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ABSTRACT 

Understanding chemical reactions is crucial in learning chemistry at all 

educational levels. Nevertheless, research in science education has revealed that many 

students struggle to understand chemical processes. Improving teaching and learning 

about chemical reactions demands that we develop a clearer understanding of student 

reasoning in this area and of how this reasoning evolves with training in the discipline. 

Thus, we have carried out a qualitative study using semi-structured interviews as the 

main data collection tool to explore students reasoning about reaction mechanism and 

causality. The participants of this study included students at different levels of training in 

chemistry: general chemistry students (n=22), organic chemistry students (n=16), first 

year graduate students (n=13) and Ph.D. candidates (n=14). We identified major 

conceptual modes along critical dimensions of analysis, and illustrated common ways of 

reasoning using typical cases. Main findings indicate that although significant progress is 

observed in student reasoning in some areas, major conceptual difficulties seem to persist 

even at the more advanced educational levels. In addition, our findings suggest that 

students struggle to integrate important concepts when thinking about mechanism and 

causality in chemical reactions. The results of our study are relevant to chemistry 

educators interested in learning progressions, assessment, and conceptual development. 
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CHAPTER 1 : INTRODUCTION 

The description, explanation and prediction of chemical processes are 

fundamental goals of the chemical sciences. Understanding chemical transformations is 

thus crucial in learning chemistry at all educational levels. The mastery of ideas about 

chemical transformations not only depends on students’ conceptual understanding of a 

wide range of related concepts such as the particulate model of matter and chemical 

bonding, but also on students’ chemical thinking and reasoning skills for connecting and 

applying related concepts in diverse contexts.  

Research in science and chemistry education has revealed that many students 

struggle to meaningfully understand a variety of core chemical concepts. Students tend to 

assimilate these concepts into their existing knowledge structures, developing or 

expressing a wide variety of alternative conceptions (Reiner, Slotta, Chi, & Resnick, 

2000). Much of the research in this area has focused on studying students’ learning 

difficulties with diverse topics traditionally taught in chemistry curricula (Van Berkel, De 

Vos, Verdonk, & Pilot, 2000; Ngai, Sevian, & Talanquer, 2014), such as chemical 

bonding (Özmen, 2004; Ünal, Çalık, Ayas, & Coll, 2006), the particulate theory of matter 

(Garcia Franco & Taber, 2009) and chemical thermodynamics (Ochs, 1996; Boo, 1998). 

Recent efforts in science education highlight the importance of also exploring student 

understanding of crosscutting concepts that have application across different domains of 

science (Schweingruber, Keller, & Quinn, 2012; NRC, 2013). Crosscutting concepts are 

normally considered to be domain-general, bridging various science boundaries (NRC, 

2013). However, crosscutting concepts can also be identified within a specific scientific 
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domain, linking core concepts in a discipline (Ngai, Sevian, & Talanquer, 2014). For 

example, Sevian and Talanquer (2014) have identified six crosscutting concepts in 

chemistry: chemical identity, structure-property relationships, chemical causality, 

chemical mechanism, chemical control and benefits-costs-risks. In the present study we 

were particularly interested in exploring students’ understanding of two of these six 

crosscutting concepts: chemical mechanism and chemical causality, and how that 

understanding varied with level of training in the discipline. 

Researchers have proposed different frameworks to explain the challenges 

students experience when learning new scientific concepts, such as DiSessa’s 

“knowledge in pieces” theory (DiSessa, 1983; 1988), Chi’s “ontological categorization 

theory (Chi, Slotta, & De Leeuw, 1994), and Vosniadou’s “revision of framework theory” 

(Vosniadou, 1994). These different frameworks share the idea that new concepts are 

especially challenging for students when they are in conflict with students’ prior 

knowledge structures built from everyday experience and confirmed repeatedly in 

everyday life. Several studies in this area have explored students’ learning difficulties by 

comparing the understanding of novice learners to that of experts in the discipline. 

However, recent research on learning progressions has sought to create more detailed 

descriptions of increasingly sophisticated ways of thinking about or understanding a topic 

(NRC, 2007). Research on learning progressions focuses not only on end-knowledge, 

such as novice understanding and expert understanding of a concept or idea, but also on 

analyzing critical stages in the path towards more sophisticated scientific reasoning. 

These types of studies provide important insights into the intermediate steps that need to 
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be taken to understand core scientific concepts. 

Recently, Sevian and Talanquer (2014) have begun to develop a hypothetical 

learning progression centered on the idea of chemical thinking. This learning progression 

aims to build a framework that can guide the transformation of curriculum, instruction 

and assessment towards more authentic practices to engage students in more meaningful 

and relevant ways. Different components of this learning progression have been 

developed based on analysis of previous research and supported by existing empirical 

examples. Yet more empirical data needs to be collected and analyzed to validate the 

progression in the core areas defined by the crosscutting disciplinary concepts. In this 

study, we focused our efforts on exploring the explanations and reasoning models about 

chemical mechanism and chemical causality applied by students with different levels of 

training in chemistry when thinking about chemical reactions. The results of our study are 

expected to inform the development and validation of some important components in the 

chemical thinking learning progression.  

The central goals of our study are thus to investigate student reasoning about 

chemical mechanism and causality in the context of chemical reactions, and investigate 

how reasoning in these areas evolves with training in the discipline. In particular, this 

study is designed to: 

⎯ Explore the types of reasoning about reaction mechanism and causality expressed 

by college and graduate students with different levels of training in chemistry;  

⎯ Identify common reasoning patterns in the explanations generated by such 

students; 
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⎯ Identify and characterize major cognitive constraints that guide students’ 

reasoning; 

⎯ Characterize potential learning pathways in the understanding of chemical 

processes. 

In order to fulfill these research goals, we designed a qualitative study based on 

semi-structured interviews involving participants at different educational levels ranging 

from general chemistry students to Ph.D. candidates in chemistry. The analysis of the 

interview data was carried out in two main parts. The first part focused on investigating 

students’ understanding along relevant conceptual dimensions and mapping different 

ways of thinking about reaction mechanism and causality. The second part of our work 

focused on mapping individual students’ explanations, seeking to capture reasoning 

models of prototypical students exhibiting different levels of conceptual sophistication. 

Our work allowed us to characterize different levels of sophistication in reasoning 

about critical aspects of chemical processes, as well as to identify potential learning 

pathways towards more sophisticated understanding. Findings from our study are 

expected to have implications for learning progression research on chemical thinking and 

other science education fields. The results are also expected to be of interest to science 

and chemistry educators at different educational levels, particularly those involved in 

curriculum and assessment development, and those engaged in the preparation of science 

teachers and chemistry instructors.  

This dissertation has been organized in the following way: chapter two presents a 

review of previous research on students’ learning about chemical reactions, while chapter 
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three describes the theoretical framework that guided our study. Chapter four presents 

information about the research methodology of this study. Major findings from our two-

part analysis are discussed in chapter five and chapter six, respectively, while chapter 

seven summarizes the major implications, limitations, and future research opportunities 

associated with our work.  
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CHAPTER 2 : LITERATURE REVIEW 

Students’ understanding of chemical reactions has been widely researched. These studies 

provide insight into students’ reasoning about how chemical reactions happen (chemical 

mechanism) and why they happen (chemical causality). In this chapter we review core 

findings from this body of research. 

Students’ understanding of how reactions happen 

Understanding the idea of chemical change demands that students recognize and accept 

the formation of new substances in a reaction system. However, existing research 

indicates that novice learners struggle to understand the concepts of chemical substance. 

They often think that substances can change their properties but maintain their identities, 

or talk about properties of a substance as if they were material entities that can be 

transferred from one substance to another (Sanmarti & Izquierdo, 1995). According to De 

Vos. & Verdonk (1987), students in elementary school chemistry, after heating a copper 

sheet in a Bunsen flame, simply thought that copper turned black instead of recognizing 

that a new black substance was formed. Sanmarti et al. (1995) studied 13-year old pupils’ 

explanations about properties of substances and their changes. In their study, a significant 

number of pupils treated properties such as sweetness and color as material substances 

that could be transferred from one substance to another. For instance, when sugar was 

dissolved in water, students thought that the mixture was sweet because the taste of sugar 

was transferred from sugar to water. A number of researchers (Abraham, Williamson, & 

Westbrook, 1994; Ayas & Demirabs, 1997; Calik & Ayas, 2005; Johnson, 2000; 

Tsaparlis, 2003) have found out that students often cannot identify when new substances 
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are generated in a process, and thus are unable to differentiate between chemical changes 

and physical changes. Calik et al. (2005) investigated the understanding of high school 

students and student teachers related to the concept of chemical change. Their results 

indicated that some students as well as student teachers believed that the properties of 

substances did not change during chemical reactions. They also found out that most 

participants viewed the burning of candle as a physical change, which supports the results 

of another study involving high school students and college students (Abraham, 

Williamson, & Westbrook, 1994). Participants in Calik’s study ignored the production of 

CO2 and water, and only focused on the phase change (melting of the candle). Therefore, 

they were not able to identify the burning of candle as a chemical change.  

To recognize chemical changes, students need to understand how properties can 

be used to characterize a substance (Johnson, 2000). However, the scientific meaning of 

substance appears to be difficult for chemistry students, especially young learners 

(Johnson, 1996). Without a solid understanding of the concept of chemical substance, 

students are not able to determine whether there is conservation or change of a 

substance's identity during a transformation, thus failing to distinguish between physical 

and chemical changes (Stavridou & Solomonidou, 1998; Stavridou & Solomonidou, 

1989).  

Many macroscopic properties of a substance are emergent properties (Luisi, 2002). 

Emergent properties are those novel properties of an object that result from interactions 

between its components, and are different from the properties of the individual 
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components. Chemical properties of substances are emergent, as they are not present in 

its component atoms; for instance, the properties of water are not present in hydrogen or 

oxygen (Luisi, 2002). According to Chi et al.  (Chi M. T., Roscoe, Slotta, Roy, & Chase, 

2012), students have more difficulty understanding emergent processes than direct 

sequential processes, and they tend to develop persistent, robust, and tenacious alternative 

conceptions about emergent phenomena. Talanquer (2008) studied undergraduate general 

chemistry students’ reasoning when predicting the properties of products of chemical 

reactions. Results of this study suggest that most students rely on an additive framework 

to predict the properties of products, overlooking the possibility of emergent properties 

resulting from interactions between atomic components. For example, when students 

were asked to predict the color of the product produced by a reaction between a blue and 

a yellow reactant, over 90% of the study participants selected green as the color of the 

product, without recognizing the emergence of different properties in the formation of a 

chemical product.  

Different authors (Brem, Stump, Sinatra, Reichenberg, & Heddy, 2012; Talanquer, 

2006) have proposed that novice learners apply commonsense psychology and 

commonsense biology when learning about emergent processes to build intuitive ideas 

and explanations. According to Chi et al. (2012), it is thus important to connect the micro 

level with the macro level when learning about emergent processes. In the case of 

chemistry, students need to make the connection between the submicroscopic properties 

of atoms and molecules with macroscopic properties of actual materials when learning 

about chemical transformations. Unfortunately, existing research indicates that students 
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tend to focus on macroscopic changes but neglect the sub-microscopic interactions of 

atoms and molecules when reasoning about chemical reactions.  

Based on the review of the research literature, Andersson (1986) identified five 

common types of students’ explanations about chemical change: (1) It is just like that, in 

which students accept observed changes without any explanation; (2) Displacement, in 

which students assume that substances can appear simply because they have been 

displaced from one place to another; (3) Modification, in which students assume that the 

products of a reaction are actually the same substances as before but in a modified form; 

(4) Transmutation, in which students consider that a given substance is transformed into a 

new one without interaction with other substances; (5) Chemical interaction, in which 

students explain that chemicals interact with each other to produce new substances. Very 

few students in the reviewed studies were able to explain chemical reactions in terms of 

chemical interactions among molecules and atoms or breaking and forming of chemical 

bonds. Most students focused on changes occurring at the macroscopic level by claiming 

that substances disappeared or transmuted into something else.  

Andersson’s framework has been applied by other authors to analyze students’ 

understanding of chemical reactions with similar outcomes (Andersson, 1990; Prieto, 

Watson, & Dillon, 1992; Watson, Prieto, & Dillon, 1997). For example, Watson et al. 

(1997) studied 14-15-year-old students’ explanations about combustion reactions. These 

authors found that transmutation and modification were the most commonly used types of 

explanations for combustion reactions. The scientific theory of chemical reactions in 
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terms of chemical interactions was seldom used, or only some elements of it were applied. 

Boo and Watson (2001) interviewed 16-18 year old students about their understanding of 

two chemical reactions in solution. Most participants in this study could recognize the 

formation of new substances, but only a few students were able to explain reactions in 

terms of sub-microscopic chemical interactions.  

Some researchers (Johnson, 2000; Papageorgiou & Johnson, 2005) have 

suggested that the introduction of particle theory could help students make sense of the 

sub-microscopic characteristics of substances, and thus help them understand chemical 

changes in terms of chemical interactions. Papageorgiou et al. (2005) investigated 

students’ understanding of changes of states and dissolutions in two matched groups. One 

group was taught with particle ideas incorporated, the other one without them. Their 

results suggested that students’ understanding benefited from the introduction of particle 

ideas. In another study focused on the analysis of seventh-grade students’ understanding 

of chemical reactions (Eilks, Moellering, & Valanides, 2007), the authors found out that 

high-achieving students were able to connect the formation of new substances with 

changes in the arrangement of particles at the submicroscopic level, while the low-

achieving students were only partially able to make this connection.  

The particle theory of matter is fundamental to the topic of chemical reactions. It 

is the basis for explanations that rely on concepts such as atomic and molecular structure, 

chemical bonding, chemical equilibrium and chemical reactions. Nevertheless, a 

substantial body of research indicates that students often struggle to understand the 
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particulate nature of matter. For instance, it has been reported (Renström, Andersson, & 

Marton, 1990) that some students think that atoms with different qualities are embedded 

in matter (instead of the idea that matter are composed of atoms), or view matter as 

aggregates of particles. Nakhleh et al. (1999) studied elementary students’ ideas about 

matter. They found that elementary school students tended to view matter as purely 

macroscopic and continuous, and were not able to explain phenomena in terms of the 

motion and arrangement of the microscopic particles. In a later study involving middle 

school students (Nakhleh, Samarapungavan, & Saglam, 2005), these authors found that 

some middle school students conceptualized matter at the micro level but expressed 

significant alternative conceptions. For instance, they thought that atoms and molecules 

could be seen under an optical microscope. Research also shows that students tend to 

attribute properties of macroscopic objects to sub-microscopic particles. For instance, 

some students attribute macroscopic properties such as color, compressibility, odor, and 

expansion upon heating, to sub-microscopic atoms or molecules (Albanese & Vicentini, 

1997; Ben-Zvi, Eylon, & Silberstein, 1986). Additionally, students often rely on 

anthropomorphic or teleological explanations to describe the behavior and properties of 

atoms and molecules. They might think that atoms or molecules are alive because they 

can move, or that atoms want to grab some electrons to satisfy some need (Griffiths & 

Preston, 1992; Taber & Watts, 1996).  

Findings from previous studies suggest that students’ alternative conceptions 

about the particle model are commonly rooted in implicit conceptual frameworks 

developed through observation and interaction with macroscopic substances and 
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phenomena (Pozo & Gomez Crespo, 2005). According to Novick et al. (Novick & 

Nussbaum, 1978; Novick & Nussbaum, 1981), to internalize the particle model, students 

must overcome their immediate perceptions that lead them to a continuous, static view of 

the structure of matter. These authors studied high school and university students’ 

understanding of the particulate nature of matter. Their results demonstrated that students 

had great difficulty internalizing the aspects of the particle model, which are most in 

conflict with their immediate perceptions.  Similar results have been reported by Garcia-

Franco & Taber (2009) who found that students could not readily adopt the aspects of the 

particle model that were unfamiliar and counter-intuitive to their everyday life experience 

(e.g. the idea that there is nothing between the particles in a hard solid).  

Some researchers have proposed different strategies to facilitate learning and 

promote conceptual change on this topic. Johnson and Papageorgiou (2010) proposed to 

introduce the particle model of matter based on the concept of chemical substance. They 

argued that introducing the particle model using a substance framework, instead of the 

standard school model that focuses on understanding different states of matter (solids, 

liquids, gases), could help students learn the topic. Talanquer (2009) suggested that the 

identification of implicit assumptions guiding and constraining students’ thinking and 

reasoning provided a useful framework that educators could use to better understand and 

even predict students’ learning difficulties in this area. Adadan (2013) studied two groups 

of Grade 11 students’ conceptual understandings about various aspects of the particle 

theory after instruction with multiple representations (visual & verbal) versus instruction 

with only verbal representations. Their results revealed that instruction with multiple 
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representations was more effective in promoting and facilitating students’ understanding 

of the particle theory. 

There are two key elements of a satisfactory explanation for how reactions happen: 

1) the collisions and interactions among numerous particles in constant motion; 2) the 

breaking of chemical bonds and forming of new bonds. Given students’ learning 

difficulties and inadequate conceptual understanding about the particle theory, it is not 

surprising that most chemistry students also develop a wide range of alternative 

conceptions about chemical bonds and how bonds break and form during chemical 

reactions. Educational research has been performed to reveal students’ alternative 

conceptions in this area across a range of academic levels and cultural settings. Ozmen 

(Özmen, 2004) and Unal et al. (Ünal, Çalık, Ayas, & Coll, 2006) reviewed these studies 

in detail. According to the research literature, students often have difficulties 

differentiating between the three major types of bonds: covalent bonds, ionic bonds and 

metallic bonds. They also tend to view the octet rule as the sole driving force for 

chemical bonding and make wide use of anthropomorphic language to explain bonding 

phenomena (e.g. atoms need/want filled shells). Novice learners also appear to have little 

understanding about the concepts of electronegativity and polarity, resulting in inability 

to identify the bonds that break and form during chemical reactions. In a recent review 

paper (Levy Nahum, Mamlok‐Naaman, Hofstein, & Taber, 2010) about teaching and 

learning the concept of chemical bonding, the authors point out that many alternative 

conceptions about chemical bonding result from over-simplified models used in 

textbooks, traditional pedagogical approaches that often present a limited and sometimes 
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incorrect picture of current chemical knowledge, and traditional assessment methods 

which influence instruction and learning.  

Students’ understanding of why reactions happen 

The fundamental principle that can be used to determine whether or not a reaction 

will take place is the Second Law of Thermodynamics (Keeler & Wothers, 2003). 

Therefore, to understand why reactions happen, students need to understand relevant 

thermodynamic concepts such as entropy and Gibbs free energy. Research in this area has 

consistently shown that many students have a very limited understanding of these 

concepts.   

Entropy can be interpreted as a measure of disorder, where disorder is measured 

by the number of accessible microstates (Johnstone, MacDonald, & Webb, 1977). 

However, students often describe disorder as chaos or randomness, without further 

explanation of what is chaotic or random about a system. When prompted, learners often 

relate entropy change to changes in physical state, instead of changes in the number of 

accessible microstates (Carson & Watson, 2002). In a study involving Turkish chemistry 

undergraduate students, Sozbilir and Bennett (2007) determined that most participants 

used the word “disorder” to refer to movement or collisions of particles, and could not 

differentiate between “visual disorder” and entropy. 

The Second Law of Thermodynamics is the key to understanding the factors that 

drive chemical reactions and allows us to predict whether a chemical reaction is 

spontaneous or not. According to the Second Law of Thermodynamics, the entropy of the 
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universe increases or the free energy of system at constant temperature and pressure 

decreases in a spontaneous process (Keeler & Wothers, 2003). Research has consistently 

reported that students develop alternative conceptions about the spontaneity of chemical 

reactions. In chemistry, spontaneity refers to the thermodynamic likelihood of a reaction 

to occur, although it may not be observable if the reaction rate is undetectably slow 

(Gabriela, Ribeiro, Costa Pereira, & Maskill, 1990). However, many students think of 

reactions as spontaneous only if they can see the reactions happening. Unobservable slow 

reactions, with high activation energies, are not considered to occur spontaneously. Other 

researchers have reported students’ confusion about the scientific meaning of spontaneity 

(Ochs, 1996; Boo, 1998; Thomas & Schwenz, 1998). Ochs (1996) claimed that the use of 

the word “spontaneous” in the context of thermodynamics is inconsistent and misleading. 

Avoiding using such words, whose everyday language meaning conflicts with their 

precise scientific meaning, could help students build a clearer understanding of chemical 

concepts and principles.  

Without sound understanding of core thermodynamic concepts, students are often 

unable to identify the driving forces for chemical reactions, thus failing to understand 

why chemical reactions happen. In Boo’s (1998) study involving grade 12 students, this 

author determined that only 10% of the participants were able to identify the driving 

forces of chemical reactions in terms of increase in the entropy of the universe or 

decrease in free energy of the system. Most students thought that chemical reactions 

needed some external causal agents (heat, solvent, catalyst, etc.) to take place. Thomas 

and Schwenz (1998) found that many students viewed the increase in entropy of the 
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system, not the universe, as the driving force for chemical reactions. Research findings 

also suggest that students tend to confuse the concepts of entropy and kinetic energy. 

They may use concepts from chemical kinetics to explain the thermodynamics of 

chemical phenomena (Johnstone, MacDonald, & Webb, 1977; Thomas & Schwenz, 

1998). For example, some students used concepts such as activation energy to determine 

whether or not a reaction was spontaneous (Thomas & Schwenz, 1998).  

Given the difficulties students experience in developing an acceptable 

understanding of core thermodynamic concepts, they often rely on commonsense 

reasoning instead of the Second Law of Thermodynamics to identify the driving forces of 

chemical reactions. Students’ common conceptions include the idea that reactions are 

driven by external/internal intentional agents with well-defined purposes (Talanquer, 

2013). Consequently, linear causal reasoning and teleological reasoning are commonly 

used to explain chemical reactions. Research in chemistry education has elicited the 

common use of linear causal models in reasoning about chemical changes. For example, 

chemistry students often think that changes in a system are induced by some external or 

internal agents and build explanations in terms of causes and effects (Talanquer, 2006). 

Taber and García-Franco (Taber & García-Franco, 2010) described that students in their 

investigation tended to seek for and identify active agents to explain the changes they 

observed. For instance, some students did not expect salt to dissolve in water without the 

action of an external agent such as heating or stirring. Hatzinikita et al. (Hatzinikita, 

Koulaidis, & Hatzinikitas, 2005) studied elementary school students’ explanations of 

changes in matter when different substances were mixed with water or acidic materials. 
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They developed a multivariable classification system of students’ explanations which 

included categories related to agentive and non-agentive explanations. Students who built 

agentive explanations believed causes for change to be located outside the system that 

changes, while students that built non-agentive explanations believed that causes of 

change resided within the system that changed. A majority of the participants in this 

study (84.4%) generated agentive explanations for changes in matter. 

Hatzinikita et al. (2005) further differentiated students’ agentive explanations into 

two categories, interaction and action, according to the symmetric or asymmetric roles 

that components of the system played in the production of a change. Students who fell in 

the “interaction” category explained the changes in terms of an interaction of two equal 

partners. They considered both components as activating the production of changes. 

Explanations in the “action” category considered that components of a system played 

asymmetric roles: active role and passive role. The active components were considered as 

the agents activating the production of changes. More than 80% of the participants in this 

study (Hatzinikita, Koulaidis, & Hatzinikitas, 2005) built explanations that fell within the 

“action” category of explanations. When explaining chemical reactions between 

substances, students commonly consider one of the substances (e.g. the substance that is 

perceived as strongest) as an active partner that acts upon others and is responsible for the 

chemical change (Taber & García-Franco, 2010). For example, students may think that 

silver nitrate is acting upon sodium chloride to produce a precipitate because silver nitrate 

seems to be more reactive to them.  
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The causal intuition that agents are needed to induce changes is considered an 

early-developing feature of human cognition (Taber & García-Franco, 2010). According 

to Andersson (1986), causal reasoning develops from a very early age. Based on early life 

activities like pulling a blanket or throwing a snowball to knock the cap off a friend, 

children learn that an agent can act upon an object directly with its own body, or 

indirectly with an instrument, and that the power of the agent influences the magnitude of 

the effect (e.g. the toy goes farther if the child pushes stronger). Children’s earliest 

conceptions are tied to actions: they act (pull, push, cry, etc.) to bring the desired changes. 

