct the mistake. 

Summary of findings 

The particulate nature of matter (PNM) is a core concept in chemistry, around 

which much of the discipline is built (Harrison & Treagust, 2002; NRC, 1996; 

Williamson & Abraham, 1995).  This means that for students to gain a true understanding 

of many topics in chemistry, a firm grounding in PNM is necessary. Data from this study 

suggest that most the participants lack understanding of PNM given the struggles with 

various aspects of PNM discussed above. There is a large disparity in the proportion of 

students who demonstrate understanding at the symbolic level and those who 

demonstrate understanding at the particulate level. Even within the symbolic level, 

students exhibited a number of struggles, such as interpreting the symbolic language. 

Looking at the nature of students’ drawings across the semester, there was no 

clear trend of growth. While some aspects of inappropriate particulate representations 

decreased for example between the time students attempted the first reaction and when 

they attempted the third, some aspects seemed to get worse since the percentage of 
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student drawings increased between the first and third questions. While each of the three 

reactions had unique features, requiring ‘different types of knowledge’, there were 

themes of inappropriate particulate representations that cut across the three reactions in 

students’ drawings. At the end of the semester, the students’ issues with particulate 

representations of the three reactions still persisted, possibly into upper level courses. 

Many of the students’ particulate drawings of the three reactions fell into the 

category of inappropriate particulate representations. Underlying the participants’ 

inability to draw appropriate particulate representations of the three reactions were 

struggles with basic, fundamental chemistry concepts. Also evident from participant 

struggles was the fact that some had memorized algorithms which they wrongly applied 

to both their drawings, and in responding to interview questions. 
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CHAPTER VI 

CONCLUSIONS, IMPLICATIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

In the following sections, I summarize the findings of this study, and make 

connections to past research. I then discuss some of the implications for teaching and 

learning in chemistry as well as assessment and research. I conclude by discussing 

potential areas and questions for further research. 

Conclusions 

The results of this study point to a large gap in students’ understanding at the 

symbolic and particulate levels. The assessment tasks in this study required students to 

balance three different chemical reactions and provided drawings representing the 

particles involved in the reactions. Ability to balance the provided chemical equation is 

evidence of students’ understanding at the symbolic level, while particulate drawings 

provided evidence of students’ understanding at the particulate level. The results of this 

study confirm findings from past research which have shown that students have a hard 

time translating between the levels of representation in chemistry (e.g. Al-Kunifed, Good, 

& Wandersee, 1993; Benzvi, Eylon, & Silberstein, 1986; Bodner, 1991; Bunce & Gable, 

2002; Gabel, 1999; Nakhleh,  1993; Treagust, Chittleborough & Mamiala, 2003; Wu & 

Shah, 2004; Yarroch, 1985). In the current study, equations of chemical reactions were 

presented to students (symbolic level). Students were required to draw particulate 

representations, therefore translating to the particulate level. 

Equation balancing is one aspect of the symbolic level of representation. While 

the results above suggest that students are more knowledgeable within the symbolic 
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realm, a number of struggles were noted with respect to understanding at the symbolic 

level. Student interviews revealed struggles with the meaning of a balanced equation, the 

role of subscripts and coefficients in a chemical equation. Similar struggles have been 

uncovered in past studies (Al-Kunifed et al., 1993; Nyachwaya et al., 2011; Sanger, 

2005; Yarroch, 1985). Additionally, this research uncovered student struggles with the 

meaning of physical states in an equation of a chemical reaction. Specifically, most 

interview participants struggled to not only explain what they understood by the terms 

‘aquesous state, but also with the particulate representation of matter in the aquesous 

state. 

The compounds in each of the three chemical reactions used in this study can be 

generally grouped into ionic and covalent compounds. The first reaction involved mainly 

covalent compounds, reaction two involved ionic compounds, while reaction three had 

both ionic and covalent compounds. Although the results of this study imply that the 

participants of this study were more competent in representing covalent compounds at the 

particulate level, it is evident that students exhibited struggles related to their 

understanding of PNM across all three reactions. With 21.6%, 7.6% and 3.9% of 

students’ particulate drawings of reactions 1, 2 and 3 respectively considered to be 

appropriate particulate representations of the reactions, a large number of students in this 

study exhibited inappropriate understanding of PNM.  