Where such actions are intended to bring about an effect, there is clear asymmetry in the 

roles of the active agent and passive object. From a Newtonian perspective, the child and 

the blanket pull upon each other with an equal force. But for children trying to make 

sense of the world in human terms, there is a clear distinction between the conscious 

agent and the passive subject of that agency (Taber & García-Franco, 2010). Humans are 

constantly interacting and trying to make sense of the environment around them. Thus, 

commonsense ideas are constantly used in reasoning about the world (Bliss, 2008; 

Gunstone, 1991). When students learn about science, their intuitions about agents being 

responsible for changes in a system are used to build explanations and make predictions 

in a wide range of different areas (Andersson, 1986). In the case of chemical reactions, 

students tend to identify external agents or internal active agents as the causes of 

chemical processes. They often invent causes for the transformations, and neglect the 

intrinsic motion and interactions of atoms and molecules. 

Besides linear causal reasoning, a few studies have also indicated the common use 
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of teleological reasoning in chemistry education (Wilson, 1993; Taber & Watts, 1996; 

Robinson, 1998; Treagust & Harrison, 2000; Nicoll, 2001; Talanquer, 2006; Talanquer, 

2013). Research in developmental psychology (Kelemen, 1999; Kelemen & Rosset, 2009) 

has shown that teleological thinking is commonly present in explanations of both children 

and adults about phenomena in the world around them. Teleology refers to cases in which 

the consequences are used as explanations for certain structures, processes, or phenomena. 

For example, when students say “A reacts with B to become more stable,” they are 

building a teleological explanation because they are using the outcome of the reaction: 

“products are more stable” as the cause of the process. Talanquer (2007) argued that 

although teleological explanations seem to have heuristic pedagogical value in chemistry 

education, they might also lead students to develop alternative conceptions and 

unwarranted over-generalizations. Students may view teleological explanations as 

satisfactory reasoning for why chemical reactions happen, overlooking the underlying 

mechanisms. Taber and Watts (1996) have reported some examples of students’ use of 

teleological explanations for chemical reactions. For example, students say that metals 

lose electrons to become more stable, or to get lower energy levels in chemical reactions. 

It is also reported (Robinson, 1998) that students commonly think that chemical bonds 

form during chemical reactions in order to produce filled shells rather than filled shells 

being the consequence of the formation of chemical bonds. Students often think atoms or 

molecules are stable or “happy” with filled shells, and that chemicals react in order to 

generate products with an octet of valence electrons (Nicoll, 2001).  

Talanquer (2013) designed a questionnaire to test students’ reasoning about 
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chemical substances and reactions. In one multiple-choice question related to teleological 

explanation, students were asked to choose the driving force responsible for the proton 

transfer in an acid-base reaction. Results from this study indicated that around 60% of all 

the three groups of participants (first semester, second semester general chemistry 

students and graduate students) selected the answer associated with a teleological 

explanation (intentional behavior to attain stability) instead of the answer that described 

chemical reactivity as the result of energetically or entropically biased random processes. 

These findings suggest that students’ teleological ideas are robust and resistant to training 

in the discipline. 

In summary, in this chapter we presented a review of core findings from previous 

research on students’ understanding of various concepts about reaction mechanism and 

causality. Most of these studies focused on the analysis of students’ misconceptions in 

topics traditionally covered in chemistry curricula. In the present study, we seek to 

explore students’ conceptual understanding of chemical causality and mechanism in 

diverse contexts, as well as how students integrate and apply core concepts and ideas. 

The following chapter summarizes the theoretical framework that guided our study 

design and data analysis. 
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CHAPTER 3 THEORETICAL FRAMEWORK 

In this study, we are interested in exploring how students’ reasoning about the 

mechanism and causality of diverse chemical processes evolves with training in 

chemistry. Research shows that students’ prior knowledge affects their learning of 

complex scientific ideas. However, there is debate about the nature of students’ prior 

knowledge and about how conceptual change occurs. In this chapter, we present a review 

of the different theoretical perspectives about student learning that guided our 

investigation. 

Conceptual Change 

Findings from studies in cognitive science and science education show that when 

students are introduced to new scientific concepts, their prior conceptual knowledge and 

everyday experience influence their interpretations and conceptualizations. Prior 

knowledge could help students understand new ideas and concepts, thus facilitating the 

learning processes. However, the inherent qualities of prior conceptions, such as their 

incompleteness and reliance on surface features, could also hinder and constrain the 

processes of conceptual change (Dochy, Segers, & Moerkerke, 1996). When learning 

about scientific concepts, students’ initial conceptions are not merely replaced or 

exchanged with new scientific conceptions. Instead, pre-instructional conceptions are 

likely restructured and adapted to make sense of the new information provided (Duit & 

Treagust, 2003). To facilitate this integration, new ideas must be intelligible, plausible 

and fruitful to the learner (Hewson & Hewson, 1983).  
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Researchers have proposed different approaches to explore and discuss the 

challenge of conceptual change. For example, DiSessa (1983; 1988) has proposed a 

“knowledge in pieces” theory based on the character of intuitive prior knowledge. 

According to DiSessa, intuitive knowledge is a collection of numerous fragments rather 

than a coherent integrated structure. Many of those fragments are “p-prims” 

(phenomenological primitives), which are relatively minimal abstractions from common 

experiences. Those p-prims affect science learning and reasoning, yet they do not serve 

the same role for naïve learners and experts. Naïve science learners largely rely on their 

readily available p-prims to generate explanations. As individuals develop expertise in a 

domain, associated p-prims are reorganized, modified and abstracted. Experts possess a 

different organization of p-prims, with a deeper and more complex priority system, and 

an elaborate control system of knowing that allows them to better judge when it is useful 

or not to rely on specific p-prims.    

Chi and colleagues (Chi, Slotta, & De Leeuw, 1994) have presented a different 

theory of conceptual change that proposes that humans tend to categorize entities in the 

world as belonging to several primary ontological categories including “matter,” “process” 

and “mental states.” Conceptual change occurs when learning requires re-assignment of 

entities or processes to different primary categories. These authors have claimed that 

learning is difficult when students’ pre-instructional categorization of a concept does not 

match its scientific categorization. For example, students’ initial conceptions of electric 

current might implicitly place it in the “matter” category. However, scientists think of 

electric current as a “process” involving the movement of electrically charged particles. 
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Important scientific concepts appear to be challenging for students to learn because 

intuitive conceptions of these concepts are ontologically distinct from scientific 

conceptions. Chi and Roscoe (2002) have pointed out that the challenge of conceptual 

change stems from the fact that students do not often feel the need to change their prior 

conceptions because these ideas allow them to generate both productive responses to 

questions and systematic explanations of phenomena. Students might also not have 

access to an alternative conception that is comprehensible and satisfactory (Chi & Roscoe, 

2002). 

Vosniadou (1994) has outlined a different framework of conceptual change in 

learning science. She has proposed three kinds of conceptual change: a) enrichment, in 

which new information is simply added to the existing conceptual structure, b) revision of 

specific theories, in which the pre-instructional ideas or beliefs are revised when they are 

inconsistent with scientific theories, c) revision of framework theory, in which the 

presuppositions of the framework theory need to be revised because they are inconsistent 

with the information to learn. In a recent book chapter, Chi (2008) has pointed out that 

enrichment (simple addition of knowledge) should not be considered as conceptual 

change since there is no conflict between prior knowledge and new information. 

Vosniadou claims that individuals construct naïve framework theories early in infancy, 

based on presuppositions about the natural world that stem from everyday experience and 

are confirmed over time. Therefore, the revision of a framework theory is the most 

challenging kind of conceptual change since it requires revision of the ontological and 

epistemological presuppositions on which it is based.  
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In general, DiSessa’s “knowledge in pieces” theory mainly focuses on 

characterizing intuitive pieces of knowledge and how they are used by different types of 

individuals as cognitive resources to build explanations and make predictions. Both Chi’s 

and Vosniadou’s frameworks tend to focus on the identification of underlying schemas or 

naïve theories that guide but also constrain human thinking. In Chi’s framework, 

conceptual change is challenging when there is a conflict between the ontological 

categories of prior conceptions and new conception. In Vosniadou’s framework, the most 

difficult kind of conceptual change occurs when the presuppositions of a framework 

theory are in conflict with new information.  

  Studies on conceptual change have traditionally focused on exploring major 

differences between novice reasoning and expert understanding. Recently, research on 

learning progressions has drawn considerable interests to better characterize how 

expertise develops. 

Learning progressions 

Learning progressions are commonly defined as “descriptions of increasingly 

sophisticated ways of thinking about or understanding a topic” (NRC, 2007). However, 

researchers have not reached a consensus on the precise definition of learning 

progressions. According to Berland et al., a learning progression could be used as (1) a 

developmental progression describing how understanding of a topic develops, (2) 

descriptions of progressively more complex disciplinary knowledge and practices, and (3) 

learning pathways towards more sophisticated understanding (Berland & McNeill, 2010). 

Learning progressions have been developed for some domain-general topics such as 
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scientific modeling (Schwarz, et al., 2009) and scientific argumentation (Berland & 

McNeill, 2010), and also for diverse domain-specific concepts, such as modern genetics 

(Duncan, Rogat, & Yarden, 2009), molecular structure and properties (Cooper, 

Underwood, Hilley, & Klymkowsky, 2012) and the nature of matter (Stevens, Delgado, 

& Krajcik, 2010).  

Research on learning progressions focuses not only on end-knowledge, such as 

novice understanding and expert understanding of a concept or idea, but also on 

analyzing critical stages in the path towards more sophisticated scientific reasoning. The 

development of a learning progression generally starts with defining a lower anchor 

(novice stage) and an upper anchor (target stage), followed by several transition levels in 

the path towards more sophisticated understanding (Stevens, Delgado, & Krajcik, 2010). 

The Lower Anchor often describes students’ reasoning about specific concepts before 

training, while the Upper Anchor targets scientific knowledge and ways of reasoning 

(Mohan, Chen, & Anderson, 2009). The transition levels describe progressively more 

sophisticated ways of reasoning between the two anchor points.  

Learning progressions describe potential pathways students might take towards 

scientific understanding. These pathways depend on students’ prior knowledge, everyday 

life experiences, instruction, and individual differences. Thus learning progressions are 

hypothetical by their nature and need empirical validation (Duncan, Rogat, & Yarden, 

2009). The development and validation of learning progressions are an iterative process 

with constant revision and refinement in response to additional empirical data.  

Learning progressions could be developed empirically with longitudinal designs, 
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in which the same group of participants is observed repeatedly over long periods of time 

to explore how they could progressively learn about ideas or concepts (Johnson, 1998). 

Longitudinal designs allow researchers to study how students’ ideas and concepts could 

evolve over a long period of time. Nevertheless, longitudinal studies often require 

enormous amounts of time and involve a limited number of subjects. Consequently, most 

studies in the field have been performed using cross-sectional designs in which the 

understanding of diverse participants at different educational levels has been explored 

(Mayes, Forrester, Christus, Peterson, Bonilla, & Yestness, 2014; Jin & Anderson, 2012; 

2013; Neumann, Viering, Boone, & Fischer, 2013; Duncan, Rogat, & Yarden, 2009; 

Schwarz, et al., 2009).  

Learning progressions could also be initially developed hypothetically based on 

existing research literature and documents, and then validated with empirical data. Cross-

sectional designs have been commonly used in the validation of hypothetically developed 

learning progressions. For example, Stevens et al. (Stevens, Delgado, & Krajcik, 2010) 

built a hypothetical learning progression for the nature of matter based on the analysis of 

educational standards and research literature. Their hypothetical learning progression was 

then tested and refined with an empirical study involving students at different educational 

levels including middle school, high school, and college.  

Learning progressions can be used as tools for better aligning curricula, 

assessment, and instruction (Duncan & Hmelo‐Silver, 2009). Learning progression-based 

curricula, organized and structured around students’ conceptual frameworks instead of 

around expert frameworks, could potentially promote conceptual change and help 
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students move towards scientific understanding (Wiser, Smith, & Doubler, 2012). For 

example, Smith and coworkers (2010) performed a quasi-experimental study following 

two groups of students from grade 3 to 5. A treatment group followed a learning 

progression-inspired science curriculum, while a control group received traditional 

science instruction. Results from the first two years of the study indicated that the 

learning progression-based curriculum better helped students build scientific concepts.  

According to Smith et al. (2006), many traditional classroom and large-scale 

assessments have mostly focused on assessing students’ memorization and recitation. 

Assessments developed based on knowledge about learning progressions could also be 

useful tools to reveal students’ scientific understanding and reasoning. Some researchers 

have designed and studied the use of learning progressions in different types of 

assessment items. Bernbaum Wilmot et al. (2011) designed a series of assessment items 

of mathematic functions including multiple-choice questions and different types of open-

ended items. In their assessment, the students’ responses were assigned to different 

cognitive levels in a learning progression rather than giving them numerical scores. These 

researchers claimed this type of assessment could assess students’ college readiness more 

accurately than current college admission tests, as well as provide more meaningful 

information about student thinking. Alonzo et al. (2009) compared the use of ordered 

multiple-choice items and open-ended items in assessing students’ levels in a learning 

progression. These authors found that results from ordered multiple-choice items were 

similar to those obtained from clinical interviews, and appeared to be a more precise 

measurement of students’ learning progression levels. Alonzo and colleagues (Alonzo & 
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Steedle, 2009) also pointed out that while the use of learning progressions in designing 

large-scale assessments was promising, it also posed several challenges. For example, the 

lack of consistency in students’ responses in different contexts and students’ inconsistent 

use of language impacted the reliability and validity of the assessment items.  

Learning progressions can also be used in the design of classroom assessments to 

help teachers better explore student thinking, and provide instructional feedback to 

advance student learning. Yin et al. (Yin, Tomita, & Shavelson, 2014) reported a study 

examining the effect of linking learning progressions with embedded formative 

assessments in middle school science curricula. In their study involving two different 

groups of students, the experimental group received formative assessments and 

qualitative feedback aligned with a learning progression, while the control group 

conducted curriculum-specific extension activities instead. Their results indicated that 

students in the experimental group had higher grades on average and exhibited greater 

conceptual change than students in the control group. Furtak and colleagues (2012; 2014) 

conducted studies involving high-school biology teachers in using learning progressions 

as a framework for classroom assessment. Their results indicated that learning 

progressions had the potential to support instruction in terms of helping teachers better 

interpret students’ understanding and take action to improve learning. 

Learning progression on chemical thinking 

Recently, Sevian and Talanquer (2014) have developed a hypothetical learning 

progression on chemical thinking based on exploration and analysis of existing literature. 

Unlike traditional studies in the field, which have mainly focused on students’ 
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understanding of loosely related concepts in traditional chemistry curricula, such as 

chemical bonds or the particle theory, their study has concentrated on exploring students’ 

understanding of crosscutting disciplinary concepts.  

This chemical thinking learning progression (CTLP) focuses on crosscutting 

concepts that are crucial in understanding the chemical practices and ways of thinking 

involved in the analysis, synthesis, and transformation of chemical substances. Sevian 

and Talanquer have identified six such crossing cutting concepts: a) Chemical identity, 

which refers to the understanding of the differentiating characteristics used to identify 

chemical substances; b) Structure-property relationships, which refers to the 

understanding of the relationships between chemical composition and structure at the 

submicroscopic level and physical and chemical properties at the macroscopic level; c) 

Chemical causality, which refers to the understanding of what drives chemical change; d) 

Chemical mechanism, which refers to the understanding of the interactions that determine 

the transformation of reactants into products; e) Chemical control, which refers to the 

understanding of the external and internal factors that can be influenced to control 

chemical transformations, f) Benefits-costs-risks, which refers to the understanding of the 

social, political, economic and environmental costs and risks of the production and use of 

chemical substances.  

In this study, we are particularly interested in exploring students’ reasoning about 

chemical mechanism and chemical causality when analyzing different types of chemical 

reactions. 
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Models of mechanism and causality 

Research in science education indicates that students’ prior models of causality 

influence their construction of reaction causality models. According to Andersson (1986), 

children start constructing causal models about diverse processes in their surroundings 

from very early age based on everyday life activities and experiences, such as drinking 

milk from a feeding bottle or throwing a snowball to knock the hat off a friend. The 

causal structure of many of these events often involves an agent acting upon an object 

directly with its own body (drinking milk), or indirectly with an instrument (knock the 

hat off with a snowball). In these situations, there is frequently a clear distinction between 

a conscious agent acting on a passive object to achieve some goal. These same types of 

causal models were elicited in a study about pupils’ explanations of changes of matter 

(Hatzinikita et al., 2005). In this study, Hatzinikita and colleagues interviewed thirty 5th 

and 6th grade students about their understanding of changes of matter. Their results 

indicated that most participants assumed external agents caused the change, and assigned 

asymmetric roles to the components in the system: one as an active agent and the other 

one as a passive agent.  

The application of prior causal models in the reasoning of natural phenomena is 

also common in adults (Murayama, 1994). For example, Murayama and colleagues (1994) 

interviewed undergraduate and graduate students to explore their conceptions of air. 

These authors uncovered agentive causal reasoning such as “a vacuum cleaner sticks to a 

carpet because the vacuum pulls the carpet,” although the concepts of air pressure had 

been introduced to the students in high school. The participants relied on their prior 
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causal modes of agency and agents’ purposeful function in building their explanations of 

natural phenomena.  

Research also indicates that naïve learners develop intuitive models of reaction 

mechanism. Studies show that most young learners in chemistry tend to focus on 

macroscopic characteristics of chemical reactions. They view chemical reaction as a 

mixing process in which chemical substances are spontaneously modified or transformed 

into to new ones (Andersson, 1986; 1990; Watson, Prieto, & Dillon, 1997). Students with 

advanced training in chemistry also have difficulty in building scientific models of 

reaction mechanisms. In Bhattacharyya and Bodner’s (2005) study involving first-

semester graduate students in chemistry, these authors found that most students proposed 

mechanisms based on the memorization of particular sequences of events. Students 

proposed reaction mechanisms for organic chemistry reactions as if they were playing 

around with puzzles, without understanding the meaning of each step. 

Perkins and Grotzer (2000) have proposed a framework containing four 

dimensions of complexity in causal models: underlying causality, which refers to the 

causal mechanisms applied in an explanation; relational causality, which refers to the 

patterns of how cause and effect interact and relate to each other; probabilistic causality, 

which refers to the probabilistic relationship between cause and effect; and emergent 

causality, which refers to the interactions of a number of agents which lead to new and 

more complex outcomes. According to Perkins and Grotzer (2000), scientific causal 

models are usually more complex than commonsense causal models on more than one of 

those four dimensions. Most learners’ causal models from everyday life experience are 



45 

 

relatively simple and over-generalized, and often constrain their learning of scientific 

concepts. 

Grotzer (2003) has reviewed diverse literature in the field and developed a sketch 

of causal understanding and its development in scientific understanding. In this sketch, 

the nature of causal understanding is analyzed along four dimensions: agency, 

mechanism, pattern of interaction, and probability. Among the four dimensions, agency 

and mechanism are closely related to the present study. Agency refers to the agents that 

initiate an effect. Grotzer has identified seven levels of increasing complexity within this 

dimension from a central and direct agent (one central factor directly caused the effect) to 

highly emergent causality (individual agents interact to give rise to new, complex, and 

not easily anticipated patterns). As agency exhibits higher complexity, children have a 

harder time building scientific understanding, especially when agency becomes more 

distributed, abstract, and divorced from prior causal modes.  Mechanism describes the 

processes to bring out an effect. Six levels of increasing complexity have been identified 

within this dimension from surface generalization (simply describe the phenomenon 

without offering an underlying mechanism) to inferred underlying mechanism (invoke 

underlying properties, entities and rules). As mechanisms become more complex, they 

become more abstract, inferred and non-obvious, and students appear less competent and 

often rely on default patterns to build explanations.  

Assessing conceptual sophistication 

In this study, we are interested in assessing students’ conceptual sophistication in 

understanding reaction mechanism and causality. As discussed above, people have 
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different ways of thinking about and understanding a scientific concept. Mortimer et al. 

(2014) have proposed that there is heterogeneity in the modes that people apply to seeing 

and conceptualizing the world. Their conceptual profile theory is grounded in this 

argument and proposes that variance in conceptualizations is constrained by people’s 

sociocultural backgrounds. Individuals in a given sociocultural background share a 

similar profile of modes of thinking for a specific concept. Each mode of thinking about 

the given concept is defined as a “zone” in the conceptual profile of the concept. While 

the zones are shared by a number of people in a given sociocultural environment, each 

individual has a different conceptual profile in which the relative importance of different 

zones is different. In a given context, individuals may access different zones of a concept 

depending on their prior knowledge and everyday experience. Students’ conceptual 

sophistication in understanding a scientific concept is related to the multiplicity of zones 

in their conceptual profiles, and their ability to apply specific zones in appropriate 

contexts. 

Our study focused on studying and exploring students’ different ways of thinking 

and reasoning about the cause and mechanism of different chemical reactions. We sought 

to identify common “zones” or “conceptual modes” used by individuals with different 

levels of training in chemistry when thinking about different types of chemical reactions. 

While we can expect that the conceptual modes accessed by different individuals will 

vary from person to person and from one context to another, students’ ways of thinking 

and reasoning are often guided by a small number of cognitive constraints that either 

facilitate or hinder their reasoning (Sebastià, 1989; Talanquer, 2009). Our assessment of 
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students’ conceptual sophistication is based on the idea that students’ ways of thinking 

and reasoning are often guided by their underlying assumptions about the nature of the 

physical world (Talanquer, 2006; 2009; Maeyer & Talanquer, 2013). The activation and 

instantiation of those assumptions may change or lose/gain strength depending on prior 

knowledge and contextual cues (Talanquer, 2009). Within this framework, we aimed to 

uncover the different conceptual modes applied by students when reasoning about 

chemical reactions, seeking to identify the core assumptions that seemed to guide student 

reasoning within each major conceptual mode. Identifying the common conceptual 

modes and associated implicit assumptions that guide students’ reasoning at different 

learning stages allows us to map different ways of thinking as students progress from 

novice to expert in the discipline. 
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CHAPTER 4 : RESEARCH METHODOLOGY 

This chapter summarizes the methodology that was applied to achieve the 

research goals summarized in the following paragraph. 

Goals and research questions 

The central goal of this study was to explore and map common assumptions and 

ways of thinking about chemical reactions expressed by students with different levels of 

experience and background knowledge in chemistry. Our study was guided by the 

following research questions: 

• What are the main types of reasoning about basic chemical reactions expressed by 

college and graduate students with different levels of training in chemistry? In 

particular: 

⎯ What are common reasoning patterns in students’ explanations 

about why chemical reactions happen (chemical causality)? 

⎯ What are common reasoning patterns in students’ explanations 

about how chemical reactions happen (chemical mechanism)? 

Research Context and Participants 

This study was conducted at the University of Arizona, a research-intensive 

public university in a midsize southwestern city in the United States. During the time of 

data collection, this institution had an enrollment of around thirty-one thousand 

undergraduate students and nine thousand graduate and professional students with 52.1% 

female and 47.9% male. The ethnic diversity was 55.5% Caucasian, 19.6% Hispanic, 
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22% other minorities, and 2% unknown (“The UA 2012-13 Fact Book”). The participants 

of this study were recruited from the Department of Chemistry and Biochemistry at this 

institution at a wide range of educational levels.  

The department offers a two-semester general chemistry sequence and a two-

semester organic chemistry sequence to undergraduate students. The general chemistry 

courses are designed for students to develop a basic understanding of central principles in 

chemistry, which they could use to explain and predict chemical phenomena. The organic 

chemistry courses cover fundamental concepts of chemical structure, properties, and 

reactions of common organic chemical compounds. The general chemistry courses have a 

combined lecture/lab structure, while the organic courses have a separate lecture/lab 

structure. The lectures, which are taught by chemistry faculty, normally have class sizes 

of around two hundred students, while the labs, which are taught by teaching assistants, 

are restricted to a maximum class size of twenty-four students. The Department of 

Chemistry and Biochemistry has an enrollment of about two hundred graduate students. 

The first-year graduate students are usually teaching assistants, who teach either general 

chemistry labs or organic chemistry labs. Graduate students join research groups in their 

second semester in graduate school. They become Ph.D. candidates after they pass their 

oral qualification exam, normally in their second or third year of studies. The Ph.D. 

candidates could either be teaching assistants teaching chemistry labs, or research 

assistants in their associated research groups. 

In this study, we recruited students at various educational stages from 

undergraduate students through chemistry Ph.D. candidates. The undergraduate 
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participants were registered in either second-semester general chemistry or second-

semester organic chemistry. The graduate participants were either first-year graduate 

students (at their first semester) or Ph.D. candidates in the department. The undergraduate 

participants were recruited through an open announcement during a lecture session of the 

class and follow-up email invitations. The graduate participants were recruited via email 

invitations. All of the students participated in the study voluntarily, without receiving any 

form of payment or extra credit. A total number of 65 volunteers were recruited to 

participate this study, including 22 second-semester general chemistry students, 16 

second-semester organic chemistry students, 13 first-year graduate students, and 14 Ph.D. 

candidates.  

Data Collection 

 The study relied on semi-structured interviews as the main data collection tool to 

probe students’ thinking and reasoning about basic chemical reactions. The interview 

protocol included five common chemical reactions of various types: two combination 

reactions that were mostly energetically favored, two decomposition reactions that were 

mostly entropically favored, as well as one double displacement reaction (precipitation 

reaction). The reactions are listed in Table 4.1. Each of these reactions was purposely 

selected to investigate the influence of different explicit and implicit features of chemical 

representations on student reasoning.  
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Table 4.1 Chemical reactions in the interview protocol 
	  

Reaction type Chemical equation Reaction features 

Combination 
HCl(g) + NH3(g) èNH4Cl(s) 

2Cu(s) + O2(g) è2CuO(s) 
Enthalpy-driven reactions 
involving different phases 

Decomposition 
CaCO3(s) èCaO(s) + CO2(g) 
H2CO3(aq) èCO2(g) + H2O(l) 

Entropy-driven reactions 
involving different phases 

Double 
displacement 

AgNO3(aq) + NaCl(aq) èAgCl(s) + H2O(l) Precipitation reaction in 
aqueous solution 

 

During the interviews, participants were shown five different slides that included 

symbolic and particulate representations of each of the reactions. An example of the 

content and format of these slides is presented in Figure 4.1 for the combination reaction 

between an acid (HCl) and a base (NH3). Upon the presentation of a slide, participants 

were instructed to think out loud as they answered questions about how and why each 

particular reaction happened. Paper and pencil were made available for those 

 

Figure 4.1 Example slide used during the interview 
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interviewees who wanted to build personal representations of chemical structures or 

chemical processes. The individual interviews lasted between 30 and 45 minutes and 

were audio-recorded and later transcribed. Participants’ drawings were also collected, 

scanned, and integrated with the corresponding transcriptions to better understand 

participants’ explanations.  

Data Analysis 

Individual interview transcripts were carefully analyzed following an interactive, 

constant-comparison approach (Charmaz, 2006). In each step of the data analysis process, 

coding of at least 20% of the transcripts was constantly analyzed and discussed by two 

researchers to ensure adequate reliability. During these discussions, the coding scheme 

was refined and all differences in code assignments were resolved by mutual agreement. 

Conceptual modes 

Transcripts were first coded using an open-coding process to characterize students’ 

ideas about the nature and properties of chemical substances and processes. Students’ 

conceptions about how and why chemical reactions occur were highlighted and analyzed. 

Several categories of codes emerged from these analyses. These main categories were 

treated as potential dimensions in the characterization of the evolution of students’ ideas 

about chemical reactions. These dimensions were refined and re-conceptualized as the 

data analysis process continued. For instance, while explaining how reactions happened, 

students often talked about the molecular structure of the substances involved in the 

reaction and about the breaking and forming of chemical bonds. These types of responses 
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led us to define two different dimensions of analysis: one focused on students’ 

understanding of molecular structure, and another focused on students’ understanding of 

chemical bonding. However, as the data analysis continued, we realized that students’ 

conceptions about molecular structure and chemical bonding were often related to each 

other. For example, students without a clear conception of molecular structure often did 

not explain reaction processes in terms of how chemical bonds broke and formed. 

Therefore, we decided to combine these two dimensions into a single dimension focused 

on students’ understanding of “how reactions proceed,” which describes students’ ideas 

about the specific changes suffered by the reactant mixture as it goes to products. 

Our analysis led us to identify six major dimensions in the characterization of 

students’ ideas about the mechanism and causality of chemical reactions. We developed 

three dimensions to describe students’ ideas about chemical mechanism (how reactions 

start, how reactions proceed, when reactions stop), and another three to describe students’ 

ideas about chemical causality (why reactions happen, what drives reactions, what 

factors determine reaction extent). The boundaries between these two sets of categories 

are not sharply defined, since how things happen and why things happen are often related 

to each other. For example, a student might assume that the reaction starts due to the 

attractive forces between two reactants (Dimension “how reactions start”), and also 

consider the attractive forces as the reason why the reaction happens (Dimension “why 

reactions happen”). However, the selected dimensions allowed us to highlight major 

differences in the ways of thinking about chemical reactions of our study participants. 
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During our analysis, students’ ideas were constantly compared using interactive 

cycles of revisiting data. Tentative progressions were developed and iteratively refined to 

describe different levels of understanding. Students’ different ways of conceptualizing a 

system or phenomenon were defined as different conceptual modes in this study. For 

example, in the dimension “how reactions start” we found that some students assumed 

that the more reactive reactant started the reaction by attacking other reactants. We 

categorized these types of explanations as belonging to the conceptual mode called “the 

more reactive reactant begins the process.” On the other hand, other students assumed 

that the reaction started by the action of temperature or pressure. These ways of thinking 

were classified as a different conceptual mode labeled “external agents initiate the 

process.” 

Different conceptual modes in each dimension were constantly compared, refined, 

and then organized in increasing levels of explanatory power along each major dimension. 

Explanatory power was judged based on the extent to which a given conceptual mode 

allowed individuals to propose generalizable mechanisms to describe, explain, and 

predict properties and phenomena.  A detailed discussion of the different conceptual 

modes in different dimensions identified in our study is presented in Chapter 5.  

Reasoning Approaches 

While the data analysis of conceptual modes focused on identifying students’ 

reasoning in different dimensions, the data analysis of reasoning approaches mainly 

concentrated on analyzing how individual students’ ideas in different dimensions were 

integrated with each other.  
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After we constructed the conceptual map with different conceptual modes in 

different dimensions, we then used the map to analyze individual students’ explanations 

and characterize common patterns in students’ explanations of different types of reactions. 

As discussed above, we identified six dimensions to describe different aspects about 

students’ understanding of chemical reactions. Among the six dimensions, there are two 

core dimensions describing students’ reasoning about reaction mechanism (Dimension: 

how reactions proceed) and the role of different agents in the mechanism (Dimension: 

what drives reactions). Therefore, we decided to map individual students’ explanations 

based on their conceptual modes in those two core dimensions initially. The analysis of 

each individual student’s conceptual modes along these two core dimensions allowed us 

to identify major reasoning patterns or approaches, and select typical cases that illustrate 

students’ common ways of reasoning for chemical reactions. A detailed discussion of 

students’ different approaches for different types of reactions is presented in Chapter 6. 

Expected Answers 

In this study we sought to explore students’ explanations along the dimensions of 

chemical mechanism and chemical causality. We were not expecting a single “correct” 

explanation for each reaction in our questionnaire as the analysis of why and how a 

reaction proceeds may be approached from different perspectives. Nevertheless, in this 

section we describe explanations that an expert could provide for one of the reactions 

within each reaction type in our interview protocol.   

Combination Reaction: HCl(g) + NH3(g) ßà  NH4Cl(s)  
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How reactions start: Molecules are constantly moving and colliding. The reaction 

will take place whenever a molecule of HCl and a molecule of NH3 collide with each 

other in the proper orientation and with enough kinetic energy to overcome the activation 

barrier. Specific interactions between reacting particles can be expected to affect the 

probability of effective collisions. 

How reactions proceed: Given its atomic composition, the molecule of NH3 has a 

nitrogen atom with a lone pair of electrons and partial negative charge. The hydrogen 

atom in the molecule of HCl has partial positive charge, while the chlorine atom has 

partial negative charge. When HCl and NH3 molecules are in the proximity of each other, 

electrostatic interactions will likely bring the N atom in NH3 close to the H atom in HCl. 

The interaction may lead to the transfer of a H+ ion from HCl to NH3, with consequent 

formation of an ammonium ion NH4
+ and a chloride ion Cl-. Once formed, NH4

+ and Cl- 

in the system will attract each other through strong electrostatic interactions leading to 

the formation of an ionic network. 

 

When reactions stop: In general, reactions are constantly going forward and 

reversely. When the rate of the forward reaction is equal to that of the reverse reaction, 

the overall chemical process reaches equilibrium, as the concentration of reactants and 

products remains constant. In the reaction between HCl and NH3 we can expect chemical 

equilibrium to be reached once most of the reactants have been transformed into products. 
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Why reactions happen/What drives the process: The reaction between NH3 and 

HCl is energetically favored. The product of this reaction NH4Cl(s) has a lower potential 

energy than the combination of reactants HCl(g) + NH3(g). The chloride ion is a very 

stable species in which valence electrons occupy low potential energy states (i.e., 

electronegative atom). Electrostatic interactions between NH4
+ and Cl- ions will lead to 

the formation of a solid ionic compound NH4Cl(s) with much lower potential energy than 

the gaseous reactants HCl(g) and NH3(g). Overall, one can expect a much lower energy 

cost for the breaking of H-Cl bonds than the total energy released in the formation of N-H 

bonds in NH4
+ ions and the subsequent arrangement of such ions into a network. The 

overall process is likely to be highly exothermic, which will make the energy cost for the 

backwards process much higher than the energy cost for the forward process. The 

formation of NH4Cl(s) is not entropically favored, though. Molecules of NH3 and HCl in 

the gas phase can adopt many more configurations than the ions in NH4Cl(s). From this 

perspective, one can predict that the formation of the ionic solid will be less likely at 

higher temperatures where energy will be more readily available to increase the 

likelihood of the backwards process. 

Decomposition Reaction: CaCO3(s) ßà  CaO(s) + CO2(g) 

How reactions start: The particles in chemical substances are constantly moving 

and vibrating. The reaction will take place whenever there is enough kinetic energy to 

overcome the activation barrier and break one of the C-O bonds in the carbonate ion. 

Temperature can be expected to affect the kinetic energy of the reacting particles, thus 

affecting the probability of bond breaking. 
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How reactions proceed: Given its atomic composition, the three oxygen particles 

in the polyatomic ion CO3
2- share a pair of valence electrons that are delocalized among 

these atoms. Proximity to a Ca2+ ion will increase the likelihood for these valence 

electrons to be transferred to a single oxygen atom forming a O2- ion, with the consequent 

formation of a CO2 molecule. Once formed, Ca2+ and O2- in the system will attract each 

other through strong electrostatic interactions leading to the formation of an ionic 

network. 

 

When reactions stop: In general, reactions are constantly going forward and 

reversely. When the rate of the forward reaction is equal to that of the reverse reaction, 

the overall chemical process reaches equilibrium, as the concentration of reactants and 

products remains constant. In the decomposition reaction of CaCO3, the equilibrium 

position of this reaction depends on reaction conditions such as temperature and partial 

pressure of CO2.  

Why reactions happen/What drives reactions: The decomposition of CaCO3 is 

entropically favored. Although one may expect CaO(s) to have a smaller molar entropy 

than CaCO3(s) (CaO has a smaller molar mass than CaCO3), the formation of CO2(g) will 

strongly increase the entropy of the system (as particles can adopt many more 

C
OO

O
Ca2+ Ca2+ O 2-

C
O

O
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configurations in the gas phase than in the solid state). Although the potential energy of 

ions is likely lower in CaO(s) than in CaCO3(s) due to the smaller size of the O2- ions 

versus the CO3
2- ions (leading to stronger coulombic interactions in CaO(s)), the reaction 

can be expected to be endothermic due to the high energy cost of breaking CO3
2- ions into 

O2- ions and CO2 molecules. From this perspective, one can predict that the formation of 

the products will be favored at higher temperatures where energy will be more readily 

available for the forward process to occur. 

Double displacement Reaction: AgNO3(aq) + NaCl(aq) ßà  AgCl(s) + NaNO3(aq) 

How reactions start: Both AgNO3 and NaCl are strong electrolytes and dissociate 

into ions in aqueous solution. These ions are randomly moving and colliding in aqueous 

solution. The reaction will take place whenever a group of Ag+ ions and Cl- ions collide 

with each other and form an aggregate that can serve as a nucleus or seed for the 

formation of the solid.  

How reactions proceed: Ions are constantly moving and colliding in aqueous 

solution. When certain types ions are the in the proximity of each other, for instant, Na+ 

and NO3
-, electrostatic interactions between them are not strong enough to overcome 

their interactions with surrounding water molecules and their tendency to separate due to 

random motion. Thus, they stay as isolated ions in solution. However, when Ag+ ions and 

Cl- ions are in the proximity of each other, electrostatic interactions pull ions together and 

additional covalent-like interactions lead to the formation of strong bonds. Consequently, 

Ag+ ions and Cl- ions aggregate into a network that segregates (precipitates) from 

solution.  
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When reactions stop: In general, reactions are constantly going forward and 

reversely. When the rate of the forward reaction is equal to that of the reverse reaction, 

the overall chemical process reaches equilibrium, as the concentration of reactants and 

products remains constant. In the reaction between AgNO3 and NaCl we can expect 

chemical equilibrium to be reached once most of the reactants have been transformed into 

products. 

Why reactions happen/What drives reactions: The reaction between AgNO3 and 

NaCl is energetically favored. Interactions between Ag+ and Cl- ions will lead to the 

formation of an ionic network of AgCl and energy will be released in the process. One 

can expect the potential energy of the products to be lower than that of the reactants due 

to the strong interactions between Ag+ and Cl- in the solid precipitate. The overall process 

is likely to be exothermic, which will make the energy cost for the backwards process 

much higher than the energy cost for the forward process. However, the formation of 

AgCl(s) is likely to be entropically disfavored. Ions in aqueous solutions can adopt many 

more configurations than ions in AgCl(s). The formation of products will thus be favored 

at low temperatures when energetic considerations dominate over entropic effects. 
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Interpreting tables and figures 

For a clearer presentation, some results in the next chapter will be presented using 

the types of tables and graphs described below together with a summary of how to 

interpret them. The following table is an example of how core data have been organized 

in Chapter 5 to summarize the distribution of conceptual modes expressed by students 

from any given group within a given dimension of analysis.  

 

Table 4.2 Distribution of conceptual modes for each group in each type of reactions 

Type of 
reactions (# 
of reactions) 

Group of 
students (# of 

students) 

Number of instances  (percentage) Index 
Conceptual Modes 

M1 M2 M3 
Type-1 

(2) 
Group 1 (15) 6 (19%) 18 (59%) 8 (22%) 1.06 
Group 2 (13) 2 (8%) 10 (42%) 12 (50%) 0.92 

Type-2 
(1) 

Group 1 (15) 2 (12%) 5 (29%) 10 (59%) 1.13 
Group 2 (13) 1 (8%) 3 (23%) 9 (69%) 1.00 

 

This example table includes hypothetical data for two types of reactions (two 

type-1 reactions and one type-2 reaction) and two groups of students (15 students in 

group 1 and 13 students in group 2). The number of instances associated with each 

conceptual mode represents the total number of times such conceptual mode was 

expressed by students in a given group when analyzing reactions of a particular type. 

Given that there are two type-1 reactions, if one student expressed Mode 2 when talking 

about both type-1 reactions, the number of instances was counted as two. The numbers in 

parentheses indicate the percentages of instances of each conceptual mode within each 

group of students for any given reaction type. Taking group 1 for type-1 reaction as an 

example, in this case the total number of instances adds to 32 and the percentage of 
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instances corresponding to M1 is 19% (19% = 6/32). Since there are 15 students in group 

1, one could expect a total of 30 instances for reactions of Type 1 (15 students times 2 

reactions).  However, as shown in Table 4.2 the actual total number of instances is 32. 

That indicates that some students used two conceptual modes when thinking about one of 

the two Type-1 reactions. Similarly, the total number of instances for group 2 and Type-1 

reactions should be 26 (13 students times 2 reactions). Nevertheless, the number shown 

in the table is actually 24 (2 + 10 + 12 = 24) because in this case there were two students 

who did not express any of the conceptual modes included in the table.  

The index number in Table 4.2 is calculated by taking the ratio of the total 

number of instances and the maximum expected number of instances if each student only 

expressed one conceptual mode for each reaction. Taking group 1 for type-1 reactions as 

an example, in this case the index number is 1.06 (1.06 = 32 / 30). In general, an index 

number greater than 1 often corresponds to the case in which students expressed multiple 

conceptual modes when thinking about chemical reactions in the dimension under 

analysis. On the other hand, an index number smaller than 1 often corresponds to a case 

in which not all students expressed a conceptual mode included in the table when 

thinking about a particular dimension in our analysis. 

Two main types of graphs are used in Chapter 5 to represent findings in each 

dimension of analysis. One of these types of graphs represents the different conceptual 

modes expressed by students when thinking about different types of reactions (Figure 4-

2).  The x axis in Figure 4.2 corresponds to the different types of reactions explored in the 
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study. The y axis indicates the relative percentage of instances associated with the 

different conceptual modes identified in a given dimension of analysis. 

 

 

Figure 4.2 Distribution of conceptual modes for different types of reactions 
	  

 

The other type of graphs is used to illustrate how different conceptual modes are 

expressed by different groups of students (Figure 4.3). The x axis in Figure 4.3 is 

associated with the different groups of students involved in our study, while the y axis 

indicates the relative percentage of instances for each relevant conceptual mode. 
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CHAPTER 5 : A CONCEPTUAL MAP OF STUDENTS’ 

EXPLANATIONS OF CHEMICAL REACTIONS 

Our analysis focused on the identification of students’ ideas in response to the 

following two essential questions: 

⎯ How do the reactions happen? (Mechanism) 

⎯ Why do the reactions happen? (Causality)  

In particular, we identified different ways of reasoning about how or why chemical 

reactions occur along the different dimensions of progression listed below:  

Mechanism:  

1. How does the reaction start?  

2. How does the reaction proceed? 

3. When does the reaction stop? 

Causality:  

1. What drives the reaction? 

2. Why does the reaction happen? 

3. What factors determine reaction extent? 

By analyzing the responses of students with different levels of training, we identified 

common conceptual modes within each dimension. A summary of identified common 

conceptual modes in each dimension is shown in Figure 5.1, organized in order of 

increasing explanatory power.  
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Figure 5.1 Common conceptual modes reflecting increasing level of explanatory power in 
each dimension. 
	  

This figure shows the six major dimensions of analysis identified in our study, as 

well as students’ conceptual modes organized in order of increasing explanatory power. 

All representations have limitations and we do not intend to suggest that conceptual 

understanding progresses linearly through the conceptual modes listed from left to right 

in each dimension. The figure should be better interpreted as a map of common ways of 

thinking about different aspects of chemical reactions, seeking to highlight different 

levels of sophistication in reasoning about mechanism and causality of chemical reactions.  
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Mechanism: How does the reaction happen? 

We identified three dimensions in the analysis of students’ understanding of 

reaction mechanism related to how reactions start, how reactions proceed, and when 

reactions stop. A detailed discussion of major conceptual modes in each dimension is 

presented in the following subsections. 

Dimension 1.1: How does the reaction start? 

Study participants were asked to discuss how they thought different reactions 

started as part of their interview, seeking to explore their ideas about what initiates 

chemical reactions. As summarized in Table 5.1, students’ explanations within this 

dimension were analyzed and classified into five conceptual modes with different 

explanatory power: 

 

Table 5.1 Major conceptual modes for the dimension “how reactions start” 
	  

Conceptual Modes Core Assumptions 

M1 Intuitive ideas (e.g., it just happens, you just mix the reactants) 
M2a The more reactive reactant begins the process. 
M2b External forces initiate the reaction by breaking chemical bonds. 
M3 Reaction starts by attraction between particles. 
M4 The reaction results from random collisions between particles.  

 

In general, the different conceptual modes were organized in order of increasing 

levels of explanatory power as judged by the researchers. However, sometimes these 

judgments were difficult to make (e.g., modes 2a and 2b in Table 5.1) and the assigned 
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labels were just intended to highlight a difference without implying higher level of 

sophistication in student reasoning. 

Table 5.2 summarizes the number and percentage of students that expressed the 

conceptual modes included in Table 5.1 for each type of reaction presented to them:  

 

Table 5.2 Distribution of conceptual modes for each group in each type of reaction 
 

Types of 

reactions 

Number of instances * (percentage) 

Group 
of 

students 

Conceptual Modes 
M1 M2a M2b M3 M4 Index 

 
Combination 

Reactions 

G-chem 3 (6%) 28 (54%) 10 (19%) 8 (15%) 3 (6%) 1.18 
O-chem 0 (0%) 28 (82%) 2 (6%) 4 (12%) 0 (0%) 1.06 
1st-grad 2 (7%) 16 (55%) 5 (17%) 4 (14%) 2 (7%) 1.12 
A-grad 3 (10%) 14 (45%) 4 (13%) 2 (6%) 8 (26%) 1.11 

 
Decomposition 

Reactions 

G-chem 6 (14%) 0 (0%) 27 (61%) 2 (5%) 9 (20%) 1.00 
O-chem 2 (6%) 0 (0%) 17 (53%) 8 (25%) 5 (16%) 0.94 
1st-grad 2 (8%) 0 (0%) 8 (31%) 10 (38%) 6 (23%) 1.00 
A-grad 0 (0%) 0 (0%) 15 (54%) 8 (29%) 5 (18%) 1.00 

Double 
displacement 

reaction 

G-chem 5 (26%) 4 (21%) 1 (5%) 5 (25%) 4 (21%) 0.86 
O-chem 4 (22%) 6 (33%) 2 (11%) 4 (22%) 2 (11%) 1.13 
1st-grad 2 (15%) 2 (15%) 0 (0%) 4 (31%) 5 (39%) 1.00 
A-grad 2 (14%) 4 (29%) 0 (0%) 4 (29%) 4 (29%) 1.00 

*: the number is counted as the number of reactions in each mode, e.g. one student using 
the same mode for two combination reactions was counted as two. 

 

 

The numbers in this table represent the number of reactions in which students 

expressed a specific conceptual mode. For example, if one student expressed conceptual 

mode 1 when talking about each of the two combination reactions included in the 

research instrument, the number of counts was equal to two. Some students did not 

articulate any clear ideas about how reactions start, and thus their explanations did not 

contribute to the numbers in Table 5.2. Percentages in parentheses are a measure of the 
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prevalence of each conceptual mode within each group of participants. Analysis of these 

data reveals that different groups of students expressed different conceptual modes as 

more explicitly shown in Figure 5.2. In general, graduate students expressed conceptual 

modes in this dimension with greater explanatory power (i.e., M3 and M4) than 

undergraduate students, but assumptions about the existence of an active initiator of 

chemical reactions, either external or internal, were prevalent in all groups. 

 

 

Figure 5.2 Distribution of conceptual modes for different groups of students 
 

Our data also indicates that dominant conceptual modes when thinking about how 

reaction starts were strongly affected by the type of reaction that was considered. Figure 

5.3 depicts the distribution of conceptual modes for different types of chemical reactions. 

In general, students were inclined to think that the more reactive reactant begins the 

process (conceptual mode M2a) when analyzing combination reactions, but were more 

likely to claim that external forces initiate the process (conceptual mode M2b) when 
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thinking of decomposition reactions, M2b. Explanations associated with double 

displacement reaction include a wider distribution of different conceptual modes.  

 

 

Figure 5.3 Distribution of conceptual modes for different types of reactions 
	  
	  
	  

A more detailed analysis of the different conceptual modes identified within the 

dimension of how reactions start is presented in the following paragraphs.  

M1: Intuitive ideas about how reactions start. Some study participants 

expressed vague intuitive ideas about what initiates chemical reactions. Many of them 

were not sure about how reactions start or about what kind of roles different reactants 

play during chemical transformations. Three types of intuitive explanations were 
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Well, this, kind of looks like decomposition. So they, the original molecule came 
apart and then it would rearrange itself to make the products. (G16) 
 
So I am assuming that the, I guess, the forces that holding the calcium and the 
carbon and the oxygen together start to like decompose, or whatever. So the 
oxygen, like, the one oxygen bond holding them together, like the third oxygen, 
kind of starts to like leave towards the calcium. And CO2 starts, like to 
decompose, like to fall away. (G17) 
 
B) Some students expressed that reactions just started when the reactants were 

mixed, without further explanation of how reactants interacted. They focused on the 

macroscopic mixing of the reactants, without any reference to interactions or processes at 

the submicroscopic level. The following excerpt is illustrative of this type of thinking: 

I think either way does it if you had, um, silver nitrate in the first place, and then 
pour in the salt, or if you have the salt in the first place and then pour in silver 
nitrate, I think either way would start. I don’t know which reactant makes it 
happen, actually. (G8) 
 
C) Some study participants assumed that one reactant would start the reaction, but 

without further explanation. Consider, for example, these two excerpts: 

F11: Oh, acid should start the reaction. 
I: Why? 
F11: Just because it’s acid.  
I: It’s acid, so? 
F11: I don’t know.  
 
O1: I really don’t know what started it. I don’t know which one would be the 
instigating ion. 
I: So you mean there would be one ion that initiates the reaction, but you don’t 
know which one? 
O1: Yeah. 
 