The three equations used in this study were part of three different tests spread 

over the semester. The results show that 21.6%, 7.6% and 3.9% of students’ particulate 

drawings of reactions 1, 2 and 3 respectively were considered to be appropriate 
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particulate representations of the reactions. The trend seems to imply that students’ 

understanding of PNM got worse over the semester, which, while true, does not 

necessarily provide an accurate picture of how students’ understanding of PNM changed 

over the semester. A better indicator of how students’ understanding of PNM changed 

over the semester is a comparison of aspects of PNM related to covalent bonding 

(equations 1 and 3) and ionic bonding (equations 2 and 3).  

The data (see Tables 5.4 and 5.5) revealed slight improvements in students’ 

understanding of aspects of PNM such as molecular geometry, charged species and 

molecular species, students continued to exhibit struggles with other aspects of PNM. 

Specifically, the data suggests that going from equation 1 to equation 3, over the course 

of the semester, more students continued to struggle with such aspects of PNM as atomic 

size, formula errors and bond order. One key conclusion is that the struggles with 

covalent compounds that students exhibited when they attempted the first equation 

persisted beyond the course since none of the struggles went away.  

For ionic compounds, there were improvements with some aspects of PNM, as 

indicated for example by a drop in the percentage of student drawings fitting the sub-

category of ‘using touching circles in ionic compounds of reactions 2 and 3, the data 

suggests that more students continued to struggle with understanding PNM in reaction 3 

compared to reaction 2.  Given that the items used in this study were spread over the 

semester, one can conclude that students showed a lack of understanding of PNM across 

the three reactions over the semester. Given that equation 3 was part of the final course 

examination, students left the course struggling with understanding PNM. 
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It is worth noting that equation three has both ionic and covalent compounds. The 

equation therefore presented students with a challenge of processing both types of 

bonding simultaneously, unlike in equations 1 and 2 where compounds were exclusively 

covalent and ionic respectively. It is likely that the challenge of having to process the two 

types of bonding in equation 3 led to the conflation of ideas about ionic and covalent 

bonding, specifically leading to water and carbon dioxide being drawn as charged 

species, just like ionic compounds in the reaction (see figure 4.22).  

One major conclusion of this study is that underlying students’ inability to 

represent the three chemical reactions at the particulate level are struggles with 

fundamental chemistry concepts. An analysis of students’ drawings and interview data 

revealed that students struggled with differentiating ionic and covalent bonding, 

interpreting the symbolic language of chemistry, understanding of concepts such as 

molecular geometry, atomic and ionic sizes, periodic trends, and the meaning of 

hydrogen bonding (which came up during the interviews). These findings confirm results 

of past research studies (e.g. Al-Kunifed, Good, & Wandersee, 1993; Ben-Zvi, Eylon, & 

Silberstein, 1988; Gabel, 1999; Kern et al, 2010; Nyachwaya et al; 2011; Wu & Shah, 

2004). In addition to the findings above, and unique to this study, it was evident that 

students were relying on algorithms to answer questions related to PNM, especially 

during the interviews. For example, students could state the steps they followed to 

balance chemical equations and state periodic trends but they could not explain these 

steps or trends. Some of the memorized algorithms were wrong, for example, on how the 
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atomic size varies with the number of valence electrons in an element. These algorithms 

hinder students from understanding chemistry at a conceptual level (Nakhleh, 1993).  