In general, students who expressed this conceptual mode demonstrated little 

understanding about the properties of reactants. Usually they focused on events at the 

macroscopic level, overlooking what happens to the reactants at the molecular level. For 
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reactions involving more than one reactant, these participants often assumed that the 

reaction needed to be started by one of the reactants, but were unable to provide 

explanations in terms of chemical properties of reactants or interactions among particles. 

As shown in Figure 5.3, more students expressed this conceptual mode for the 

double displacement reaction (20%) than for the combination reactions (6%) and the 

decomposition reactions (8%). This might be due to the nature of the chemical reactants. 

In combination reactions, many students readily identified a “more reactive” reactant, 

while in decomposition reactions the presence of a sole reactant breaking apart often led 

students to consider the action of external forces. In the double displacement reaction, 

however, no such “explicit clues” were available and more students tended to express 

intuitive ideas about how the process started. No significant differences were observed in 

the frequency with which groups of students with different training in chemistry 

expressed this conceptual mode (Figure 5.2).  

M2a: The more reactive reactant begins the process. Students who expressed 

this conceptual mode assumed that there was one active agent and one passive agent 

involved in a chemical process. The active agent acted upon the passive agent and 

initiated the reaction. Given that decomposition reactions involved a single reactant, this 

conceptual mode was not expressed during such tasks. 

In the analysis of combination reactions, study participants who expressed this 

conceptual mode commonly assumed that the strong acid or the more freely moving 

oxygen gas were the active agents, while the weak base or the solid copper were the 

passive agents. The following interview excerpts illustrate this type of thinking: 



73 

 

G13: I would assume the strong acid would start the reaction. 
I: Why? 
G13: Um, well, mainly because it’s strong. But just that, it has the most, I guess, 
concentration perhaps, and yeah, I would assume that because like, I am just 
thinking like a strong acid, like on your skin or something, like immediately burn 
your skin, so I am assuming that the strong acid will combine with the weak base, 
would be the one to initiate the reaction. 
 
Maybe the oxygen, it is in the gas (phase). It will be floating in the air. So I think 
it will hit the Cu. (G6) 
 

In these two cases, students invoked intuitive attributes of active agents (e.g., strength, 

concentration, ability to move) to justify their reasoning. More advanced students, 

however, built different types of arguments to justify the existence of a reaction initiator. 

Consider, for example, these examples from an organic student and a graduate student: 

Because it’s the strong acid, it’s more reactive. It’s more likely to completely 
dissociate and contribute to actually anything happening as opposed to the weak 
base, which is more likely just kind of sitting there until prompted. (O3) 
 
F6: I think the weak base is the one that’s supposed to start the reaction. 
I: Why? 
F6: Because normally the nucleophilic groups are the one that attacks the 
electrophilic ones.  
 
For the reaction between a strong acid and a weak base, most general chemistry 

and organic chemistry students assumed the strong acid initiated the reaction. However, 

these two groups of participants tended to build different justifications. As shown above 

(student G3), general chemistry students viewed the strong acid as the active agent 

simply because of its strength. On the other hand, organic chemistry students, as 

exemplified by student O3 above, assumed that the acid started the reaction because it 

could dissociate into more reactive charged ions. Organic chemistry students tended to 

pay more attention to molecular level processes in building their explanations. Unlike 
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these two groups, the two sets of graduate students tended to build their explanations in 

terms of “nucleophilic attack.” As illustrated by student F6 above, they viewed the base 

as the initiator since it acted as the nucleophile in the reaction. It is important to notice 

that several organic chemistry students in our study tended to express mixed ideas related 

to “the stronger entity initiates” and the “nucleophile attacks.” 

In the case of the double displacement reaction, where the more reactive reactant 

cannot be easily identified, students made different types of claims about the active agent, 

such as selecting the less stable reactant, the smaller ion, the more electronegative ion, etc. 

The following excerpts represent two examples: 

So I guess if one would start the reaction, it would be that because they dissociate 
more easily in water and it could help the NaCl to dissociate as well. (G12) 
 
I would say that chlorine would. And it’s got the lone pairs. And Ag wants some. 
So it will attract those positive charges to it. (O7) 
 

As these excerpts illustrate, some students considered that the reactant that dissociates 

more easily would start the reaction, while others paid attention to structural features such 

as the presence of lone pairs.  

As shown in Table 5.1 and Figure 5.3, this conceptual mode was dominant among 

all study participants when thinking about combination reactions (54% g-chem, 82% o-

chem, 55% 1st-grad, 45% a-grad). Our results suggest that this conceptual mode, rather 

than becoming weaker, simply evolves with training in chemistry. This is likely due to 

common ways of talking in synthetic chemistry that rely on the existence of active agents 

to build mechanistic stories. However, this conceptual mode is less common when 
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thinking about other types of processes, such as displacement reactions (21% g-chem, 33% 

o-chem, 15% 1st-grad, 29% a-grad).  

M2b: External forces initiate the reaction by breaking chemical bonds. 

Students who expressed this conceptual mode assumed that external agents of forces, 

such as energy, heat or a catalyst, started chemical reactions by breaking chemical bonds. 

This was the dominant conceptual mode expressed by students when thinking about 

decomposition reactions (47%), but only a few students expressed it when considering 

combination reactions (14%) and double displacement reactions (5%). The following 

excerpts illustrate the application of this conceptual mode these latter types of reactions: 

Well, there has to be some input of energy to get them attract to each other 
because essentially they are forming a new substance. (G7) 
 
OK, that one is a combustion reaction… Well, when you are putting, um, like fire, 
or some source of heat to the system, it would definitely be the O2 because if it’s 
not present with Cu, it isn’t going to turn into the CuO. (G8) 
 

Most students assumed external forces like heat were needed to break apart reactants, and 

those broken pieces would then rearrange to form the products. Students also assumed 

that external energy was needed to bring reactants together or sustain the reaction. 

As the following excerpts illustrate, when thinking about decomposition reactions 

students often assumed that external forces were needed to separate atoms or break 

chemical bonds: 

So it has to be certain energy given to form the products. So it probably starts by 
having some sort of energy source, like a spark, or heat or something. (G19) 
 
F3: I think heat should be provided. 
I: Why? 
F3: To break bonds. 
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I think you have to put in water… So then you put it in water, you form this. But 
this is not very soluble. But still you form some of the ions. And then the CO3, I 
guess, could break. You form a O2

- plus a CO2. (A3) 
 

Heat was the most commonly mentioned external force, but a few students also referred 

to other external agents, such as water. In general, undergraduate students in our sample 

were more inclined to think that the decomposition of a substance was due to the action 

of an external agent than due to some sort of internal instability. Fewer graduate students 

expressed this conceptual mode (61% g-chem, 53% o-chem, 31% 1st-grad, 32% a-grad). 

M3: Reaction starts by attraction between particles. Students who expressed 

this conceptual mode assumed that chemical reactions started due to attractive forces 

between particles. For reactions involving more than one reactant, students assumed both 

reactants were equally involved in the processes. There were no active or passive agents. 

For reactions involving only one reactant (decomposition reactions), students who 

expressed this conceptual mode assumed that reactions started by the attractive forces 

between different parts of the same reactant. The following excerpts illustrate this way of 

reasoning in the case of combination and double displacement reactions: 

G1: Um, no, because I don’t think that, since these molecules don’t have actual 
feelings, it just has been attractive to this. I think it just happened to each other. 
It’s not a form exaggerating the other. 
 
F1: And then as soon as they encounter each other, so it will be like two magnets, 
you can’t really say one initiates more than the other, you know. 
 

In these cases, the students thought that both reactants were attracted to each other like 

magnets, thus no one was acting upon the other. On the other hand, in decomposition 

reactions students assumed reactions started by attraction between oppositely charged 

parts within the same reactant, as shown in the following examples: 
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But maybe one of the lone pairs would attract the carbon. (O15) 
 
Initially it’s going to begin with internal hydrogen bonding. And this lone pair is 
going to grab that hydrogen. (F7) 
 

In these two cases, students assumed that a lone electron pair would attack the partially 

positive charged region within the same particles and make reactions happen. 

No significant differences were observed in the expression of this conceptual 

mode by students from different groups (14% g-chem, 20% o-chem, 29% 1st-grad, 19% 

a-grad). A larger proportion of students expressed this conceptual mode for the 

displacement reaction (27%) than when thinking about combination reactions (13%). 

This was likely due to the absence of an explicit “more reactive reactant” in the 

displacement reaction, which often triggered conceptual mode M2a. 

M4: The reaction results from the random collisions or vibrations of 

particles. Some study participants described chemical reactions as resulting from random 

collisions between interacting particles. Molecules were conceived as randomly moving 

and vibrating. Reactions happened when molecules of both reactants collided with each 

other with enough kinetic energy, or when molecular vibrations were strong enough to 

break chemical bonds.  

Students who expressed this conceptual mode built similar explanations for 

combination reactions and the double displacement reaction. Following are two typical 

examples of students’ explanations for those two types of reactions: 

I don’t think either. They are both going to be moving at certain speeds. So you 
need both of them to pound in each other at the same time. In that case, it’s not 
necessary initiation. (F4) 
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You can’t think of one initiating the other. I mean you can describe things in 
terms of how one molecule attacks another, like there is a nucleophilic attack or 
something like that happening to some different types of reactions here. But to me 
I never liked the idea of molecules attacking another versus that they ultimately 
have to be together. And then overall that’s something that is favorable in terms 
of what bonds are broken and formed. (A9)  
 

As shown in the examples, some students explicitly indicated that there were no active 

and passive agents involved in chemical reactions. 

For decomposition reactions, students who expressed this conceptual mode often 

assumed that the processes started by vibrations or movement of atoms or electrons, as 

the following examples illustrate: 

I would consider vibration would go like that. I would consider that it starts with 
combination with asymmetric vibration like that. So they go like that. And they go 
like that. So at certain temperatures, I would expect these molecules to be excited 
to such a level that one of these bonds, I would expect to see something like this, 
and this O to be very close, and this oxygen to be here. (F11) 
 
You know, these electrons are constantly moving around. So once it gets to the 
point where there is a double bond, then it will, it’s kind of getting here, I guess. 
Then at that point it will be able to have that reaction happen faster. (O12) 
 

As expressed by student F11, some participants assumed that reactions started by 

vibrations, and heat could accelerate the reactions by increasing vibrations. Some other 

students, such as student O12, assumed that electrons were constantly moving around and 

reactions started by the movement of those electrons.  

More graduate than undergraduate students expressed this conceptual mode (15% 

g-chem, 9% o-chem, 21% 1st-grad, 25% a-grad). As was the case for conceptual mode 

M3, students were more likely to express this conceptual mode when thinking about 

displacement reactions (20%) and decomposition reactions (19%) than when reasoning 

about combination reactions (9%), which often triggered “agentive” explanations. 
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Dimension 1.2 How does the reaction proceed? 

The dimension “how reactions proceed” characterized students’ explanations 

about how the particles of reactants interacted with each other to produce the products. 

Three major conceptual modes, listed in Table 5.3, were elicited from the analysis of 

students’ explanations to different types of reactions: 

 

Table 5.3 Major conceptual modes for the dimension “how reactions proceed” 
	  
Conceptual Modes Core Assumptions 

M1 Reactions are simple combination or decomposition of pieces. 
M2 Chemical bonds are broken and formed during chemical reactions 

with chemical interactions (spurious). 
M3 Chemical bonds are broken and formed during chemical reactions 

with chemical interactions. 
 

Table 5.4 summarizes the number and percentage of students that expressed the 

conceptual modes included in Table 5.3 for each type of reaction presented to them: 

Table 5.4 Distribution of conceptual modes for each group in each type of reaction 
	  

Types of 
reactions 

Number of students * (percentage) 
Group of 
students 

Conceptual Modes 
M1 M2 M3 

 
Combination 

Reactions 

G-chem 30 (68%) 14 (32%) 0 (0%) 
O-chem 2 (6%) 20 (61%) 11 (33%) 
1st-grad 1 (4%) 8 (25%) 17 (71%) 
A-chem 1 (4%) 7 (25%) 20 (71%) 

 
Decomposition 

Reactions 

G-chem 30 (68%) 14 (32%) 0 (0%) 
O-chem 2 (7%) 15 (48%) 14 (45%) 
1st-grad 4 (15%) 8 (31%) 14 (54%) 
A-chem 0 (0%) 6 (21%) 22 (79%) 

Double 
displacement 

reaction 

G-chem 11 (48%) 7 (30%) 5 (22%) 
O-chem 1 (6%) 10 (63%) 5 (31%) 
1st-grad 2 (15%) 1 (8%) 10 (77%) 
A-chem 0 (0%) 2 (14%) 12 (86%) 

*: the number is counted as the number of questions in each mode, e.g. one student using the same 
mode for two combination reactions was counted as two. 
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 As the data in Table 5.4 indicates, and as more clearly represented in Figure 5.4, 

in general study participants with more training in chemistry tended to express conceptual 

modes with more explanatory power within this dimension than the more novice students. 

This is particularly evident in the case of conceptual mode M3. 

 

  

Figure 5.4 Distribution of conceptual modes for different groups’ responses 
	  
	  

As shown in Figure 5.5, the distribution of conceptual modes expressed by 

students is similar across different types of reactions. In general, students generated more 

sophisticated explanations (M3) for the double displacement reaction than for other types 

of processes.  
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Figure 5.5 Distribution of conceptual modes for different types of reactions 
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attractive force, as illustrated by the following excerpts: 
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has more positive side, and this side which is more negative because of the lone 
electron pairs, what I viewed is they will basically attract, opposite will attract, 
and to form a, kind of like a salt like that. (G15) 
 
That’s like the oxygen, it’s kind of like there must be more attractions to the 
product than O2 and Cu has to itself. And I could imagine that if you put water on 
a piece of paper, the water attracts to itself, it keeps attraction all way up.  So I 
assume that it must have some attractive forces. There must be some 
intermolecular forces to form the product. (G18) 
 
I guess once the oxygen gas meets with the copper, um, the charges of the 
molecule, uh, but oxygen shouldn’t be charged because it’s, but, um. Copper and 
oxygen react, they rearrange molecules. I feel like there is more I should know 
about this, but I don’t. (G2) 
 

Most students who expressed this conceptual mode assumed that attractive forces were 

due to the presence of opposite net charges or partial charges. When students were not 

able to identify any electrical charges in the reactants, they often assumed that the 

attractive forces were intermolecular forces, or were unclear about the forces bringing 

reactants together. 

In this conceptual mode, chemicals were often viewed as aggregates of “sub-

chemicals” or atoms, as shown in this example: 

So, I mean you could probably just have the 
NH4 just connected to the HCl. Because 
nothing really needs to move at all, just kind 
of form together. So maybe you just have 
this, and this would form on it. (G19)  
 

This student assumed that attractive forces between the reactants would bring them 

together to form the product. 

In the case of decomposition reactions, students who expressed this conceptual 

mode often assumed that the reactant would break apart into pieces to form the products 

under the action of external agents such as heat or catalysts:  
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It would happen because at high temperatures they are moving so fast and 
molecules are hitting each other in a way they break the bonds, and then they, I 
mean I don’t really want to use the word “want,” but they are just doing it 
because they, um, it’s what happens. They get hitting hard enough and they break 
off. And that’s pretty much why I think it would happen. (G1) 
 
So, um, I don’t know the Lewis structure. It looks 
like carbon is just going to be the central. Um, it 
looks like um, I don’t know which one is going to 
break off, but Ca is going to kind of pull itself off, 
and leave that one, so you get Ca with lone pair, 
and oxygen. And then you have CaO. It’s pretty 
obvious. Carbon is just going to be double bonded. I don’t really know how it 
breaks apart. I just know it does. (G10)  
 
Usually, these students were unable to draw the correct Lewis structures for 

reactants or products. Consequently, they could not tell which specific bonds would break 

and assumed molecules just broke apart and formed the products. As was the case with 

combination reactions, the reactant was often viewed as a simple aggregate of pieces that 

combined or separated to form products: 

Um, when you add heat, enough energy is released to actually 
break the bonds between the CaCO3 molecules, and then will 
break apart and form CO2 and CaO. (G4)  
 

Some students seemed to confuse chemical and physical changes. They viewed chemicals 

as mixtures of “sub-chemicals” and assumed chemical reactions just involved phase 

changes between reactants and products. For example, in the following excerpt the 

student argued that heat caused CO2 to sublimate, leaving solid calcium oxide:  

Well, the CO2 is being boiled, no, not boiled, no, it’s being 
sublimated. Um, if it’s sublimation, it might be, um, a pretty 
significant change of temperature going from solid to gas. But 
maybe the bonds in CaO or CO2 are even not strong at the 
beginning so it might not take that much to change. (G8) 
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Other students assumed that the reactants were unstable or “uncomfortable,” and 

thus spontaneously rearranged into the products: 

So I think the atom would start to shift around and replacing 
itself, so that it can change… So it then wants to come in and just 
because it’s not stable, each one is going to pull apart. This atom 
is going to take this one, so electrons in this are going to take 
this one. Then you get H2O and CO2. So now they are split. 
(G17). 
 
In the case of the double displacement reaction, students who expressed this 

conceptual mode often neglected the fact that salts would dissociate into ions in aqueous 

solutions. Consider these two excerpts: 

And as they collide, they break their old form, they are going to form the 
substance as the way as most energetically favorable, or entropically favorable, 
which would be NaNO3 and AgCl. (G1) 
 
I: So they would just come together to exchange, to become more stable? 
F3: Yeah, they exchange. (F3) 
 

In the first example, student G1 assumed that the two salts would break apart, either 

under the action of external forces or through collisions, and then recombine to form the 

products. In the second case, the student assumed that when the two reactants come 

together they would just exchange their “partners” to form the products. 

Talking of chemical reactions as simple aggregation or disaggregation processes 

was the dominant conceptual mode for general chemistry students in our sample (64% g-

chem, 6% o-chem, 11% 1st- grad, 1% a-grad). Very few students from other groups 

expressed this way of thinking. This result suggests that students’ conceptualizations of 

how reactions proceed may quickly progress to taking into consideration the breaking and 

formation of chemical bonds. 
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M2: Chemical bonds are broken and formed during chemical reactions with 

chemical interactions (spurious). Students who expressed this conceptual mode usually 

have a clear sense of how atoms were bonded in reactants and products. They also 

assumed that chemical bonds broke and formed during reactions. However, they often 

expressed misunderstandings about bond breaking and bond formation. 

Many study participants had problems differentiating between different types of 

chemical bonds. Some of them treated ionic bonds or metallic bonds as covalent bonds, 

as shown in the following example. 

I mean I don’t really know how many electrons copper 
has. So I am assuming that one of these electrons comes 
in here. And that might cause this. And then you have 
this one getting kicked out, too. So then, well, I guess 
it’s kind of interesting because now you have O, like if 
we are going like this, you would have a Cu and a 
random O with that many things. So eventually these 
will bond, too. And that’s why you had two CuOs. But I 
don’t really know the mechanism for that. (O12). 
 

In this example, student O12 treated metallic bonds in copper as covalent bonds and tried 

to draw the reaction mechanism in terms of nucleophilic attack.   

Similar patterns of reasoning were observed in the analysis of decomposition 

reactions and the double displacement reaction. In these cases, several students treated 

ionic bonds as covalent bonds, as shown in the excerpts below: 

So calcium is like two plus. I think it’s 
okay with one bond. And then, okay, so 
it’s making this plus CO2. And if I am 
assuming this is how this looks, then 
these would have, and then calcium has 
two free electrons, and then it would just 
have, wait, hold on, I am going to say 
this is what it is. (O5) 
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Because the chlorine and the nitrogen are 
both more electronegative than the sodium 
and silver, so they are going to take the 
electrons. So then these electrons are going 
to attack silver molecule. And there is lone 
pair here, which attacks the sodium 
molecule. That results the products. (O9) 
 

In these two examples, students thought of and represented ionic bonds in ionic 

compounds such as calcium oxide and silver nitrate as covalent bonds and drew reaction 

mechanisms that resembled nucleophile-electrophile interactions in covalent compounds. 

Students often assigned wrong electrical charges to different elements in a 

compound, or assigned non-zero charges to elementary substances, as shown in the 

following examples. 

Copper two plus, and you would have a bond. I think oxygen would come in again 
to distract the bond of copper. So you are left with CuO. And then you are also 

left with some copper two plus and oxygen two minus as a result of that. But then 
they react. And then you are left with more copper oxide, I think. (O15) 
 
Okay, so I imagine the Ca separates from the CO3. And that 
is something like this. What happens is one of these oxygen 
will go with the calcium, and the rest would stay with the 
carbon. So I don’t know if I could draw a mechanism for 
this, I haven’t really seen it. (O12) 
 
Well, this one looks like an oxidation-
reduction reaction. Well, I don’t really 
know the mechanism of this, but I think the 
silver here has plus two charge. Well, I 
know that would be plus one and that 
would be minus one. I think NO3 would be minus two. I honestly have no idea of 



87 

 

the mechanism for this. I have never been taught of the mechanism for this type of 
thing. (O1) 
 

Student O15 assumed copper in copper metal had a two-plus charge. The other two 

students (O12 and O1) assigned wrong charges to the ions in ionic compounds. The 

inability to track changes in electrical charge affected the nature of the arguments that 

students built. 

Another common difficulty involved students’ confusion about how electrons 

would transfer when chemical bonds were broken or formed. Many participants could not 

track electrons and changes in chemical bonds, as shown in the following examples. 

The reaction is going to start with the 
transfer of oxygen to the calcium. The 
lone pair is going to get that. You are 
going to get this. (F7) 
 
Just one oxygen will take the two 
electrons here, maybe again activated by 
heat, possibly. And it looks like we have 
O minus and O plus. So then it would 
attack the copper atom to form the CuO 
molecule. (O9) 
 

In these two cases, students demonstrated confusion about where electrons transferred to 

and about how many electrons would transfer during chemical reactions. 

 As illustrated in the above examples, students who expressed this conceptual 

mode recognized that electron movement from one species to another would result in the 

formation and breaking of chemical bonds. However, they often struggled to build 

reasonable arguments given the level of confusion and lack of differentiation between 

different types of systems and interactions. As shown in Figures 5.4 and 5.5, this 

conceptual mode was most prevalent among organic chemistry students in our sample (32% 
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g-chem, 56% o-chem, 26% 1st- grad, 21% a-grad), and manifested more commonly when 

thinking about combination and decomposition reactions.  

M3: Chemical bonds are broken and formed during chemical reactions with 

chemical interactions. Students who expressed this conceptual mode were able to 

provide detailed explanations about how particles of reactants interact, as well as about 

how chemical bonds break and form as a result of chemical interactions. The following 

excerpts illustrate the types of explanations built by students at this level: 

Once it runs into it, there has to be very quick exchange of 
hydrogen to the ammonium, which would be more ionized. 
Then you can start having everything go forward. I think 
that’s how it works You just have to get the HCl run into 
the ammonium, transfer the hydrogen, and then they are 
ionic and they should pair up, in order to pair up the 
electron cloud. It’s because they become too heavy to 
remain gaseous. (F4) 
 
So you have carbon dioxide and calcium oxide, which 
is two plus and still two minus, just ions. I guess it 
starts by one of your lone pairs move towards the 
carbon and tries to kick out one of the oxygens to from 
a carbon dioxide. And the kicked out oxygen stay with 
the calcium to form calcium oxide. (F6) 
 
So in this case, in solution, you will have, you know, 
silver plus, all of these are ions. They would be 
soluble. Well, you know, they are in solution. So they 
are constantly moving and meeting each other. Silver 
plus and chloride, you form silver chloride solid. The 
sodium nitrate, they are still Na+ and NO3

-. You know, 
they are not really, um; they are in aqueous. So they are dissolved. (A3) 
 

In these different cases, students were able to draw the Lewis structures of reactants and 

products, identify how the particles interacted with each other, and properly describe how 

electrons transferred in different steps of the processes.  
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As shown in Figure 5.4, this conceptual mode was dominant among graduate 

students (5% g-chem, 38% o-chem, 63% 1st – grad, 77% a-grad), but barely present 

among general chemistry students.  

Dimension 1.3: When does the reaction stop? 

The dimension “when reactions stop” characterizes students’ understanding about 

what happens in a chemical system once no more changes are observed in the amounts of 

reactants and products. Student reasoning in this dimension is affected by their 

understanding of chemical equilibrium. As summarized in Table 5.5, students’ 

explanations within this dimension were analyzed and classified into three conceptual 

modes with different explanatory power: 

 

Table 5.5 Major conceptual modes for the dimension “when reactions stop” 
	  
Conceptual Modes Core Assumptions 

M1 The reaction stops when the reactants are consumed. 
M2 The reaction stops at equilibrium. 
M3 Dynamic equilibrium is assumed. The reaction never stops. 

 
 

Table 5.6 summarizes the number and percentage of students that expressed the 

conceptual modes included in Table 5.5 for each type of reaction presented to them. This 

table does not include the general chemistry students because the question “when does 

the reaction stop” was added later after most general chemistry interviews were 

completed.  

 



90 

 

Table 5.6 Distribution of conceptual modes for each group in each type of reactions 
	  

Types of 
reactions 

Number of students * (percentage) 
Group of 
students 

Conceptual Modes 
M1 M2 M3 

Combination 
Reactions 

O-chem 20 (72%) 6 (21%) 2 (7%) 
1st-grad 22 (85%) 3 (11%) 1 (4%) 
A-chem 16 (59%) 9 (33%) 2 (8%) 

Decomposition 
Reactions 

O-chem 18 (64%) 7 (25%) 3 (11%) 
1st-grad 15 (60%) 6 (24%) 4 (16%) 
A-chem 11 (44%) 13 (52%) 1 (4%) 

Double 
displacement 

reaction 

O-chem 9 (60%) 3 (20%) 3 (20%) 
1st-grad 10 (77%) 2 (15%) 1 (8%) 
A-chem 7 (50%) 5 (36%) 2 (14%) 

*: the number is counted as the number of questions in each mode, e.g. one student using the same 
mode for two combination reactions was counted as two. 
 

Figure 5.6 shows the distribution of conceptual modes for different groups of 

students. Major differences in this case are associated with the slightly larger percentage 

of conceptual modes with greater explanatory depth expressed by advanced graduate 

students. 

 

 

Figure 5.6 Distribution of conceptual modes for different groups’ responses 
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Figure 5.7 shows the distribution of conceptual modes for different types of 

reactions. No significant difference in the distribution of conceptual modes was observed 

in this case. Conceptual mode M1 was the most prevalent across different groups of 

students and across different types of reactions. 

 

 

Figure 5.7 Distribution of conceptual modes for different types of reactions 
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If something runs out, let’s say if oxygen runs out, then you can go, um, the 
reaction will stop. (A10) 
 
Um, until all the reactant is gone, so it’s, um, until it all turns into the product. 
(G9) 
 
Most study participants assumed there was a reactant that acted as the limiting 

reagent and when this substance was completely consumed, the reaction would stop. 

Some students just assumed that reactions would go to completion, without any mention 

of a limiting reagent. 

Most students who expressed this conceptual mode assumed that the reactions 

were irreversible and that no equilibrium would be reached. Some students did mention 

chemical equilibrium, but they considered that the reactions would not reach it: 

I don’t think it’s in equilibrium. So I think everything would probably go to the 
product side. So it would stop when all the products are gained. (O1) 
 
So because it’s strong acid, I don’t believe there would be an equilibrium position, 
which would exist for the products in the solution, or reactants. I believe that it 
would go all the way forward, all the way to the right to form the products, and 
then it would stop. (O3) 
 

These students assumed chemical equilibrium could only apply to certain types of 

chemical processes. As shown in Table 5.6, this conceptual mode was dominant across 

different groups of students (67% o-chem, 74% 1st- grad, 52% a-grad), being most 

prevalent in the analysis of combination reactions. 

M2: The reaction stops at equilibrium. Students who expressed this conceptual 

mode assumed that chemical reactions reached equilibrium, but the processes stopped at 

that point. As shown in Figure 5.6, this conceptual mode was the second most common 
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among different groups (22% o-chem, 17% 1st – grad, 40% a – grad). The following 

excerpts illustrate this type of thinking: 

So it would stop when it reaches equilibrium. (O10) 
 
I think it would stop when it reaches equilibrium, but I would guess again in the 
media that’s ionized, it would get more towards the products than towards the 
reactants. (O14) 
  

As shown in the last example, students often assumed that chemical reaction favored the 

formation of products and that no more changes occurred once the system reached 

equilibrium. In some cases, study participants recognized that system conditions would 

affect the extent of the reaction, but considered that equilibrium could only be reached in 

some cases and not others: 

I am not sure about the equilibrium constant for this one, but I am assuming if it’s 
not sealed container, the CO2 can just escape. So you will always form the 
products until all your reactants are consumed. Then it will stop. But if it’s in a 
sealed container, it will have equilibrium. (A3) 
 
As shown in Figure 5.7, more students expressed this conceptual mode when 

analyzing decomposition reactions than other types of processes (22% combination 

reactions, 33% decomposition reactions, 24% double displacement reaction). This might 

be related to the fact that both decomposition reactions involve a gas as the product, 

which led several students to assume that the reactions could reach equilibrium in a 

closed system.  

M3: Dynamic equilibrium is assumed. The reaction never stops. Students who 

expressed this conceptual mode assumed that chemical reaction would reach dynamic 

equilibrium. Only a small proportion of our study participants expressed this type of 

reasoning (11% o-chem, 9% 1st – grad, 8% a-grad). Illustrative excerpts are shown below: 
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The percentage between the reactants and products would stay the same. That’s 
what I consider as “stopping.” But in reality, they are always going to be going 
on. (O12) 
 
It’s just you get equal amount of change from calcium carbonate to calcium oxide 
as calcium oxide to calcium carbonate. The reaction continues. It’s just the net 
reaction doesn’t continue. (F7) 
 

These students recognized that the concentration of products and reactants would not 

change at equilibrium, but that the process would still continue with the forward reaction 

rate equal to the reverse reaction rate.  

Our results indicate that the nature of the reactions influenced students’ 

assumptions about when and how the chemical processes would “stop.” Many students 

assumed that some reactions would reach equilibrium or dynamic equilibrium, while 

other processes would go to completion. Only 40% of our participants expressed the 

same conceptual mode when thinking about all three types of reactions. In general, 

students were more likely to assume that combination reactions and double displacement 

reaction would go to completion, while decomposition reactions involving gases as 

products would reach equilibrium in close-systems, and go to completion in open systems. 

Particularly in the case of the decomposition of carbonic acid, more students tended to 

assume that this reaction would reach equilibrium. The fact that carbonic acid is a 

prototypical weak acid might have triggered students’ ideas about chemical equilibrium.  

Students also more frequently assumed that reactions taking place in aqueous solution 

(e.g., the decomposition of carbonic acid and the double displacement reaction) would 

reach equilibrium than go to completion.  



95 

 

Causality: Why do the reactions happen? 

We also analyzed students’ explanations seeking to characterize major conceptual 

modes in the area of chemical causality. In this case, we identified three core dimensions 

of analysis: why reactions happen, what drives reactions, and what determines reaction 

extent (see Figure 5.1). We recognize that the boundary between chemical mechanism 

and chemical causality is diffuse, since ideas about how things happen are likely related 

to ideas about why things happen. However, the separation allowed us to simplify the 

identification and characterization of different conceptual modes. A detailed discussion 

of major conceptual modes identified within each dimension is presented in the following 

subsections. 

Dimension 2.1: Why does the reaction happen? 

Analysis of students’ ideas about why reactions happen allowed us to characterize 

the five different conceptual modes listed in Table 5.7: 

 

Table 5.7 Major conceptual modes for the dimension “why reactions happen” 
	  
Conceptual Mode Core Assumptions 

M1a Reactions happen because of attractive forces. 
M1b Reactions happen because of external forces. 
M1c Reactions happen because the products are more stable or at lower 

energy states. 
M1d Reactions happen because particles of reactants are broken up by 

external forces, and then rearrange to form more stable products. 
M2 Reactions happen because of random interactions of chemical 

particles. 
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Four of these conceptual modes were labeled M1a, M1b, M1c, and M1d because they 

were judged to have distinctive characteristics but hold similar explanatory power. 

Conceptual modes M1a and M1b involve linear causal explanations in which a single 

event or process is seen as the cause of chemical change. Conceptual modes M1c and 

M1d rely on teleological thinking in which processes are talked about as the result of the 

needs or wants of different components. Conceptual mode M2 implies a more 

probabilistic causal view of chemical reactions. Table 5.8 summarizes the number and 

percentage of students that expressed the conceptual modes included in Table 5.7 for 

each type of reaction presented to them:  

Table 5.8 Distribution of conceptual modes for each group in each type of reactions 
	  

Types of 
reactions 

Number of students * (percentage) 
Group of 
students 

Conceptual Modes 
M1a M1b M1c M1d M2 

 
Combination 

Reactions 

G-chem 10 (24%) 4 (10%) 26 (62%) 2 (5%) 0 (0%) 
O-chem 3 (10%) 0 (0%) 27 (87%) 1 (3%) 0 (0%) 
1st-grad 5 (19%) 1 (4%) 20 (77%) 0 (0%) 0 (0%) 
A-grad 1 (4%) 0 (0%) 22 (85%) 0 (0%) 3 (11%) 

 
Decomposition 

Reactions 

G-chem 3 (8%) 11 (28%) 13 (33%) 12 (31%) 0 (0%) 
O-chem 0 (0%) 1 (3%) 29 (85%) 4 (12%) 0 (0%) 
1st-grad 1 (4%) 4 (14%) 17 (61%) 3 (11%) 3 (11%) 
A-grad 0 (0%) 3 (11%) 15 (55%) 1 (4%) 8 (30%) 

Double 
displacement 

reaction 

G-chem 13 (62%) 1 (5%) 6 (28%) 1 (5%) 0 (0%) 
O-chem 6  (40%) 1 (7%) 8 (53%) 0 (0%) 4 (0%) 
1st-grad 9 (69%) 0 (0%) 4 (31%) 0 (0%) 0 (0%) 
A-grad 9 (64%) 0 (0%) 5 (36%) 0 (0%) 0 (0%) 

*: the number is counted as the number of reactions in each mode, e.g. one student using the same 
mode for two combination reactions was counted as two. 

 

As can be seen in Table 5.8, conceptual mode M1c was the most prevalent among 

different groups of students (Figure 5.8), while conceptual mode M2 was not expressed 

by many participants in our study.  
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Figure 5.8 Distribution of conceptual modes for different groups’ responses 
 

As shown in Figure 5.9, conceptual mode M1c was expressed most frequently 

when thinking about combination and decomposition reactions, while conceptual mode 

M1a dominated reasoning about the displacement reaction. 

 

 

Figure 5.9 Distribution of conceptual modes for different types of reactions 
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A more detailed analysis of the different conceptual modes identified within the 

dimension of why reactions happen is presented in the following paragraphs.  

M1a: Reactions happen because of attractive forces. Students who expressed 

this conceptual mode assumed that reactions happened due to attractive forces between or 

within the rectants. This conceptual mode was expressed most commonly when thinking 

about displacement reactions and to a lesser extent when talking about combination 

reactions. For this latter type of reactions, students usually assumed that the two reactants 

had opposite charges or partial charges, which would bring them together to produce the 

product. The following excerpts illustrate this type of thinking: 

Um, because the acid has the opposite quality to the base, and the opposite 
attracts. (G5) 
 
But ultimately under the right conditions, these two substances, their attractive 
forces are going to bring them together to form a new substance. (G7) 
 
I guess because if you look at the overall structure, the NH3 has a lone pair on the 
nitrogen, and lone pair has a, this is partially negative and this is partially 
positive. So the positive and negative go together and therefore the lone pair here 
can take the partially positive hydrogen. Therefore it can leave the partially 
negative chlorine atom. (O6) 
 

This conceptual mode was most prevalent in students’ explanations of displacement 

reactions. As shown in the excerpts below, students often assumed that double 

displacement reactions happened because interactions between some ions (e.g., silver and 

chloride ions) were stronger than interactions between others. 

Just because strength of the coulombic attraction between the silver and chloride 
is the most dominant out of the other three present, the silver and nitrate, sodium 
and the chlorine. (G22) 

 
Okay, so I would think it in terms of interactions. So what we have here is silver 
interacting with water and nitrate interacting with water, and also sodium 
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interacting with water and chloride interacting with water. Interactions between 
silver and chloride are stronger than interactions between silver and water, silver 
and nitrate. Therefore silver and chloride will come together and precipitate. 
(A10) 

 

In general, students did not pay attention to the role that ion-solvent interactions and 

entropic effects could play in making the reaction happen. 

M1b: Reactions happen because of external forces. Students who expressed 

this conceptual mode assumed that reactions happened because substances were broken 

apart through the action of external agents or forces. As illustrated by the following 

excerpts, this conceptual mode was mostly expressed when thinking about decomposition 

reactions: 

Um, the heat, or the change of temperature could be causing, um, basically it’s 
inputting enough energy to the system, or some of the carbon dioxide actually, 
like, jump out and leaving this stable form. (It’s) going back to the outside 
environment, basically. (G8) 
 
Because of the input of the energy, because this probably would not happen 
spontaneously, I wouldn't just say calcium carbonate magically dissociates into 
these two products. So, um, the reaction happens because of the outside energy 
put in. (G12) 
 
So if energy is enough to break these bonds, so bonds can break… I think this OH 
can combine with H of other molecule. So this OH can act as a nucleophile. (F3) 
 
 

Students who expressed this conceptual mode tended to think of chemical reactions as 

processes that require external energy input to separate particles and facilitate their 

rearrangement.  

M1c: Reactions happen because the products are more stable or at lower 

energy states. Students who expressed this conceptual mode built teleological arguments 
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to explain why reactions happened. These study participants invoked a “purpose” for the 

chemical change, which often was the need or want of an entity or system to adopt a 

more stable or a lower energy state. Consider the following examples: 

You have a weak base. The really strong acid is not that stable. So what you want 
is to bring down the energy of your system to become stable. So by reacting your 
weak base with your strong acid, what you get is a weak acid afterwards. So it’s 
more stable compared to the previous one. (F6) 
 
I guess because it wants to form… in nature, things want to have lowest energy 
state as possible, and bonds, and orientation, and things are arranged all to 
contribute energy of molecules and space and space like physical space. You 
know, if this is formed, the reactants are less energy than the, no, no, the products 
are less energy than the reactants. That’s why it happens because doing all this 
will produce a less energy state molecule than the previous things before. (O5) 
 

Students who expressed this conceptual mode often use anthropomorphic language to 

describe the goals and actions of chemical species. Although one can suspect that not all 

of the students believed that atoms, molecules, or ions had actual needs or desires, many 

of the study participants who expressed this conceptual mode were unable to generate 

causal explanations when prompted, as shown below: 

I: So why do they want to be more stable? 
F7: They always want the lower potential energy. The lower the potential energy, 
the more stable something is. In this case, the ammonium chloride salt is lower 
energy than the total of the acid and the base. 
I: Okay. But why do chemicals want lower potential energy? Why do they react to 
produce the products with lower potential energy? 
F7: The lower the potential energy, the more stable they are. I don’t know what to 
say other than that. 
 

Teleological arguments were built not only in terms of attaining energetic stability, but 

also based on the system’s desire to become more random or increase its entropy: 

And you know, you also have more randomness as well…More randomness, it’s 
going to have, you know, more, I guess, I don’t know, I guess, just entropy? You 



101 

 

know, it’s just more chances for them to like encounter each other in different 
ways, and things like that. (F1) 
 
Again I am thinking of entropic terms. You want to proceed to more entropic 
systems. And your second system, which is a gas plus liquid, is more entropy. 
That’s why the reaction happens… And they want to be far apart stop hitting each 
other too much. That’s the whole idea, reducing the frequency of collisions by 
breaking apart. (F6) 
 
M1d: Reactions happen because particles of reactants are broken up by 

external forces, and then rearrange to form more stable products. This conceptual 

mode can be conceived as a hybrid of conceptual modes M1b and M1c, and mostly 

manifested in the analysis of decomposition reactions. In this case, students assumed 

reactions happened because reactants were broken apart by external forces, and the 

resulting pieces rearranged to produce more stable products, as shown in these examples: 

What happens is, since you increase the energy, it breaks the bonds. The 
molecules are, or the atoms are all separated. And since, when they are all 
separated, they are not stable. So the attractions between them force them to 
come together to more stable forms, CO2 and H2O. (G11) 
 
Because the heat has been provided and then that kinetic energy is reached, and 
they break apart. And as broken apart, they are not stable, so they want, they 
don't want, so it's the trend they will come back together, and form that most 
energetically stable products. (G19) 
 

In these two cases students invoked energetic stability considerations, but others built 

entropic arguments: 

Ordered systems want to be disordered. I mean you can’t say “want” because 
they don’t have feelings. They just follow physics. But ordered systems don’t want 
to be ordered. It wants to be disordered. The only think keeping it is some energy 
input likely, or some thermodynamic barrier. In this case you are adding heat to 
lower thermodynamic barrier. And then let it go to the entropically favored 
products. (F10) 
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This student assumed that the reaction happened because heat (external agent) could 

lower the thermodynamic barrier, allowing the system to adopt the more “desirable” 

disordered state. 

M2: Reactions happen because of random interactions of chemical particles. 

Students who expressed this conceptual mode assumed that chemical reactions happened 

because of random collisions between particles, and the probability of forming products 

was higher than that of forming reactants. Study participants who manifested this type of 

reasoning often build initial teleological explanations, but were able to provide causal 

accounts when prompted. Consider, for example, the following interview excerpt:  

The product is more stable than the starting materials. And that’s the major 
reason… They always want to be more stable in nature…Sometimes, I think, if 
they have a low activation barrier, they can go through. But if they have really 
high activation energy, even if the products are more stable, it’s very hard for 
them to get through… It’s harder to get through. I think the higher activation 
energy means the reverse reaction is slower. And the distance between these two 
gaps means if you are going to a higher energy state, it’s thermodynamically 
disfavored. (A14) 
 

Although the initial claim made by this student was that substances wanted to be more 

stable in nature, the student was able to generate a causal argument based on the relative 

difference in activation energy for the forward and backward reactions. In this next 

example, the student relied on anthropomorphic language but built a sound argument 

about why the reaction happened based on the low probability of the products reacting 

back to form reactants: 

Again molecules keep hitting on each other… And maybe these collisions become 
more energetically as time progresses or temperature increases…I mean it’s like 
you have two small particles that keep vibrating on each other. And at one point, 
one of them becomes gaseous… Maybe they form back calcium carbonate. It’s 
just that they don’t see themselves as much as they were, because basically one is 



103 

 

gaseous anyhow, and another is a solid. So they don’t see themselves as much as 
they used to. So the reaction still happens, but maybe at very small chances. (F6) 

 
As shown in Table 5.8, most students who expressed this conceptual mode were 

advanced graduate students and they did it more frequently when analyzing 

decomposition reactions. 

Dimension 2.2 What drives the reaction? 

The dimension “what drives reactions” allowed us to characterize students’ ideas 

about the agents that drive chemical reactions. As shown in Table 5.9, four major 

conceptual modes were identified along this dimension. These conceptual modes differ in 

the number of agents that were invoked and in the relationships assumed among them. 

 

Table 5.9 Major conceptual modes for the dimension “what drives reactions” 
	  
Conceptual Modes Core Assumptions 

M1 Reactions are driven by a single agent. 
M2 Reactions are driven by more than one agent. 
M3 Reactions are driven by multiple interactive agents. (Partial) 
M4 Reactions are driven by multiple interactive agents. 

 

Table 5.10 summarizes the number and percentage of students that expressed the 

conceptual modes included in Table 5.9 for each type of reaction presented to them:  
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Table 5.10 Distribution of conceptual modes for each group in each type of reaction 
	  

Types of 
reactions 

Number of students * (percentage) 
Group of 
students 

Conceptual Modes 
M1 M2 M3 M4 

 
Combination 

Reactions 

G-chem 33 (75%) 10 (23%) 1 (2%) 0 (0%) 
O-chem 7 (22%) 16 (50%) 8 (25%) 1 (3%) 
1st-grad 5 (19%) 7 (27%) 12 (46%) 2 (8%) 
A-grad 1 (4%) 4 (14%) 15 (53%) 8 (28%) 

 
Decomposition 

Reactions 

G-chem 30 (68%) 11 (25%) 3 (7%) 0 (0%) 
O-chem 5 (16%) 15 (47%) 9 (28%) 3 (9%) 
1st-grad 5 (19%) 6 (23%) 12 (46%) 3 (11%) 
A-grad 2 (7%) 2 (7%) 18 (64%) 6 (21%) 

Double 
displacement 

reaction 

G-chem 8 (36%) 11 (50%) 3 (14%) 0 (0%) 
O-chem 6 (38%) 5 (31%) 4 (25%) 1 (6%) 
1st-grad 2 (15%) 1 (8%) 9 (69%) 1 (8%) 
A-grad 0 (0%) 0 (0%) 9  (60%) 6 (40%) 

*: the number is counted as the number of questions in each mode, e.g. one student using the 
same mode for two combination reactions was counted as two. 
 

Figure 5.10 shows the conceptual modes expressed by different groups of students, 

with conceptual mode M1 being dominant among undergraduate students and conceptual 

mode M3 become more prevalent with increasing training in the discipline. 

 

 

Figure 5.10 Distribution of conceptual modes for different groups’ responses 
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Figure 5.11 depicts the conceptual modes expressed by students when analyzing 

different types of reactions. No significant differences were found in this case, although 

in general students were able to generate more sophisticated explanations in the analysis 

of displacement reactions. 

 

 

Figure 5.11 Distribution of conceptual modes for different types of reactions 
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electrons around the atom determines, um, determines the partial charge of the 
molecule. (G12) 
 
I assume again, from charges, because the charge for copper is two plus, and 
oxygen again is minus two, and the charges are opposite, which means they will 
be attracted to each other no matter how far apart they are, or, well, it does 
depends on distance, but if they are close enough to each other, they will form, um, 
together, to form copper oxide. (G3) 
 

Net charges or partial net charges were assumed to drive the reaction by bringing species 

with opposite charges together. In the case of decomposition reactions, students were 

more likely to invoke heat or a catalyst as the central agents: 

I am guessing that heat would be a factor and breaking it up. Because the bonds 
probably not held together incredibly tightly, so what happens is heat, or some 
kind of light would heat it and it would decompose into calcium oxide and CO2. 
(G15) 
 
Because the catalyst helps overcome the energy barrier of the reaction, and so 
without the catalyst, the calcium carbonate won’t break apart. Because you have 
the catalyst there overcoming, which helps to overcome the activation energy. The 
reaction is favored. (G11) 
 
Some students also assumed that reactions were caused by interaction of electrons, 

as shown in the following examples.  

I think it has to do with attraction between the electrons of the oxygen and the 
electrons of the copper. So since the electrons are attracted to each other, that’s 
how it would get into there. (G11) 
 
So it’s just basically you have this copper. So you have oxygen here. So basically 
you would have this oxygen coming in, interacting with the copper here, probably 
more with this side. And first you would have the oxygen physically absorbing 
here. And then you would have interaction of the electrons here. And that would 
cause this reaction. (F8) 

 

Notice that some students considered the interactions between electrons to be attractive 

rather than repulsive. As shown in Figure 5.10, conceptual mode 1 was common among 
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general chemistry students, but its frequency significantly decreased among other groups 

of students. 

M2: Reactions are driven by more than one agent. Students who expressed this 

conceptual mode identified more than one agent that caused chemical reactions to happen, 

but tended to think of them in sequential ways. For example, some students identified 

both external forces and charges/partial charges as the agents driving chemical reactions, 

as illustrated by the following examples.  

They will have electrons in their outer shells moving in orbits. And since they are 
both orbiting, like opposite attraction, there is going to be attraction, I think… 
Um, like because of that heat or energy is provided, and they broke apart. They 
can't just stay as broken parts. They have to reform into something. (G19) 
 
I believe it would probably start with some introduction of energy, probably heat. 
And that energy allows the bond to break, and then separate into the calcium 
oxide and carbon dioxide… That is allowed to be broken. And then there is 
positive charge on calcium. It’s seeking out electrons. All these oxygens, I believe 
it would have a partial negative charge. So it’s able to form a bond with one of 
the oxygens. (O3) 
 
 

Students who expressed this conceptual mode often assumed that external forces could 

break chemical bonds and generate charged species that then rearranged according to 

their interactions. Some students identified both molecular collisions and electric charges 

as main driving agents, as shown in the following example.  

So once they collide, since I am assuming the solid is more stable, I guess, then 
once they collide, they rearrange themselves… Well, I guess they are polar, so 
they would attract to each other in that way. So the negative end of the hydrogen 
chloride gas and the base, negative and positive are in a line. (G21) 
 

In general, these students identified one agent responsible for bond breaking and one 

agent responsible for bond formation, without analysis of other factors that may influence 
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chemical reactivity. This conceptual mode was most common among organic chemistry 

students. 