Implications 

Implications for teaching chemistry  

As confirmed by this study, students have a hard time navigating between 

different levels of representation in chemistry. Chemistry needs to be understood at the 

three levels of representation, meaning that learning (or not learning) at one level affects 

knowledge of the other levels. It is therefore important that the relationships, interactions 

and differences between the three levels of representation be taught explicitly (Ebenezer, 

2001; Gabel, 1992; Harrison and Treagust, 2000; Johnstone, 1991; Ravialo, 2001; 

Treagust et al., 2003). Research has shown that when students see various 

representations, they may only be seeing objects and letters, without necessarily 

understanding any of the underlying chemistry principles and concepts (Keig & Ruba, 

1993, Krajcik, 1991; Salta & Tzougraki, 2010). To effectively teach chemistry, multiple 

representations should be used. Students should be explicitly taught the connections 

between various levels of representation, and the meaning of figures, objects and symbols 

used in chemistry (Chittleborough & Treagust, 2008; Kozma & Russell, 2005).  

It is possible that the ball and stick models that are used in chemistry laboratories 

could be leading some students to perceive ionic compounds as covalently bonded 

(Nyachwaya et al., 2011). There may not be effective models available in the laboratories 

today to illustrate the nature and processes of ionic bonding. It is therefore important for 
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chemistry instructors to point to their students that the ball and stick models are not 

universal, by providing opportunities that reveal their shortcomings.  

Bonding is one of the topics in chemistry where understanding is developed using 

multiple models (Taber, 2002). In most of the drawings in school text books, ‘touching 

circles’ are prevalent. The prevalent use of ‘touching circles’ may also be caused by the 

fact that covalent bonding is taught before ionic bonding. The fact that the covalent bond 

model of bonding is so prevalent in students’ drawings seems to indicate that students 

have developed an algorithm for representing bonding. Students in our study seem lack 

conditional knowledge, of where and when to apply the algorithms or rules that they have 

memorized.  Students internalize covalency and therefore look at all other types of 

bonding through this lens. We suggest that multiple drawing models be used by both 

instructors and text books, to show students that there are multiple ways of representing 

bonding in chemical compounds. 

Molecular animations have been suggested as a way of illustrating ionic bonding. 

According to Tasker & Dalton (2006), animations “can show the dynamic, interactive 

and multi-particulate nature of chemical reactions explicitly” (p.143). This is considered 

to be a better alternative to most text book illustrations, which are two dimensional, 

which may offer an overly simplistic view of an otherwise complicated process. 

However, the use of animations also requires care, as they too can lead to misconceptions 

(Tasker & Dalton, 2006).  

One of the reasons why bonding is a challenging topic for students to understand 

is that in addition to being an abstract concept, it is not within students’ direct 
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experiences, as well as not being something that they hear in everyday discourse (Taber 

& Coll, 2002). Another reason is the fact that the scientific models used by scientists to 

make sense of chemical bonding are too sophisticated for learners, making this 

knowledge inaccessible to introductory chemistry students (Gilbert, 1998). To help 

students develop understanding for this topic, the teaching models used should be simple 

enough (but scientifically authentic) to help students develop a stable background for 

further learning (Taber, 2000). Instruction on bonding using models ought to be carefully 

planned, so that it progresses from a basic level.  

Implications for assessment 

The open-ended drawing tool (Nyachwaya et al., 2011) used in this research 

study, in addition to the interviews, provided data that confirmed past findings on 

students’ conceptions of PNM from past research, as well as uncovering new 

misconceptions that have not been previously reported. As discussed in chapter 5 and 

conclusions above, this study confirmed that students struggle with bonding (Coll & 

Taylor, 2002; Nyachwaya et al., 2011), have a hard time interpreting the symbolic 

language, such as subscripts (Kern et al., 2010, Nyachwaya et al., 2011; Yarroch, 1985), 

have difficulty translating between the three levels of representation (Al-Kunifed, Good, 

& Wandersee, 1993; Benzvi, Eylon, & Silberstein, 1986; Gabel, 1999; Wu & Shah, 

2004) struggled with atomic and ionic size (Coll and Treagust ,2003; Nyachwaya et al., 

2011),  and molecular geometry and connectivity (Nyachwaya et al., 2011). In addition, 

interview data especially revealed that students had memorized algorithms which they 

could not use to explain ideas in chemistry.  The range of findings obtained from this 
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study shows that open-ended drawing tools are a valuable form of assessment. Also, the 

fact that interviews complemented drawings data points to a need for multiple forms of 

assessment to help uncover students’ conceptions. 