M3: Reactions are driven by multiple interactive agents (partial). Students 

who expressed this conceptual mode were able to identify multiple agents driving 

chemical reactions, and some of the relationships between them. However, their analyses 

of agents and interactions were partial or not fully integrated. The following excerpt 

illustrates this type of reasoning: 

Because it’s lower pKa, or higher, now lower, a lower pKa, which means it’s more 
willing to give up that H… The H, the proton leaves its electrons with chlorine, 
which is more electronegative. And the weak base picks it up with its lone pair. 
And then the chlorine has been attracted to the positive charge on the weak 
base… The chlorine is pulling, it’s a more polar bond than the H and the Cl… It’s 
more stable. (O7) 
 

This student identified multiple agents affecting chemical reactivity, such as 

electronegativity, polarity, and electrical charges. He also identified important 

relationships between these agents. For example, electronegativity would affect the 

polarity of bonds, and polarity of bonds would affect how bonds break during the 

chemical reaction. However, his analysis was done at the single particle level, missing 

multiple-particle factors (e.g., entropic considerations).  

 Consider this other example of the analysis of decomposition reaction: 

Well going from something that’s a solid to something that’s a salt and a gas, so 
that implies that it’s entropically un-favored. And then you are also going from 
more complex molecule to a less complex molecule, which doesn’t apply there is 
energetically either un-favored or only slightly favored…And it only happens at 
high temperature because that’s only, that’s the only point where that the 
molecules are going fast and they are starting to get each other… Well, when 
CaCO3 are going fast enough, the molecules start hitting each other more rapidly. 
When they hit each other harder, um, it has a higher chance to break the bonds 
and reach the transition state. If the transition state goes to product, then what 
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will happen is it doesn’t keep the bond and the bond is broken, and displaced, and 
it’s replaced, or just let it low how it is, and that’s how you get the CaO or CO2. 
(G1) 
 
In this example, the student identified multiple agents such as state of matter, 

molecular complexity, temperature, random movement, and molecular collisions. He also 

identified some interactions among those agents. For example, temperature would affect 

how fast molecules move and collide with each other. However, the causal story was 

broken and incomplete, as the student moved from an argument focused on entropic 

considerations to and argument centered on energetic factors. 

The third example included below corresponds to an explanation for the 

displacement reaction: 

Well, this reaction starts as you have, like, these two ions dissociating, you know, 
these both dissociating in water because they are both strong electrolytes… And 
now as soon as those ions are formed, this is based on, you know, the energy 
changed involved… But once that happens, now you have these coulombic forces 
between the aqueous silver and aqueous chloride to produce this insoluble silver 
chloride salt… You have the solubility of the silver chloride being very low. So 
it’s going to be much more attractive to itself than individual ions to water. So 
they will form that solid which will drive that reaction process. (F1) 
 

In this case, the student recognized the role that dissociation, strength of electrolytes, 

solubility, and inter-particle interactions would play in the chemical reaction, and the 

relationship between some of these factors. For example, the strength of electrolytes 

would affect the dissociation of ionic compounds in solution. The solubility of ionic 

compounds would be determined by ionic interactions. However, the analysis was 

focused on mechanical and energetic considerations, without any reference to entropic 

factors. 
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 Conceptual mode 3 captured the way of thinking of graduate students, particularly 

of those at more advanced levels. A very small fraction of the undergraduate students 

expressed this conceptual mode. 

M4: Reactions are driven by multiple interactive agents. Some participants in 

our study were able to identify the many agents or factors that drove chemical reactions, 

and the relationships between them. They built more comprehensive explanations that 

took into account thermodynamic (energetic and entropic) and kinetic considerations, as 

illustrated by the two examples below: 

I guess it starts by one of your lone pairs move towards the carbon and tries to 
kick out one of the oxygens to from a carbon dioxide. And the kicked out oxygen 
stay with the calcium to form calcium oxide… So I guess since there is higher 
entropy, this process becomes favored, becomes spontaneous… Well, the idea is 
normally, for example, delta G is delta H minus delta TS. So the higher the 
entropy is, the more spontaneous things happen…I guess maybe molecules, well, 
maybe this is we all know particles are always moving, well, unless the 
temperature is at zero kelvin. So your molecules tend to move. And maybe at one 
point, that movement wants to move apart and be more freely…Maybe they form 
back calcium carbonate. It’s just that they don’t see themselves as much as they 
were, because basically one is gaseous anyhow, and another is a solid. So they 
don’t see themselves as much as they used to. So the reaction still happens, but 
maybe at very small chances. (F6) 
 
Well, the reaction starts first by the dissociation of these soluble salts. This is 
actually Ag plus, NO3 minus, Na plus and Cl minus, all floating around together. 
And there is going to be AgCl solid precipitate and Na+ plus NO3-… But there is 
some maximum soluble amount of silver that can occur in a solution of water at 
some ion strength… So as how it starts, like I said, you got a collision between 
silver and chloride in solution. And these things are going to form a strong 
intermolecular interaction that apparently is not thermodynamically favorable to 
become dissociated in solution, right?... There is going to be a bunch of H2Os, 
which is partially negatively charged around this thing here. So the reason why 
this is so insoluble is because this right here is energetically un-favored compared 
with this right here, whatever the overall energy level of these bonds here… Now 
entropically this would be un-favored. But energetically this has to be favored. 
(A9) 
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In these two cases, students were able to build coherent causal stories paying attention to 

multiple interactions that affect the extent and rate of chemical processes. They analyzed 

changes in the energy and entropy of the analyzed system and related them to changes at 

the molecular level in terms of particulate interactions. Very few study participants in our 

sample expressed this conceptual mode, and the majority of them were graduate students. 

Dimension 2.3: What determines reaction extent? 

The dimension “what determines reaction extent” allowed us to characterize 

whether students could recognize how energetic and entropic factors affect reaction 

extent. During our interviews, we noticed that many students focused on the analysis of 

energetic factors for all types of reactions, ignoring entropic considerations except when 

analyzing decomposition reactions. Analysis of students’ explanations for these types of 

reactions led us to elicit the three major conceptual modes listed in Table 5.11. 

 

Table 5.11 Major conceptual modes for the dimension “what determines reaction extent” 
	  
Conceptual Modes Core assumptions 

M1 Only energy determines reaction extent. 
M2 Both energy and entropy determine reaction extent (spurious). 
M3 Both energy and entropy determine reaction extent. 

 

Table 5.12 summarizes the number and percentage of students that expressed the 

conceptual modes included in Table 5.11 for the decomposition reactions presented to 

them. Results for the other two types of reactions were not included in this table because 

students only expressed conceptual mode M1 in those cases.  
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Table 5.12 Distribution of conceptual modes for each group in each type of reactions 
	  

Types of 
reactions 

Number of students * (percentage) 
Group of 
students 

Conceptual Modes 
M1 M2 M3 

 
Decomposition 

Reactions 

G-chem 23 (64%) 11 (31%) 2 (6%) 
O-chem 21 (68%) 10 (32%) 0 (0%) 
1st-grad 18 (69%) 4 (15%) 4 (15%) 
A-grad 11 (42%) 6 (23%) 9 (35%) 

*: the number is counted as the number of questions in each mode, e.g. one student using the 
same mode for two combination reactions was counted as two. 
 

Figure 5.12 shows the distribution of conceptual modes across different groups of 

students. Conceptual mode M1 was dominant for all groups of students (64% g-chem, 68% 

o-chem, 69% 1st grad & 42% a-grad), but graduate students were more able to generate 

explanations that included entropic considerations.  

 

 

Figure 5.12 Distribution of conceptual modes for different groups’ responses 
	  

 

M1: Only energy determines reaction extent. Students who expressed this 
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chemical reactions, ignoring entropic factors. Although the two decomposition reactions 

included in our research instrument are entropically favored, many students only 

expressed energetic considerations while trying to justify the formation of products. The 

following excerpts illustrate this type of reasoning: 

So like the other one we are going to a lower energy state, and now this one is 
like a higher energy state. And so with that higher energy, um, maybe, since we 
are putting energy into the system, this is obviously higher energy, and so perhaps 
in order to go to, like the low energy state, they would have to split in order to like, 
I guess, even out the energy, like their peer to high energy state, and then they 
split, and that’s like, once the energy is split, then it’s kind of relax again. (G13) 
 
I guess because it wants to form, in nature, things want to have lowest energy 
state as possible, and bonds, and orientation, and things are arranged all to 
contribute energy of molecules and space and space like physical space. You 
know, if this is formed, the reactants are less energy than the, no, no, the products 
are less energy than the reactants. That’s why it happens because doing all this 
will produce a less energy state molecule than the previous things before. (O5) 
 

These students judged that chemical reactions would take particles to a lower energy state, 

without ever considering that the processes might be endothermic and actually result in 

higher energy products. This “bias” toward energy-focused explanations was common 

across all groups of students and all types of reactions. 

M2: Both energy and entropy determine reaction extent (spurious). Students 

who expressed this conceptual mode realized that reaction extent might be affected by 

both energetic and entropic factors. However, some of them exhibited misunderstandings 

about the influence of different factors or failed to conceptually differentiate energy from 

entropy. Consider the following excerpt:  

Well, going from something that’s a solid to something that’s a salt and a gas, so 
that implies that it’s entropically un-favored. (G1) 
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In this case, the student seemed to recognize that the state of matter of reactants and 

products would affect the extent of the reaction, but built an incorrect argument based on 

the misapplication of a learned rule (i.e., changes from solids to gases increase the 

entropy of the system). In other cases, students seemed to have difficulty differentiating 

between energy and entropy:  

So I think we have a tendency towards disorder. And chemicals and molecules 
have the tendency towards disorder where I think it’s probably lower energy state 
and everything for them to be in this form. So maybe it’s just that the energy is 
more favorable that way. (O11) 
 
You know, the only thing come into my mind is that it’s completely circular just 
saying entropic effects. You know, the universe always want to go to the least 
high-energy system, so, yeah, just entropic effects. You want to go to a lower 
energy system. A lower energy system is always preferred by the way the universe 
works, described by the laws of thermodynamics, I guess. (F4) 
 

In these examples, although students recognized that entropic factors had to be taken into 

account to make judgments about the directionality of the chemical processes, both 

seemed to assume that “more disorder” meant “lower energy,” reducing entropic 

arguments to energetic considerations. 

M3: Both energy and entropy determine reaction extent. Students who 

expressed this conceptual mode could identify which reactions were entropically favored, 

and properly analyzed both energetic and entropic factors to judge reaction directionality 

and extent. Only a small proportion of students in our sample were able to use this 

conceptual mode (5% g-chem, 0% o-chem, 15% 1st grad & 35% a-grad). 

Some students were able to identify the entropic changes as the main driving 

force for the reactions and build plausible explanations, as the following examples show:  
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Maybe it has the entropy. You try to go to more disorder. So basically the initial 
one just has the solid. But second one, you have gas and the solid. So you split 
into two things. So I guess since there is higher entropy, this process becomes 
favored, becomes spontaneous. (F6) 
 
In terms of just looking at, in terms of what the states of the molecules are and 
what could be happening here, we see that this reaction could be favorable based 
on entropy because we are going to something that’s going to have higher 
entropy. (A9) 
 

In these examples, the students were able to identify that the reactions were entropically 

favored and constrained their explanations to changes in the degree of disorder in the 

system. A few students correctly considered both energetic and entropic factors in their 

analyses, building richer explanations as shown below: 

Well, it doesn’t seem to be energetically favored, but it is entropically favored. So 
it must, the product must be, because you have gas, entropy must be the dominant 
factor in this case. This must drive the reaction forward, because you form the 
most configurations with the CO2 being a gas. Gas has the most possible 
configurations. (G18) 
 
So you have two salts and a gas. First of all, you entropy is going to go up, which 
is a good thing. So this ΔG is equal to ΔH minus TΔS. This is bond-making, which 
is favorable processes. And this is entropy increasing for favorable processes 
again. (A12)  
 

In general, study participants were less able to justify why an increase of entropy would 

drive a reaction forward than they could explain why a decrease in the energy of the 

system would favor the formation of products. 
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CHAPTER 6 : MAPPING STUDENTS’ EXPLANATIONS OF 

CHEMICAL REACTIONS AT DIFFERENT EDUCATIONAL LEVELS 

        

The major results presented in the previous chapter are summarized in Table 6.1:  

 

Table 6.1 Main conceptual modes in different dimensions 

Dimensions Conceptual modes 

M
echanism

 

How reactions 
start 

M1: 
Intuitive ideas 
(e.g., it just 
happens, you 
just mix the 
reactants) 

M2a:  
The more 
reactive 
reactant 
begins the 
process. 

M2b:   
External forces 
initiate the 
reaction by 
breaking 
chemical 
bonds 

M3: 
Reaction 
starts by 
attraction 
between 
particles. 

M4:  
The reaction 
results from 
random 
collisions 
between 
particles. 

How reactions 
proceed 

M1: 
Reactions are simple 
combination or 
decomposition of pieces. 

M2: 
Chemical bonds are 
broken and formed 
during chemical reactions 
due to chemical 
interactions (spurious). 

M3:  
Chemical bonds are 
broken and formed 
during chemical reactions 
due to chemical 
interactions. 

When reactions 
stop 

M1: 
The reaction stops when 
the reactants are 
consumed. 

M2: 
The reaction stops at 
equilibrium. 

M3: 
Dynamic equilibrium is 
assumed. The reaction 
never stops. 

C
ausality 

Why reactions 
happen 

M1a: 
Reactions 
happen 
because of 
attractive 
forces. 

M1b:  
Reactions 
happen 
because of 
external 
forces. 

M1c: 
Reactions 
happen 
because the 
products are 
more stable or 
at lower 
energy states 
(teleological). 

M1d: 
Reactions happen 
because particles 
of reactants break 
up with external 
forces, and then 
rearrange to form 
more stable 
products. 

M2: 
Reactions 
happen 
because of 
random 
interactions of 
chemical 
particles. 

What drives 
reactions 

M1:  
Reactions are 
driven by a 
single agent. 

M2: 
Reactions are driven 
by more than one 
agent, often acting in 
sequence. 

M3:  
Reactions are 
driven by multiple 
interactive agents. 
(Partial) 

M4: 
Reactions are 
driven by multiple 
interactive agents. 

What 
determines 

reaction extent 

M1: 
Only energy 
determines reaction 
extent. 

M2: 
Both energy and entropy 
determine reaction extent 
(spurious). 

M3: 
Both energy and entropy 
determine reaction extent. 
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Our analysis of each of our study participants’ explanations using the conceptual 

modes listed in Table 6.1 revealed a great diversity of ways of thinking about different 

types of chemical reactions. However, we noticed that some conceptual modes were more 

prevalent than others and some of them tended to coexist in many cases. In this chapter 

we describe and discuss commonly observed patterns of reasoning that resulted from the 

integration of several of the conceptual modes listed in Table 6.1. The identification of 

these common patterns of reasoning was facilitated by paying attention to student 

thinking along the two central dimensions: “how reactions proceed” (chemical 

mechanism) and “what drives reactions” (chemical causality). A plot of the frequency of 

different conceptual modes in our sample along these two dimensions for our entire 

sample is shown in Figure 6.1.  

 

 

Figure 6.1 Students’ conceptual modes in the two central dimensions 
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Each dot in Figure 6.1 represents a response from a study participant when presented a 

given reaction and dots are randomly scattered within any given quadrant (e.g., M1-M1) 

to visually represent the frequency of responses that fell within a quadrant. This plot 

elicits four common pairs of conceptual modes in the integration of the dimensions “how 

reactions proceed” and “what drives reactions and M1-M1, M2-M2, M3-M3, and M3-

M4. Each of these combinations of conceptual modes represents common way of 

thinking about chemical reactions expressed by students in our sample, as summarized in 

Table 6.2. 

 

Table 6.2 Common ways of thinking about chemical reactions along the dimensions “how 
reactions proceed” and “what drives reactions.” 
	  
Reasoning Approach Description 

 (M1-M1) Students assume that chemical reactions involve the simple 
combination pieces into larger aggregate or the decomposition 
of these aggregates into smaller pieces. They assume these 
processes are driven by the action of a single agent.  

 (M2-M2) Students assume that chemical reactions involve bond breaking 
and bond formation, but fail to recognize which bonds are 
broken and formed. They assume that these processes are driven 
by more than one agent, but often acting in sequence. 

 (M3-M3) Students understand how chemical bonds break and form during 
a chemical reaction, and that multiple (interactive) agents drive 
the process. However, they neglect some major agents or 
interactions. 

 (M3-M4) Students understand how chemical bonds break and form during 
a chemical reaction, and construct explanation involving major 
agents and interactions that drive the process. 

 

To better illustrate how these integrated ways of thinking were expressed in reasoning 

about different types of reactions, in the following subsections we present a set of cases 
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that show representative ways of thinking about combination, decomposition, and 

displacement reactions.  

Combination reaction 

One of the combination reactions included in our research instrument represented 

the acid-base reaction between hydrogen chloride (HCl) and ammonia (NH3). Our 

analysis of study participants’ explanations for this reaction elicited the four major 

reasoning approaches represented as different colored lines in the conceptual map in 

Figure 6.2. In this map, each colored line connects the dominant conceptual modes for 

chemical mechanism and chemical causality that characterize a given reasoning approach 

about combination reactions across different dimensions. 

 

 

Figure 6.2 Students’ main conceptual modes associated with different reasoning approaches about 
combination reactions. 

 



120 

 

Conceptual modes represented with a darker shade in Figure 6.2 correspond to 

ways of thinking judged to have greater explanatory power in a given dimension. The 

graph should not be interpreted as suggesting that all of our study participants exhibited 

these patterns of reasoning, or that all students can be expected to progress from 

reasoning approach A1 to reasoning approach A4 in a linear way with more training in 

the discipline. Instead, the graph seeks to highlight conceptual modes that were often 

correlated with each other and that define distinct reasoning patterns about combination 

reactions. As shown in Figure 6.3, the frequency with which of each of these reasoning 

approaches manifested within different groups of students provides insights into how 

student reasoning might progress with training in chemistry.  

 

 

Figure 6.3 Distribution of reasoning approaches expressed by different groups of students when 
thinking about combination reactions.  
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General chemistry students in our sample usually conceptualized chemical substance as 

physical aggregates, and built explanations in terms of simple combination of reactants. 

However, this way of reasoning was minimally present in other groups of students. There 

seems to be a dramatic shift from general chemistry to organic chemistry in how students 

think about combination reactions. Training in chemistry after this point seems to mostly 

affect the ability of students to generate more accurate and complete explanations. 

In the following paragraphs, we describe core features of each major reasoning 

approach about combination reactions using representative student cases to provide 

concrete examples of student thinking within each approach. 

Reasoning Approach A1: Minka (code name) was a general chemistry student in 

our sample who assumed that the reaction between HCl and NH3 started by the action of 

the strong acid (active agent): 

Interviewer: So for this reaction, how does the reaction start? 
Minka: I think the reaction started by the strong acid, hydrochloride, I believe. 
And this reaction is being like that the strong acid or something that has enough 
energy to kind of start the reaction. 
Interviewer: Why would the strong acid start the reaction? 
Minka: Because the weak base, um, that’s not, but I believe it’s just the strong 
acid kind of gets the reaction started, like this is not really it. But you can’t really 
call it catalyst. Anyway, they are just very weak, I guess. 
 

Minka intuitively believed that the reaction was started by the strong acid, which she 

thought might have enough energy to initiate the process. When thinking about how the 

reaction might proceed, she assumed that the two reactants would simply combine to 

form the aggregated product. As illustrated by the following interview excerpt, she 

identified the dipole-dipole interaction between the particles of the reactants as the sole 

driver of the reaction:  



122 

 

Minka: So because it’s strong enough, these two can bond together like the 
molecule… And there is dipole-dipole interaction with those two molecules. So 
because that interaction is relatively strong, and as a result they would bond 
beyond. So if you have like a lot of them, for example, in that picture, we have a 
lot of those. Because of that interaction, dipole-dipole interaction, they would 
bond to the other molecules other than themselves, because when they are bonded 
to themselves, that’s sort of like dispersion forces. 
 

Although Minka referred to dipole-dipole interactions as the central agent driving the 

reaction, her understanding of the origin and nature of these interactions was limited. She 

tended to use anthropomorphic language, such as substances “want,” “need” or “like,” 

and used teleological explanations when explaining why reactions happened: 

Minka: Because it’s energetically favorable for them to bond to others, because 
they need to share valence electrons in order to complete their octets. 
[…] 
Minka: I believe they want lower energy state, because when the potential energy 
is lower, that means the electrons are much closer to the nucleus of the atom. And 
as a result, that atom doesn’t like losing electrons. The ability of the atom is 
relatively low for it to actually lose electrons. 
 

Minka expressed that atoms “need to share valence electrons” or “want lower energy 

state,” so the reaction would happen. Although she might have not necessarily thought 

that chemical species “need” or “want” something, she could not go beyond teleological 

explanations to clarify why the reaction happened. 

Minka’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A1. These types of students 

thought of combination reactions as simple assembling processes led by a single active 

agent that had some need or wanted to attain some goal. As shown in Figure 6.4, students 

who thought that combination reactions occurred by the simple assembling of pieces 

(conceptual mode M1 in the dimension “how reactions proceed”) often expressed similar 
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conceptual modes in other dimensions, with the combination of conceptual modes 

characterized as reasoning mode A1 (Figure 6.2) being the most prevalent. 

 

 

Figure 6.4 Conceptual modes commonly expressed by students who thought that combination 
reactions proceeded by combining separate pieces (Conceptual mode M1 in the dimension “how 
reactions proceed”). 
	  
	  

Reasoning Approach A2: Gemma (code name) was an organic chemistry student 

who, similar to Minka, assumed the combination reaction was started by the most active 

agent between the two reactants:  

Interviewer: So for this reaction, how does this reaction start? 
Gemma: Oh my goodness. All right, let me think. I believe that the chlorine on the 
strong acid, um, it does something to the nitrogen. It does form that sort type of 
compound, but I am assuring it also involves the protonation of chlorine at some 
point. 
Interviewer: So we have two reactants here. 
Gemma: Yes. 
Interviewer: Do you think is there any one reactant would initiate the reaction? 
Gemma: Probably the strong acid. 
Interviewer: Why? 
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Gemma: Because it’s the strong acid. It’s more reactive. It’s more likely to 
completely dissociate and contribute to actually anything happening as opposed 
to the weak base, which is more likely just kind of sitting there until prompted. 
 

Gemma assumed the strong acid started the reaction since that was the one dissociated, 

while the base was just “sitting there” waiting the reaction to happen. Unlike Minka, who 

claimed that the strong acid started the reaction based on intuition, Gemma referred to a 

chemical property of the reactant (i.e., ability to dissociate) to justify her claim.  

When explaining how the reaction proceeds, Gemma built her explanation in 

terms of how bonds broke and formed, but she was not sure about how these processes 

occurred: 

Gemma: That is not how it is formed, because that doesn’t make any sense. Let’s 
see what is more likely to happen. Because that doesn’t make any sense, it already 
has its full octet of electrons. It wouldn’t be attacking something. It doesn’t care. 
It’s not that thinking or caring. But reactively speaking, it wouldn’t do anything. 
Okay, I am pretty sure, I know this is going to dissociate. I know it’s a strong acid. 
So I know that we have this negative charge of chloride. I know there is positive 
charge of hydrogen. All right, I think it’s more likely that this positive hydrogen is 
going to hook up with the nitrogen. That seems to, let’s see, I don’t think it’s 
going to like that many hydrogens on it. So, let’s see, chlorine, this is an octet 
again. So this is, at some point it’s going to form an ionic bond. The nitrogen and 
chlorine, I am just not sure about the position of hydrogens, so maybe something 
like that. So that’s my guess.  
Interviewer: Okay, so why does the hydrogen hook up with the nitrogen here? 
Gemma: It is attracted to the lone pairs since now it has no electrons making it 
take electrons and form a bond with the nitrogen. 
Interviewer: And why do those two come together? 
Gemma: Because they are lonely. No, they are not lonely. I know that they are 
ionicly bonded, but I don’t remember much about ionic bonding. Um, let’s see. 
That’s a very good question. I don’t remember how salts are formed. I know 
that’s likely to happen, but how, I don’t know. 
 

In building her explanations, Gemma was able to identify more than one agent that could 

cause the reaction to happen, including the electron configuration of reactants involved 

and electrostatic attractions between components. However, her lack of understanding 
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about chemical bonding constrained her ability to identify other relevant agents as well as 

their interactions.  

Similar to Minka, Gemma also used teleological explanations to reason why 

chemical reactions happened as illustrated by the following excerpt: 

Interviewer: Okay. So why does it happen? 
Gemma: Acids and bases neutralize each other.  
Interviewer: Why do they neutralize each other? 
Gemma: Acids, you know, donate the hydrogens and protons. Bases are likely to 
accept hydrogens and protons. All these donating and accepting, eventually, 
everyone is happy. There is no instability of charges. Thing are looking to get rid 
of things. Things are wanting to accept things. Everything is good. 
Interviewer: What do you mean by “happy” and “good” here? 
Gemma: They are more stable forms, less reactive forms. So they are happy in the 
sense that they are stable. 
 

She used anthropomorphic language in building explanations and was unable to build 

arguments that were not teleological in nature.  

Gemma’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A2. Students who 

expressed this reasoning approach recognized that chemical reactions involved the 

formation and breaking of chemical bonds, but had problems explaining how and why 

these processes took place. They identified several agents that might drive a reaction, but 

built teleological arguments to justify the outcome and thought that a more active agent 

would initiate the process. As shown in Figure 6.5, many students who expressed 

conceptual mode M2 along the dimension “how reactions proceed” (i.e., build spurious 

argument about how bonds are formed or broken during chemical reactions) often 

expressed similar conceptual modes in other dimensions, with the combination of 
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conceptual modes characterized as reasoning mode A2 (Figure 6.2) being the most 

prevalent.  

 

 

Figure 6.5 Conceptual modes commonly expressed by students who built spurious arguments 
about how bonds are formed and broken in composition reactions (Conceptual mode M2 in the 
dimension “how reactions proceed”). 
	  
	  

Reasoning Approach A3: Marley (code name) was a first-year graduate student 

who, as Minka and Gemma in past examples, assumed that an active agent would start 

the combination reaction between NH3 and HCl: 

Interviewer: So for this reaction, how does the reaction start? 
Marley: So basically ammonium has lone pairs. So these lone pairs tend to attack 
protons or electrophilic groups. And your strong acid, hydrochloric acid, has 
protons on it. And it’s easily give up that proton. So what happens is this 
spontaneous process happens when the lone pair attacks the proton from the 
strong acid. 
Interviewer: So we have two reactants here, is there anyone initiates the reaction? 
Marley: I think the weak base is the one that’s supposed to start the reaction. 
Interviewer: Why? 
Marley: Because normally the nucleophilic groups are the one that attacks the 
electrophilic ones. 
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In this case, Marley claimed that the weak acid started the reaction because he assumed 

nucleophiles would attack electrophiles. However, when explaining how the reaction 

proceeds, Marley provided a clear storyline about how the reactants interacted with each 

other to break bonds and form new bonds during the reaction process:  

Marley: So we have hydrochloric acid. And this is 
partial positive, partial negative. And you have 
ammonium, which has a lone pair. This lone pair is 
partial negative. It attacks this one. And the bond here 
is broken. So what happens is you form ammonium, 
which is already positive. And you have chloride, which is negative. So what 
happens is you form an ion afterwards. 
 

Marley’s explanation suggested full understanding of how chemical bonds broke and 

formed and how electrons transferred during the reaction process. He identified most 

main relevant agents, such as nucleophilic and electrophilic groups, lone pairs, charges 

and partial charges. He was also able to make connections among those agents and 

explain how those agents interacted with each other to cause chemical bonds break and 

form. Nevertheless, his explanation was mostly focused on structural features without 

much discussion of dynamic factors.  

Marley also used teleological explanations to justify why chemical reactions 

happened, as illustrated by the following excerpt: 

Interviewer: So why does this reaction happen?  
Marley: Why does it happen? I know how, but the why part is the one I am not 
sure of. I don’t know why. 
Interviewer: Can you try to make a guess? We have two reactants here, why do 
they react to produce the products? 
Marley: Well, my guess would be basically you have this strong acid. You have a 
weak base. The really strong acid is not that stable. So what you want is to bring 
down the energy of your system to become stable. So by reacting your weak base 
with your strong acid, what you get is a weak acid afterwards. So it’s more stable 
compared to the previous one. 
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Interviewer: Okay. So why do chemicals react to produce the more stable 
products? 
Marley: If it’s more stable, it will like to be in that state than being in an unstable 
state, because if you are in an unstable state, it’s not stable. It doesn’t want to be 
there. 
Interviewer: Why? Why doesn’t it want to be there? 
Marley: Why does it not want to be unstable? Okay, now it’s the one I don’t know. 
Why does it want to be stable? That one I don’t know. All I know is they want to 
be stable. 
 

Marley assumed reactions happened because chemicals wanted to be more stable. Even 

when prompted, he could not provide further explanations for why the process led to 

more stable products.  

Marley’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A3. Students who 

expressed this reasoning approach provided clear explanations about how chemical bonds 

broke and formed during the reaction process, but they were unable to build causal 

arguments about why the reactions happened. In thinking about combination reactions, 

these study participants considered different agents and their interactions but often 

ignored important factors. As shown in Figure 6.6, many students who expressed 

conceptual mode M3 along the dimension “how reactions proceed” (i.e., build reasonable 

arguments about how bonds are formed or broken during chemical reactions) often 

expressed similar conceptual modes in other dimensions, with the combination of 

conceptual modes characterized as reasoning mode A3 (Figure 6.2) being the most 

prevalent. 
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Figure 6.6 Conceptual modes commonly expressed by students who built clear arguments about 
how bonds are formed and broken in combination reactions (Conceptual mode M3 in the 
dimension “how reactions proceed”). 
	  

Reasoning Approach A4: Crosby (code name) was an advanced graduate student 

who, unlike students in our previous examples, assumed the combination reaction started 

by random collisions between particles: 

Interviewer: So for this reaction, how does it start? 
Crosby: So the question is how the reaction starts. In the gaseous phase, you got 
those two molecules. So there has to be initial collisions between hydrogen 
chloride gas molecule and ammonium gas molecule. And from that, there will be 
further collisions to form a large precipitate or something. So there has to be that. 
Interviewer: So for the two reactants here, is there any one initiates the reaction? 
Crosby: Um, you know, I don’t like the idea of thinking that a molecule can 
initiate something. To me that’s personifying molecule. What I would say is that 
because ultimately two molecules have to come together, there has to be initially 
some, you know, close proximity on the level of, you know, anxious, or lower. You 
can’t think of one initiating the other. I mean you can describe things in terms of 
how one molecule attacks another, like there is a nucleophilic attack or something 
like that happening, some different types of reactions here. But to me I never like 
the idea of molecules attacking another versus that they ultimately have to be 
together and then overall that’s something that is favorable in terms of what 
bonds are broken and formed. 
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Although Crosby was familiar with the concept of nucleophile attacking, he was critical 

of the anthropomorphic use of this concept. As shown in the following excerpt, he was 

also able to explain the role of multiple agents in the chemical reaction: 

Crosby: So you are going to have, um, you have a proton here. And you’ve got, 
um. Right, this is the idea of a nucleophilic attack. This is something where, like, 
you know, this proton is going to end up over here, something like this. You will 
end up with Cl minus with the NH4.  There is a plus formal charge. And then 
these are adhering together, interactions between there. And then as you have this 
reaction occurring, you would end up with species with lattice of Cl minus and 
ammonium ions, which they are basically all kind of interacting to give a neutral 
crystal. 
[…] 
Crosby: We could say there is a, you know, a partial positive charge. And here is 
partial negative charge. And how to draw that, the sort of way I show to my gen-
chem students, I say like imaging this is a fake cartoon of how much negative 
charge is around here. Most of it stays right here, right? And we call this a polar 
molecule. And so when this right here, which is also going to be more negative 
right here, I am sorry, yeah, more negative. You basically, essentially have what 
goes down to coulombic interaction, just about positive attracts negative. 
 

Crosby not only explained how agents such as polarity, electron density, net and partial 

electrical charges interacted with each other in the formation and breaking of bonds, he 

also built a dynamic explanation based on random collisions between particles. He was 

also capable of building a reasonable argument for why the reaction happened based on 

energetic considerations, although he was unable to built dynamic mechanistic 

explanations to justify the general principles guiding his reasoning: 

Crosby: There has to be a lower net energy in these bonds that are formed here. 
And so that’s also what drives it to overcome this entropy right here and form a 
lower energy product. 
[…] 
Crosby: It’s the idea of potential energy, right? If you are going to stay at higher 
energy, like I said, that’s just the way it is, things roll downhill, right? It doesn’t 
matter if you are talking about chemical potential or gravitational potential 
energy, or voltage, or things like that. You know, naturally things are going to 
move toward a lower state of energy, unless there is some barrier that prevents 
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them doing so. So that’s what happens. That’s just the way it is. There is no really 
more fundamental explanations I have ever read. That explains why it is that 
universe tends to maximize entropy and to minimize energy.  Those are just the 
way things were. I can’t give you more than that. 
 
Crosby’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A4, which was the most 

sophisticated approach we observed in this study when thinking about combination 

reactions. These students generated rich explanations for how and why these types of 

reactions happened, but still struggled to fully back up their arguments without relying on 

teleological ideas or generic rules (i.e., the entropy of the universe increases). As shown 

in Figure 6.7, many students who expressed conceptual mode M3 along the dimension 

“how reactions proceed” (i.e., build reasonable arguments about how bonds are formed 

or broken during chemical reactions) and conceptual mode M4 along the dimension 

“what drives the reaction” (i.e., considered multiple interactive agents in their 

explanations), often expressed similar conceptual modes in other dimensions, with the 

combination of conceptual modes characterized as reasoning mode A4 (Figure 6.2) being 

the most prevalent. 
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Figure 6.7 Conceptual modes commonly expressed by students who built clear arguments about 
how bonds are formed and broken in composition reactions (Conceptual mode M3 in the 
dimension “how reactions proceed”) and considered multiple interactive agents as drivers of the 
reaction (Conceptual mode M4 in the dimension “what drives the reaction”). 
 
 

Decomposition Reaction 

One of the decomposition reactions included in our research instrument involved 

the decomposition of calcium carbonate (CaCO3) into calcium oxide (CaO) and carbon 

dioxide (CO2). Our analysis of study participants’ explanations for this reaction elicited 

the four major reasoning approaches represented as different colored lines in the 

conceptual map in Figure 6.8. In this map, each colored line connects the dominant 

conceptual modes for chemical mechanism and chemical causality that characterize a 

given reasoning approach about decomposition reactions across different dimensions. 
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Figure 6.8 Students’ main conceptual modes associated with different reasoning approaches about 
decomposition reactions. 
 

In general, as shown in Figure 6.9, students with more training in chemistry tended to 

express reasoning approaches with more explanatory power: 
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Figure 6.9 Distribution of reasoning approaches expressed by different groups of students when 
thinking about decomposition reactions. 
 

General chemistry students in our sample usually conceptualized chemical substances as 

physical aggregates, and built explanations for decomposition reactions based on the 

fragmentation of these aggregates. As was the case for combination reactions, there 

seems to be a major shift from general chemistry to organic chemistry in how students 

think about decomposition reactions. In the following paragraphs, we describe core 

features of each major reasoning approach about these types of reactions using student 

cases to provide concrete examples of student thinking within each approach. 

Reasoning Approach A1: Shay (code name) was a general chemistry student 

who assumed that the decomposition of calcium carbonate required energy input: 

Interviewer: So for this reaction, again how does the reaction start? 
Shay: How does it start? OK, so the solid is decomposing. Um, I don’t know. 
Molecules decomposing, is that a good answer? 
Interviewer: Um, how does it start to decompose? 
Shay: How does it start decomposing? Um, I am not sure. The introduction of, 
wait, no, oxygen isn’t added, it has everything there. Um, how does it start? 
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Would that? You can’t really answer everything with like the introduction of 
energy, can you? 
Interviewer: Um, what do you think, in this case? 
Shay: Uh, I don’t know. I don’t know, because that doesn’t really make sense. 
… 
Interviewer: OK. So now can you explain how it starts to break, or decompose? 
Shay: I was always taught that bonds have to have energy added in order for 
them to be broken apart. 
 

Shay did not have a clear idea of how the processes started but considered that energy 

was needed to break bonds. When explaining the reaction process, Shay could not 

provide details about how the reaction proceeded: 

Shay: OK. Um, let’s see. It looks like, maybe a carbon and 
an oxygen, uh, a calcium and an oxygen will bond together. 
Maybe the bond between the carbon and two oxygens, and 
then like the little bridge between them just decompose, or 
brakes apart. So…(long pause) 
Interviewer: OK, break apart and then form the products? 
Shay: Yeah. 
 

Shay assumed that the reactant would simple decompose to form the products but was 

unable to represent the structure of reactants and products. When explaining why the 

reaction happened, Shay relied on teleological arguments as illustrated below:  

Interviewer: OK. So again why does the reaction happen here? 
Shay: Why does the reaction happen? 
Interviewer: Uh huh. 
Shay: Are you allowed to say whether it’s an endothermic or exothermic reaction?  
Interviewer: What do you think? 
Shay: I guess it’s a, if it’s an exothermic reaction, then because it’s reaching a 
more energetic stable state. 
Interviewer: Why do they reach a more energetic stable state? 
Shay: Um, everything wants to be stable. I don’t know why everything wants to be 
stable. Um, I don’t know, it just seems like that. Uh, that’s tricky. Everything in 
nature wants to be as stable as possible, but I don’t know exactly why. 
Interviewer: So you just think that as a rule? 
Shay: Yeah, applied to general science. I guess that doesn’t really make sense to 
endothermic reactions. I don’t know. These are really good questions. It will be 
very interesting to know why, because I don’t know why. I know that they do it, I 
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kind of know how they do it, I can sort of describe it, but I don’t know why they 
are doing this kind of things. 
 

Shay was not sure whether the reaction was exothermic or endothermic. He assumed 

exothermic reactions happened because everything in nature wanted to be more stable. 

Since the rule that products were more stable did not apply to endothermic reactions, he 

could not explain why endothermic reactions would occur. His reasoning was teleological 

in nature and he could not build a causal argument. 

Shay’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A1 for the decomposition 

reaction. These types of students thought of chemical substances as aggregates that 

decomposed by the action of external forces and attained more desirable stable states. 

The extent of the reaction was solely evaluated based on energetic considerations. As 

shown in Figure 6.10, many students who expressed conceptual mode M1 along the 

dimension “how reactions proceed” (i.e., substances simply decompose into smaller 

pieces), often expressed similar conceptual modes in other dimensions, with the 

combination of conceptual modes characterized as reasoning mode A1 (Figure 6.8) being 

one of the most prevalent. However, in this case we observed more variation in student 

thinking along the dimension “why reactions happen,” as a significant proportion of 

students considered that reactions were caused by both external forces and the desire to 

attain more stable states. 
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Figure 6.10 Conceptual modes commonly expressed by students who thought of decomposition 
reactions as simple separation of pieces (Conceptual mode M1 in the dimension “how reactions 
proceed”). 
 
	  

Reasoning Approach A2: Bevin (code name) was an organic chemistry student 

who assumed that the decomposition reaction started by the action of external forces: 

Interviewer: So for this reaction, how does the reaction start? 
Bevin: First this bond would have to break. And then there probably be an 
intermediate step where this calcium takes the oxygen off the CO3. 
… 
Interviewer: So you think those bonds would automatically break? 
Bevin: You probably have to have the right conditions to make them break. 
Interviewer: What do you mean by “right conditions?” 
Bevin: Maybe adding a catalyst to make them break, or adding heat sometimes, 
or water as an activator for the reaction. 
Interviewer: What do you think for this case? 
Bevin: Probably adding heat, that’s my guess. 
Interviewer: If you add heat? 
Bevin: These bonds would break. 
 

Bevin assumed the reaction started with the bonds breaking. She was not quite sure how 

bonds could break. So she guessed probably external forces such as heat or catalyst were 

needed to make chemical bonds break. Although Bevin was aware that some bonds were 
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broken and some bonds were formed during the reaction process, she could not provide 

details about these processes occurred, as illustrated in the following excerpt: 

Interviewer: After it breaks, how does it form the 
products like that? 
Bevin: After this breaks, the calcium is going to, 
probably have a charge on it, plus two, I guess. And 
it wants to gain two electrons to get the octet rule. 
So it would extract this oxygen like that first to get 
the octet. 
Interviewer: Why do those electrons go to the 
oxygen at the first place? 
Bevin: It’s more electronegative than carbon, so it will take the two electrons 
from the bond breaking. 
Interviewer: Okay, and then they would attach to each other? 
Bevin: Yeah. 
 

Bevin seemed to not differentiate between different types of chemical bonds, treating 

ionic bonds as covalent bonds. Her lack of understanding constrained her ability to 

determine how bonds changed and how electrons transferred during the reaction process. 

Bevin seemed to view the reaction process as composed of two parts: bonds breaking and 

bonds forming. Thus, she identified multiple agents that directly caused these processes 

to happen: agents that affected bond breaking processes (external forces and 

electronegativity), and agents that affected bond forming processes (electrical charges). 

However, she was not able to identify relevant interactions among different agents. 

Bevin’s explanations about why the reaction would happen were similar to those 

of Shay’s, as illustrated by the following interview excerpt: 

Interviewer: Okay, why does this reaction happen here? 
Bevin: Calcium has a charge. It wants to be neutral. 
Interviewer: Why do charged chemicals want to be neutral? 
Bevin: Because when they have the eight electrons in the outer shell, they are 
lower in energy. 
Interviewer: So they want to be lower in energy? 
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Bevin: Yeah. 
 

Bevin also used teleological arguments and used anthropomorphic language to explain 

why the reaction happened. In particular, Bevin assumed that chemicals wanted to be 

neutral and lower in energy. Her explanations only considered energetic factors.  

Bevin’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A2. Students who 

expressed this reasoning approach recognized that chemical reactions involved the 

formation and breaking of chemical bonds, but had problems explaining how and why 

these processes took place. They identified several agents that might drive a reaction, but 

built teleological arguments to justify the outcome and thought that a most active agent 

would initiate the process. As shown in Figure 6.11, many students who expressed 

conceptual mode M2 along the dimension “how reactions proceed” (i.e., build spurious 

argument about how bonds are formed or broken during chemical reactions) often 

expressed similar conceptual modes in other dimensions, with the combination of 

conceptual modes characterized as reasoning mode A2 (Figure 6.8) being the most 

prevalent. However, notice that in this case there was wider variability in the dimension 

“what drives the reaction” where similar number of students identified either one single 

agent or two agents typically acting on sequence (bond breaking-bond forming). 
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Figure 6.11 Conceptual modes commonly expressed by students who built spurious arguments 
about how bonds are formed and broken in decomposition reactions (Conceptual mode M2 in the 
dimension “how reactions proceed”). 
 
	  

Reasoning Approach 3: Mason (code name) was an organic chemistry student 

who paid attention to internal interactions to explain how bonds break:  

Interviewer: So again for this reaction, how does the reaction start? 
Mason: I don’t know how it starts. Can I just draw the structure? 
Interviewer: Sure. 
Mason: I honestly have no idea. 
Interviewer: Can you try to make a guess? 
Mason: Oh, wait, yeah. So oxygen has a negative charge on each of those. Since 
calcium has a two plus charge, it also forms a salt with these two. 
 

At first Mason was not sure about how the reaction started. When attempting to draw a 

mechanism, he seemed to assume that the reaction started by the attraction between 

particles with opposite charges, which could break existing bonds in the compound. 

Mason paid attention to the internal interactions instead of seeking for external forces to 

explain the bond-breaking process.  
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When explaining how the reaction proceeded, Mason could clearly represent a 

mechanism for the reaction, as illustrated in the following excerpt: 

Interviewer: Okay, then how is the product formed?  
Mason: Maybe one of the lone pairs on the oxygen will come here or something, 
and meanwhile like the calcium just form a salt with the oxygen. So you are just 
left with carbon dioxide 
and calcium two plus, 
which forms a salt with 
oxygen, as far as I know. 
… 
Mason: I think maybe you would have to provide something else to make it 
happen. I just don’t think this happens spontaneously. Or actually it might happen 
spontaneously because over here these products seem more stable to me because 
everything here has a correct number of bonds. And stuff here you have oxygen 
which has negative charges. 
Interviewer: What do you mean by a correct number of bonds? 
Mason: Carbon likes to make four bonds because then it has formal charges of 
zero. And oxygen likes to make two bonds. It has lone pairs one each of them 
because each also has a formal charge of zero. 
Interviewer: Why does carbon like to make four bonds? 
Mason: Because it has four valence electrons. So it needs to bond with something 
else so it has a full octet. 
 

Mason could clearly explain how chemical bonds broke and formed and how electrons 

transferred during the reaction process. He was also able to identify more than one agent 

involved in the process, such as lone pairs, valence electrons, charges and formal charges, 

and explain how those agents interacted with each other during bond breaking and bond 

forming. However, his explanations of how these agents interacted with each other were 

limited. 

Similarly to Shay and Bevin, Mason used a teleological argument to explain why 

the reaction happened: 

Interviewer: Why does it want the full octet? 
Mason: It’s in a more stable state when it does have a full octet. 
Interviewer: But why do they want to be in a more stable state? 
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Mason: I don’t know. Everything is happier when it’s more stable. 
Interviewer: Why everything is happier when it’s more stable? 
Mason: So you are not looking for bonding with anything else. They are just right 
to me. 
Interviewer: So you mean when chemicals are stable, they won’t bond with others?  
Mason: Yeah. I feel like things want to be more stable because they don’t need to 
react with anything else. They are just happy as they are. 
Interviewer: So when you say happy, do you mean the molecules are really happy? 
Mason: I mean happy as they all have a full octet. They are forming a salt where 
the charges are balanced out. Basically by happy, I mean stable. 
 

Mason assumed that the reaction happened because the products were more stable. 

Although he did not assume that chemicals had feelings such as “happiness,” he could 

not build causal arguments to explain why the formation of stable products was favored. 

Also, he did not take entropic factors into consideration when thinking about the 

decomposition reaction. 

Mason’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A3. Students who 

expressed this reasoning approach provided clear explanations about how chemical bonds 

broke and formed during the reaction process, but they were unable to build causal 

arguments about why the reactions happened. In thinking about decomposition reactions, 

these study participants considered different agents and their interactions but often 

ignored important factors. As shown in Figure 6.12, many students who expressed 

conceptual mode M3 along the dimension “how reactions proceed” (i.e., build reasonable 

arguments about how bonds are formed or broken during chemical reactions) often 

expressed similar conceptual modes in other dimensions, with the combination of 

conceptual modes characterized as reasoning mode A3 (Figure 6.8) being one of the most 

prevalent. However, there was variability in how students judged that the reaction started. 
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Some students, like Mason, assumed that the reaction started with attraction between 

opposite charges, while others assumed that external forces were needed to break 

chemical bonds. Variability was also observed along the dimension “what determines the 

reaction extent,” with some students focused on energetic factors and others including 

entropic considerations although often in spurious ways. 

 

 

Figure 6.12 Conceptual modes commonly expressed by students who built clear arguments about 
how bonds are formed and broken in decomposition reactions (Conceptual mode M3 in the 
dimension “how reactions proceed”). 

 

Reasoning Approach 4: Gilda (code name) was a graduate student who assumed 

that the decomposition reaction started through the random movement of chemical 

particles: 

Gilda: I am assuming this is a spontaneous process without heat applied or 
anything. But maybe because, um, why does it do that? I guess electrons move 
freely from one part of molecule to another. So this one will be an example of 
electrons floating. But it will break the bond because, um, my guess is calcium is 
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two plus. It’s coordinating with two things. And if it can only coordinate with one 
thing, it will be okay as well. 
… 
Gilda: I guess maybe molecules, well, maybe this is we all know particles are 
always moving, well, unless the temperature is at zero kelvin. So your molecules 
tend to move. And maybe at one point, that movement wants to move apart and be 
more freely. So that would make it react to produce more entropic system, 
because at that point, the vibration in small space would now be vibration in 
larger spaces.  
 

Gilda assumed particles were always moving, and at some point, the movement could 

cause chemical bonds to break leading to the formation of other products. As shown in 

the following interview excerpt, Gilda was able to explain clearly how chemical bonds 

broke and formed as well as how the electrons were transferred during the reaction: 

Gilda: This one is a salt. And you form carbon 
dioxide. Well, what you have is calcium two plus. 
That’s an ion separated from carbonate. Then I 
guess forming carbon dioxide would do this. This 
one is still negative two. So you have carbon dioxide 
and calcium oxide, which is two plus and still two 
minus, just ions. I guess it starts by one of your lone 
pairs move towards the carbon and tries to kick out 
one of the oxygens to from a carbon dioxide. And the 
kicked out oxygen stay with the calcium to form calcium oxide. 
 