This study demonstrates the need to assess for conceptual understanding. 

According to Sirhan, (2007), the types of assessments that we choose determine the type 

of learning that occurs; if our assessments only require recall of information, students’ 

desire to understand concepts is diminished since they figure out they can solve problems 

through memorized algorithms. Conceptual questions require students to qualify a choice, 

make a prediction, explain the why and how of a phenomena, apply knowledge/concepts 

from more than one topic, pick out important information from excess information 

(Nurrenbern & Robinson, 1998). An assessment of the type used in this study forces 

students to demonstrate more than memorized information. The interview questions 

especially probed for students understanding of chemistry concepts represented by the 

three equations. Assessments can be designed that require students to explain the 

underlying chemistry.  

In chemistry, just like other disciplines, students will always come to class with 

prior knowledge and possibly misconceptions (Sirhan, 2007). Students’ minds are not 

blank slates; they instead come to class with preconceptions, which may be wrong.  To 

address any misconceptions that students come in with, they have to be first diagnosed. 

Unfortunately, educators in chemistry have a hard time figuring out what problems 

students encounter and how they may go about addressing them (Francisco, Nakhleh, 

Nurrenbern & Miller, 2002). When used as a pre-assessment, a tool like the one proposed 
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in this study will provide detailed information on what students come into class with 

(their entry behavior). The instructor will then be in a position to plan instruction aimed 

at correcting any observed misconceptions. The fact that students struggles with 

fundamental concepts in chemistry persist even after the course confirms the fact that 

misconceptions can be resistant even to targeted instruction.  

According to Tasker (2005), “one reason why misconceptions at the molecular 

level are not detected at the college level is that questions rarely probe this level of 

understanding explicitly” (p.203). Students should not only be given opportunities to 

experience and practice with this level of representation, but they should also be formally 

assessed on it. If students are expected to demonstrate representational competence, in 

addition to being explicitly taught, students have to be formally assessed on the levels of 

representations. Although sad to note, the instructor in whose class the data were 

collected explicitly addressed the levels of representation throughout the course. The fact 

that students still struggled during the assessments, and the fact that students struggles 

with fundamental concepts in chemistry persist even after the course confirms the fact 

that misconceptions can be resistant even to targeted instruction.  

Implications for teacher educators 

One of the factors that determine how one teaches is how they were taught, a 

phenomenon that Dan Lortie (1975) coined the apprentice of observation. Teacher 

education programs and science departments such as chemistry have the capacity to 

therefore influence teachers’ future practice through not only talking about, but also 

modeling good teaching practices. In the area of representations in chemistry for 
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example, chemistry instructors have to explicitly talk about the different levels, while 

ensuring that students are aware of the shifts that they make between the different levels. 

This unfortunately does not always happen, as research has shown that chemists fluently 

navigate through the levels of representation in chemistry (Johnstone, 1991), assuming 

that their students are as fluent. 

To be able to use an assessment of the kind used in this study, especially as a 

diagnostic tool, teachers should be knowledgeable in both designing and using 

assessments. This is an important skill that pre-service teachers can learn and perfect 

during practice. An important means of enabling teachers to be facile with assessments is 

to not only model the design and use of such instruments, but also engage them in 

designing and using the assessments. Opportunities for such practice are available during 

students teaching, coupled with science methods courses.  

Future Research 

One of the next areas of research following this dissertation study is to look at 

growth in students’ understanding of PNM as a result of taking the general chemistry 

course in which I collected data. While the current study looked at growth in students’ 

understanding of PNM over the course of the semester, it is not clear whether any gains 

realized can be attributed to the course material. There is a need to determine what 

students know coming into the course, and then track how that changes over the semester. 

To monitor growth in students’ understanding of PNM, a pre-test will be administered on 

the first day of class in the course, containing the test items used in the current study. The 

three test items will then be administered as part of three separate mid-terms spread over 
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the semester as post tests. Students’ performance on the pre-test will be compared to their 

performance on the post tests to see if there is growth. 

In the next generation of science standards (NRC, 2012) students are expected to 

start learning about matter in 5
th

 grade. The ideas of matter are then developed and 

expanded as students go through middle school into high school. In 8
th

 grade, students 

learn that all substances are made up of different types of atoms, while in 12
th

 grade, they 

learn about sub-atomic particles. The progression from 5
th

 to 12
th

 grade builds students 

knowledge of the notion of PNM. One area of research related to PNM will involve 

looking at how students’ ideas about matter evolve from middle school to high school. 

Specifically, it is therefore important to look at middle school and high school students’ 

understanding of PNM in various topics.  

I am also interested in conducting a longitudinal study tracking students into 

upper level courses as they go through the chemistry ‘pipeline’. Chemistry has been 

labeled an enabling science and a gate-keeper to other science disciplines. I will seek to 

establish students understanding of PNM, which is a core concept in chemistry, and see 

how students’ level of understanding affects their progress into upper level chemistry 

courses, and in other science disciplines. Of interest is whether and how students’ 

knowledge of PNM changes, and how this impacts students’ success in upper level 

chemistry courses. 

Another potential area of research will involve looking at the effect of various 

teaching approaches on students’ understanding of PNM. There exist many reform-based 

teaching approaches in chemistry and science, including lecture, POGIL and problem 
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based learning among others. A possible research agenda would be to carry out quassi-

experimental studies and comparing the results from classroom where different teaching 

approaches are used, and looking at the impact of the approaches on students’ 

understanding of PNM in various topics in chemistry. 

Teachers play a vital role in students’ learning of chemistry. The teachers’ 

pedagogical content knowledge (PCK), particularly the PCK of PNM will affect how 

students learn this important concept. A future avenue of research will involve looking at 

pre-service and in-service teachers’ PCK of PNM since this concept is related to many 

topics in chemistry. This will be accomplished by observing the teachers’ practice, 

coupled with interviews. An extension of this will tie the teachers’ PCK to students’ 

demonstrated understanding of PNM. 

One of the changes instituted recently at the site where I conducted my 

dissertation research involves an ‘organic first curriculum’. With this change, freshman 

chemistry students at the college take organic chemistry first instead of general 

chemistry. Since organic chemistry curricula devote a substantial amount of time to 

particulate representations, such as reaction mechanisms and structural formulas, my 

assumption is that the course will have an impact on students’ knowledge and 

understanding of PNM, specifically in chemical reactions. A future research study will 

look at the effect of the ‘organic first curriculum’ on students’ understanding of PNM, 

especially as it related to chemical reactions. 
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APENDIX 1 

INTERVIEW PROTOCOL 

Demographic Information 

What is your major? 

Did you take high school chemistry? How many semesters of chemistry did you have? 

What is your primary source of information in the course?  

__ Class notes 

__ Class text book(s) 

__ Other (Specify) 

Interview 

1. You are provided with the following chemical equations: 

__CH4 (g )  +   __O2 (g)  →  __CO2 (g)  +  __H2O (g) 

__ AgNO3(aq) + __ CaCl2(aq)  →  __ AgCl(s) +__ Ca(NO3)2 (aq) 

__HCl (aq) + __CaCO3(s) → __CaCl2 (aq)  +  __H2O (l)  +  __CO2 (g) 

(a) Balance the three equations. As you balance the equations, please walk me through 

what you’re doing as you balance each equation. 

(b) What does a balanced equation mean to you? 

(c) As you go through the process of balancing an equation, what exactly are you doing? 

(d) So then if the number of each element is equal in the reactants and products, do you 

think that it will be appropriate to use an equal sign instead of the forward arrow in these 

equations? Why do you think so? 
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(e) In the equations that you just balanced, can you describe what is common on the left 

and right hand sides? 

(f) In many of the equations of chemical reactions that I am sure you have seen, the 

forward arrow is commonly used to denote movement from reactants to products. What 

other sign could you use instead of the forward arrow? What type(s) of reactions will be 

represented by the sign? 

(g) Do you think that reactions like to one above come to an end ever? 

(h) In the second equation, where calcium chloride reacts with silver nitrate, what is the 

significance of the number 2 in calcium nitrate? Could you illustrate (the process) how 

we end up with the 2? (If not clearly stated, ask: Why 2? Why does the nitrate need the 

two?) What name is given to that 2 in chemistry? It could be any other number. 

(i) Different chemical reactions belong to different classes-you can classify reactions into 

various categories. What types of reactions are represented by the chemical equations 

above? How do you decide/know what type a given reaction is? 

(j) We are calling these three equations of chemical reactions. What is a chemical 

reaction-what to the terms ‘chemical reaction mean to you? What happens in a chemical 

reaction? If not clear, ask-what process leads to the formation of products (assuming the 

identify reactants and products). If not clear on bond breaking and bond formation, ask: 

What keeps silver and the nitrate together in silver nitrate as an example. 

Could you tell me the types of bonds that you know? 

(k) If you look at the equations above, we have g, aq, l, and s. What do the (g), (l), (aq) 

and s indicate? What do they tell us? (If they don’t identify these as physical states, guide 
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them to see that).Suppose you were able to see pieces of matter in those four different 

physical states, what would that look like? In other words, if you saw a solid, gas or 

liquid, what would the particles look like? Can you please draw that in boxes? Ask 

probing questions, such as: why have you chosen to represent the s, g, or l state like you 

have? If shown, ask: why are particles in the gas far apart compared to the liquid or solid? 

How does the movement of particles in each of the three phases compare? Why the 

difference (if the interviewee brings this up). 

2. Suppose you were able to see each of the three reactions taking place, such that you 

were able to see the atoms, molecules and ions involved in the reactions, can you draw 

what you think you would be able to see? Include as much detail as you can. Please walk 

me through what you are doing in each reaction. 

(When a student has drawn all three, ask probing questions) 

(a) In methane, what is holding the hydrogen and carbon together? If the student does not 

mention a covalent bond, tell them. Then ask: How is a covalent bond formed? Probe 

with: what kinds of elements form covalent bonds? 

(b) The carbon oxygen bond is single, while the oxygen hydrogen bond is single. Which 

one would be stronger? How do the lengths of the two types of bonds compare? Why? 

(c) Looking at water and carbon dioxide, what is their molecular geometry (as you have it 

or as it is supposed to be?) 

(d) If the student draws wrong sizes of atoms, ask them: Why would the sizes be 

different? Which one would be bigger? Why?  

(e) Between an ionic and covalent bond, which one is stronger? Why? 
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(f) Assume that you are in a lab and are provided with two unlabeled liquids, one 

covalent and one being ionic, describe an experiment that you could use to identify which 

is ionic and which is covalent. 

(d) In the silver nitrate reaction, if a student draws species as covalent: Why did you 

choose to portray this (referring to specific species) as touching circles? What type of 

bond exists between a metal and a non-metal? If the student cannot identify, tell them-

after they fail to identify. Can you tell me which compounds here are ionic or/or covalent. 

Can you tell me one property of ionic compounds? 

What does the state symbol aq. mean to you? If students correctly identify the meaning: 

If AgNO3 is in aqueous state and you were able to see it what do you think you would 

see? Would you then represent that differently? 

(c).Depending on how silver chloride is represented: Why did you choose to represent 

silver chloride like this? 

(d).If the student didn’t depict silver nitrate as polyatomic: What ions are present in silver 

nitrate? If the student identifies them correctly: Can you draw those ions here? If the 

student does not show the nitrate ion as single unit: Have you heard of the terms 

polyatomic ions? What do the terms mean?  If they correctly define the term: How would 

you represent that? 

(e) In the third equation: Why did you choose to represent calcium carbonate like this? (If 

they drew calcium carbonate as touching). 

 

 

 