Gilda was able to identify the main agents driving the chemical process and describe how 

those agents interacted with each other to make the reaction happen. Gilda built 

explanations in terms of random interactions between chemical particles, as shown in the 

following excerpt: 

Interviewer: Okay. So why does this reaction happen? 
Gilda: Well, the idea is normally, for example, delta G is delta H minus delta TS. 
So the higher the entropy is, the more spontaneous things happen. So the more 
spontaneous they are, then it happens. 
… 
Gilda: Maybe they form back calcium carbonate. It’s just that they don’t see 
themselves as much as they were, because basically one is gaseous anyhow, and 
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another is a solid. So they don’t see themselves as much as they used to. So the 
reaction still happens, but maybe at very small chances. They are still forming 
calcium carbonate. It’s just that the breaking apart is much more faster; is much 
more likely since they always see each other. As for calcium oxide and carbon 
dioxide, you have two things. One is solid; one is gaseous. So they don’t see each 
other that much. So they don’t hit each other that frequently.  
 

Gilda assumed that the reaction would go forward because the chemical interactions 

between the product particles were less frequent than those between the reactant particles. 

She was able to properly take into account both energetic and entropic factors when 

discussing reaction extent. 

Gilda’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A4, which was the most 

sophisticated approach we observed in this study when thinking about decomposition 

reactions. These students generated rich explanations for how and why these types of 

reactions happened. As shown in Figure 6.13, many students who expressed conceptual 

mode M3 along the dimension “how reactions proceed” (i.e., build reasonable arguments 

about how bonds are formed or broken during chemical reactions) and conceptual mode 

M4 along the dimension “what drives the reaction” (i.e., considered multiple interactive 

agents in their explanations), often expressed similar conceptual modes in other 

dimensions, with the combination of conceptual modes characterized as reasoning mode 

A4 (Figure 6.8) being the most prevalent. The greatest variability was observed along the 

dimension “why the reaction happens” where half of the students built explanations in 

terms of random interactions of chemical particles (M2), and the other half used 

teleological explanations (M1c). 
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Figure 6.13 Conceptual modes commonly expressed by students who built clear arguments about 
how bonds are formed and broken in decomposition reactions (Conceptual mode M3 in the 
dimension “how reactions proceed”) and considered multiple interactive agents as drivers of the 
reaction (Conceptual mode M4 in the dimension “what drives the reaction”). 
 

Double Displacement Reaction 

The double displacement reaction included in our research instrument involved 

the reaction between silver nitrate (AgNO3) and sodium chloride (NaCl). Our analysis of 

study participants’ explanations for this reaction elicited the four major reasoning 

approaches represented as different colored lines in the conceptual map in Figure 6.14. In 

this map, each colored line connects the dominant conceptual modes for chemical 

mechanism and chemical causality that characterize a given reasoning approach about 

double displacement reactions across different dimensions. 
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Figure 6.14 Students’ main conceptual modes associated with different reasoning approaches 
about decomposition reactions. 
 

As was the case with other types of reactions, students with more training in 

chemistry tended to express reasoning approaches with more explanatory power, as 

shown in Figure 6.15. 
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Figure 6.15 Distribution of approaches for different groups of students 
 

In the following paragraphs, we describe core features of each major reasoning 

approach about the double displacement reaction using student cases to provide concrete 

examples of student thinking within each approach. 

Reasoning Approach 1: Taylor (code name) was a general chemistry student 

who recognized that both reactants were needed for the reaction to happen, and that 

which substance would start the process depended on the reaction set up:  

Interviewer: So for those two reactants, is there any one reactant would initiate 
the reaction? 
Taylor: I don’t know. I think either way do it if you had, um, silver nitrate in the 
first place, and then pour in the salt, or if you have the salt in the first place and 
then pour in silver nitrate, I think either way would start. I don’t know which 
reactant makes it happen, actually. 
Interviewer: What if now you have the silver nitrate solution here, and then you 
pour the sodium chloride solution into that solution. In that case, which one 
would initiate the reaction? 
Taylor: Well, it would be the salt because without the salt, then AgNO3 wouldn’t 
be reacting, but I argued you can say the same for having the salt and then pour 
silver nitrate into it, the salt wouldn’t make the reaction by itself, because you 
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need the material there to create the, your precipitate and your other aqueous 
solution. 
 

In this passage, Taylor did not seem to think of the reactants at the submicroscopic level 

and thus her focus was on how the reactants could be mixed and not how the ions would 

interact in the system.  

As illustrated by the following interview excerpt, Taylor was not so sure about 

what happened during the chemical reaction: 

Interviewer: OK, so what happened if you mix them together? 
Taylor: Um, I don’t know how to explain that complexly, but basically the, um, 
the two aqueous solutions, so like silver nitrate and the salt, break apart. 
Interviewer: You could draw it here. 
Taylor: So if you have AgNO3, and you have NaCl, 
and basically those two combine, and those two 
combine. So basically they just switch partners. So 
then I guess we have them like that, they just kind of 
split down in the middle, and then that one moved here, 
that one moved here. So molecularly, um, I am not 
sure. 
Interviewer: How do they split? 
Taylor: How do they separate in the first place? 
Interviewer: Yeah. 
Taylor: I don’t know. I guess maybe the attraction stronger between the two, and 
they pull them away from each other, or, um, yeah. 
 

Taylor assumed that the two reactants would just switch partners because of attractive 

forces. She did not talk about how the compounds were dissociated in water or how the 

ions would form a precipitate. She was trying to build an explanation that somehow 

matched the chemical equation of the reaction. She assumed that attraction between 

different pieces was the only factor that caused the reaction to happen. Consider this 

interview excerpt: 

Interviewer: So why does this reaction happen? 
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Taylor: Um, because the attraction there is stronger, so when you have them, 
basically attraction, so when you have either of these by themselves, it’s perfectly 
fine. But when you introduce something, that’s a better fit into the environment. 
Um, I am going to guess, they are going to go with Ag and Cl, and then it would 
go with NO3. Because I know this one has minus one, (and) that one is positive 
one, but Ag is transition (metal). So in this case, it would have plus one charge. Cl 
is minus one charge. So even though, um, I am not quite sure why Cl would go 
with Ag instead. But um, OK, I don’t know. I can’t explain it. 
 

Taylor claimed that the reaction happened because of stronger attraction between silver 

ions and chloride ions. She thought this might be due to their electric charges, but when 

she realized that those ions had the same charge, she could generate another explanation. 

Taylor’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A1 for the double 

displacement reaction. These types of students thought of chemical substances as 

aggregates that exchanged pieces due to the different strength of attraction between 

components. As shown in Figure 6.16, many students who expressed conceptual mode 

M1 along the dimension “how reactions proceed” (i.e., substances simply exchange 

components), often expressed similar conceptual modes in other dimensions, with the 

combination of conceptual modes characterized as reasoning mode A1 (Figure 6.14) 

being one of the most prevalent. However, in this case we observed more variation in 

student thinking along the dimensions “how reactions start” and “why reactions happen.” 

Some students, like Taylor, mostly focused on how the reactants had to be mixed to begin 

the process, but other study participants generated diverse arguments, from a single 

starting agent to random collision between ions. Study participants were divided in their 

assumptions about why the reaction happened, with some of them building causal 
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explanations based on attraction between ions and others generating teleological 

arguments based on product stability. 

 

 

Figure 6.16 Conceptual modes commonly expressed by students who thought of double 
displacement reaction involved a simple swapping of pieces (Conceptual mode M1 in the 
dimension “how reactions proceed”). 
 

Reasoning Approach 2: Shawn (code name) was an organic chemistry student 

who assumed that the reaction started by sodium chloride attacking silver nitrate, as 

illustrated in the following excerpt: 

Interviewer: How does the reaction start? 
Shawn: So the sodium chloride is in aqueous solution. So I believe it’s easy to 
dissociate. The sodium chloride is easy to dissociate between the two. And then 
the chloride is likely to attack the silver and then, and like it’s a substitution 
reaction causing the NO3 to leave. But then it’s attracted to this lone sodium. 
Interviewer: So for the two reactants here, do you think is there any one reactant 
would initiate the reaction? 
Shawn: Yeah. I think the sodium chloride does initial thing that would dissociate 
and then react upon the silver nitrate. 
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Shawn assumed that the more easily dissociated sodium chloride was the active agent 

which initiated the reaction by acting on silver nitrate. He applied the idea of 

“nucleophilic attack” to build his explanation: 

Interviewer: Okay, so what would happen? Can you draw 
the process here? 
Shawn: There is some sort of ionic bond there. And then 
there is the NaCl. And again there is ionic bond. These are 
easily free dissociating, sodium and free chloride. This 
negatively charged chloride, let’s see, attacks from the 
opposite direction, forms a bond with the silver, releasing 
this nitrate. And then now it has a negative charge. And the 
sodium is positive. So they get married. 
 

Shawn recognized the presence of ionic bonds in the compounds. He assumed that only 

sodium chloride would dissociate in water, and that the dissociated chloride ions would 

attack silver nitrate from the back to produce the products. He was treating the ionic 

bonds in silver nitrate as covalent bonds and applied a SN2 mechanism to think about the 

double displacement reaction. He identified multiple agents for the reaction, such as ionic 

bonds, charges, nucleophile attacking. However, he was not able to make correct 

connections among those agents to explain the chemical process. 

Shawn built teleological explanations to explain why the reaction happened, as 

illustrated in the following excerpt: 

Interviewer: So why does this process happen? 
Shawn: I would say it’s because of the solution of the salt tends to be corrosive, 
but I guess corrosive isn’t the right word, tends to break apart things and that 
tends to break down the silver nitrate. And chlorine is bonded to the silver and 
then the sodium is bonded to the nitrate. 
Interviewer: So why do they tend to break apart things? 
Shawn: Something about their bonds, probably something about the inherent 
nature of the sodium chloride. I know that separately they are really reactive 
reagents that happen to be well stabilized especially as a solid. But when 
dissolved in aqueous solution, it’s able to dissociate and react with it. 
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Interviewer: Uh huh. So you mean they are unstable when they dissociate in 
solution? 
Shawn: Yes. Like I wouldn’t think that if you just had, I don’t know if you could 
take sodium nitrate and have it be in solid form, but if you just had that solid, you 
have the salt solid, it just kind of smooch together, the solution isn’t going to 
happen. Or not solution, this reaction wouldn’t happen. Or if it would, it would 
happen very, very, very slowly over time.  
 

Shawn seemed to have the assumption that “unstable things tended to keep reacting until 

they became stable things.” He could not go beyond teleological explanations to justify 

why chemicals tend to be more stable.  

Shawn’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A2 for the double 

displacement reaction. Students who expressed this reasoning approach recognized that 

chemical reactions involved the formation and breaking of chemical bonds, but had 

problems explaining how and why these processes took place. They identified several 

agents that might drive a reaction, but built teleological arguments to justify the outcome 

and thought that a most active agent would initiate the process. As shown in Figure 6.17, 

many students who expressed conceptual mode M2 along the dimension “how reactions 

proceed” (i.e., build spurious argument about how bonds are formed or broken during 

chemical reactions) often expressed similar conceptual modes in other dimensions, with 

the combination of conceptual modes characterized as reasoning mode A2 (Figure 6.14) 

being the most prevalent. However, we observed wide variability in the dimensions “how 

reactions start” and “why reactions happen.” When thinking about how the reaction 

started, some students thought that the reaction was initiated by a more active agent (M2a) 

while others invoked attractive interactions between reactants (M3). Since students with 
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this approach viewed the reaction in terms of bonds breaking and forming, normally they 

were able to identify multiple agents that affected the reaction process. However, most of 

them (13 out of 19) could not make connections among those different agents and explain 

how different agents interacted with each other to affect the reaction process.  

 

 

Figure 6.17 Conceptual modes commonly expressed by students who built spurious arguments 
about how bonds are formed and broken in double displacement reactions (Conceptual mode M2 
in the dimension “how reactions proceed”). 
	  

Reasoning Approach 3: Faye (code name) was a first-year graduate student who 

assumed that the double displacement reaction started due to the mutual attraction 

between ions of opposite charge: 

Faye: And then as soon as they encounter each other, so it will be like two 
magnets, you can’t really say one initiates more than the other, you know. 
 

When explaining the reaction process, Faye described how the salts dissociated in water 

and then formed the product: 
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Faye: Well, this reaction starts as you have, like, these two ions dissociating, you 
know, these both dissociating in water because they are both strong electrolytes. 
So now you have aqueous solution silver, sodium, nitrate and chloride ions. And 
now as soon as those ions are formed, this is based on, you know, the energy 
changed involved, and separating your solid molecules from each other, and then 
soluble molecules from each other, like whatever reactions happen to the ions 
soluble, interactions take place. But once that happens, now you have these 
coulombic forces between the aqueous silver and aqueous chloride to produce 
this insoluble silver chloride salt. And then once that’s formed, these are just still 
ions in aqueous solution. Nothing needs to happen for them. It’s that, well, two 
things. You have the solubility of the silver chloride being very low. So it’s going 
to be much more attractive to itself than individual ions to water. So they will 
form that solid which will drive that reaction process. 
 

Faye clearly explained how aqueous silver ion and chloride would combine to form the 

insoluble salt. She was also able to identify multiple agents driving the reaction, such as 

electrolytes, ions, charges, and solubility, as well as explain how those agents interacted 

with each other in the process. However, her explanations were mostly static without 

reference to more dynamic aspects of the interactions (e.g., random movement, molecular 

collisions).  

As shown in the following excerpt, Faye assumed that the reaction happened 

because of the stronger attraction between silver ions and chloride: 

Interviewer: So why does that happen? 
Faye: I guess, you know, the attraction between them is more than the attraction 
they would have for water individually. 
Interviewer: Why do they have stronger attraction? 
Faye: So like why is silver chloride is insoluble but sodium chloride is? 
Interviewer: Uh huh. 
Faye: That’s a good question. They both lose that one electron. I guess, silver 
loses its s electron to make silver plus. I don’t know, maybe because they have the 
full d shell. You know, that makes water to be less attractive to it. I am not sure. 
 

Faye claimed that the silver ion and chloride were more strongly attracted to each other, 

but she was not quite sure why. 



156 

 

Faye’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A3. Students who 

expressed this reasoning approach provided clear explanations about how chemical bonds 

broke and formed during the reaction process, and considered different agents and their 

interactions but often ignored important factors. As shown in Figure 6.18, many students 

who expressed conceptual mode M3 along the dimension “how reactions proceed” (i.e., 

build reasonable arguments about how bonds are formed or broken during chemical 

reactions) often expressed similar conceptual modes in other dimensions, with the 

combination of conceptual modes characterized as reasoning mode A3 (Figure 6.14) 

being one of the most prevalent. However, there was variability in how students judged 

that the reaction started. Some students, like Faye, assumed that the reaction started with 

attraction between opposite charges, while others assumed that external forces were 

needed to break chemical bonds.  
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Figure 6.18 Conceptual modes commonly expressed by students who built clear arguments 
about how bonds are formed and broken in double displacement reactions (Conceptual mode M3 
in the dimension “how reactions proceed”). 
 

Reasoning Approach 4: Parker (code name) was an advanced graduate student 

who assumed that the double displacement reaction started through random collisions 

between the ions: 

Interviewer: So for this reaction, how does the reaction start? 
Parker: Actually this is a substitution reaction. Here we can see that the anions 
and cations, they are being substituted by each other. It means initially the silver, 
which was forming bonds with nitrate, is now forming bonds with chloride. It 
means substitution is taken place. So how does this reaction start? So they are in 
aqueous state. And the products, which are being formed, one of them is in solid 
state, while the other is in liquid state. So if they are in liquid state, they have the 
tendency to collide. That’s why they are colliding and just forming the products. 
… 
Interviewer: Okay. So what do you think would initiate the reaction here? 
Parker: The collision. It can be from both sides. 
 

Parker assumed that the ions were constantly moving in solution and colliding to react. 

As illustrated by the following excerpt, she talked about how the salts dissociated in 

solution and recombined to form the products: 
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Parker: Actually one more thing I would like to add is, these are salts. Salts in 
aqueous states are 100% ionized. They have the tendency to react with water. For 
example, NaCl will be 100% ionized in the form of Na plus and Cl minus. So they 
can easily substitute each other. Similarly if I go for AgNO3, it’s also a salt, so if 
it’s in the aqueous form, it will end up with Ag plus and NO3 minus. And if we go 
for the components, initially NaCl, it’s in the aqueous state. It was not forming 
any precipitate. It was in the liquid form. But when this Ag plus and Cl minus 
combine, they just precipitate out as a solid. AgCl is yellowish white. So it 
precipitates out as a yellowish solid. So the precipitates are just the aggregates of 
the ions. So obviously if we form the aggregates of ions, they have tendency to just 
separate out from the reaction mixture and form the solid. 
… 
Parker: Even if I go more deep in chemistry, so we can see that some of ions, like, 
the mobility is also one of the factor, which affects the reaction, how the reaction 
would take place. So the smaller the cation, the more the hydration energy is. So 
we can see this might be the reason. I am not very sure, because Ag plus, it has 
greater size compared to Na plus. It means this is smaller size. It will allow 
higher hydration energy. What’s the meaning of hydration energy? It means it 
will have the tendency to attract the water molecules around. And if it is 
attracting the water molecules around it, in that case, the size of sodium increases, 
the orbital size, and combination with water. And this will be one, which has high 
mobility. 
 

Parker was able to identify the main agents that would affect the reaction, such as particle 

collisions, salt dissociation, electric charges, ion size, and hydration energy. She was also 

able to explain how those agents interacted with each other to cause to reaction to happen. 

When explaining why the reaction happened, Parker first relied on teleological 

arguments but then was able to build a mechanistic explanation in terms of the relative 

strength of ion interactions: 

Interviewer: Why does the reaction happen? 
Parker: Because the final precipitate, we can see the aggregates of ions, when 
they are in the combined form, they are more stable. And obviously this is a solid. 
It’s out. So it’s one of the driven forces for the reaction. 
Interviewer: Why does Ag form a solid with Cl, but not with nitrate? 
Parker: Because the silver chloride, which is formed, um, why some solids stay as 
solid form, while others stay as aqueous form? It depends on the intermolecular 
forces between them. So if it’s forming a solid state, it means the intermolecular 
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attraction between the silver and chloride is more compared to the intermolecular 
attraction between the silver and nitrate. 
 

Parker assumed that the reaction happened because the products were more stable. When 

prompted, she claimed that the intermolecular forces were stronger in the more stable 

products. 

Parker’s reasoning serves as an illustration of the main conceptual modes 

associated with what we characterized as reasoning approach A4, which was the most 

sophisticated approach we observed in this study when thinking about double 

displacement reactions. These students generated rich explanations for how and why 

these types of reactions happened. As shown in Figure 6.19, many students who 

expressed conceptual mode M3 along the dimension “how reactions proceed” (i.e., build 

reasonable arguments about how bonds are formed or broken during chemical reactions) 

and conceptual mode M4 along the dimension “what drives the reaction” (i.e., considered 

multiple interactive agents in their explanations), expressed two different conceptual 

modes (Figure 6.14) along the dimensions “how reactions start” and “why reactions 

happen.” In dimension “how reactions start,” half of the students assumed the reaction 

started by collisions between ions (Mode 4), and the other half assumed that the reaction 

started by attraction between the ions (Mode 3). In dimension “why reactions happen,” 

half of the students assumed that the reaction happened because of attractive forces 

between the ions (Mode 1a), and the other half assumed that the reaction happened 

because the products were more stable (Mode 1c). 
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Figure 6.19 Conceptual modes commonly expressed by students who built clear arguments about 
how bonds are formed and broken in double displacement reactions (Conceptual mode M3 in the 
dimension “how reactions proceed”) and considered multiple interactive agents as drivers of the 
reaction (Conceptual mode M4 in the dimension “what drives the reaction”). 
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CHAPTER 7 : MAJOR INSIGHTS, LIMITATIONS AND FUTURE 

WORK 

Major Insights 

The main goals of our study were to uncover students’ major conceptual modes 

about chemical mechanism and causality when analyzing different types of chemical 

reactions. In particular, we characterized major conceptual modes expressed by students 

along different core dimensions of progression, and explored students’ reasoning at 

different levels of sophistication in each dimension. These major conceptual modes are 

summarized in Figure 7.1: 

 

Figure 7.1 Common conceptual modes reflecting increasing level of explanatory power in 
each dimension. 
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a) Chemical mechanism: We explored student reasoning about chemical 

mechanism along the dimensions: how reactions start, how reactions proceed, and when 

reactions stop. In the dimension “how reactions start” our results revealed the common 

use of agentive arguments to explain chemical processes by students at all educational 

levels. These results are aligned with previous findings by different researchers 

(Hatzinikita, Koulaidis, & Hatzinikitas, 2005; Taber & García-Franco, 2010; Talanquer, 

2013). Students tended to identify an active species (the more reactive reactant) or 

external forces (heat, catalyst, etc.) as the agents that initiated chemical reactions.  

In the dimension “how reactions proceed” our results indicated that novice 

learners tended to think of chemicals as physical aggregates that would simply combine 

or break apart during chemical transformations, without a clear idea of what happened at 

the molecular level (Andersson, 1990; Hesse and Anderson, 1992; Sevian and Talanquer, 

2014). This type of assumption was mostly elicited in the explanations of general 

chemistry students. More advanced students tended to conceptualize chemical processes 

as involving bond breaking and bond formation, but their ability to build appropriate 

mechanistic explanations was varied and tended to improve with advanced training in the 

discipline.  

In the dimension “when reactions stop” our results suggested that students did not 

readily think of “dynamic chemical equilibrium” when analyzing all types of chemical 

reactions. Many students held the conception that chemical equilibrium only applied to 

certain types of reactions, and explicit cues (e.g., reactions in solution) strongly 

influenced their ideas about reaction extent. 
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b) Chemical causality: We explored student reasoning about chemical causality 

along the dimensions: why reactions happen, what drives reactions and what determines 

reaction extent. As indicated by previous studies (Wilson, 1993; Taber & Watts, 1996; 

Robinson, 1998; Treagust & Harrison, 2000; Nicoll, 2001; Talanquer, 2006; Talanquer, 

2013), our results along the dimension “why reactions happen” elicited the common use 

of teleological explanations to justify chemical reactivity. Students tended to assume that 

reactions happened because the products were more stable, and were unable to build 

mechanistic explanations using kinetic or thermodynamic arguments. Teleological 

arguments were prevalent in the explanations of all types of participants. 

In the dimension “what drives reactions” our findings demonstrated that most 

novice learners tended to identify one central factor as the cause of chemical 

transformations. Intermediate learners were able to identify multiple factors but neglected 

the possible connections or interactions among such factors. More advanced learners 

could identify critical factors in a process, as well as identify how these factors interacted 

with each other to cause the chemical transformation. 

In the dimension “what determines reaction extent” most study participants built 

explanations merely based on energetic factors, neglecting entropic effects critical to the 

understanding of different types of processes (e.g., decomposition reactions). Participants 

exhibited what can be called an “energetic bias,” building many of their explanations in 

terms of the energetic changes that occurred as a result of chemical reactions. 

Our results revealed that in some dimensions students might use different 

conceptual modes for different types of reactions. For instance, in the dimension “how 
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reactions start,” most students relied on their assumptions of “active-passive agents” to 

build explanations for combination reactions, while they mostly relied on the action of 

external forces to justify decomposition reactions. In general, students built more causal 

mechanical explanations when thinking about double displacement reactions than when 

talking about the other two types of processes. The different nature of chemical reactions 

and their representations seemed to trigger different assumptions about chemical 

mechanism and chemical causality.   

Our results elicited significant progress with chemistry training in the discipline in 

student reasoning about chemical reactions in some areas. For instance, in the dimension 

“how reactions proceed,” students seemed to rapidly progress from a view of chemicals 

as physical aggregates that simply assemble or decompose during chemical reactions 

(mostly held by general chemistry students), to a view in which reactions involve the 

breaking and formation of chemical bonds between specific atoms. However, 

explanations generated by students at intermediate educational stages (e.g., organic 

chemistry) were often spurious. 

Our findings also point to areas in which progress in student reasoning is less 

evident, such as along the dimension “why reactions happen.” In fact, some conceptual 

modes with weak explanatory power seemed to gain strength rather than weaken with 

training in the discipline. That is the case of “teleological assumptions” about the 

reactivity of chemical substances. The “pursuit for energetic stability” was a common 

claim built by study participants to explain why chemical reactions happened, and most 

students were unable to build alternative causal explanations for chemical phenomena.  
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The analysis of dominant conceptual modes along core dimensions of chemical 

mechanism and causality allowed us to develop a framework for analyzing common 

patterns of reasoning about chemical reactions. Although different students expressed 

different ways of reasoning and thinking about chemical reactions, we were able to 

identify common reasoning approaches when thinking about different types of reactions. 

Our findings revealed that students in our sample often relied on “active/passive-agents 

assumptions” to think about combination reactions, attributing needs and wants to those 

agents to justify chemical change. On the other hand, students were more likely to invoke 

the action of external agents when thinking about decomposition reactions, mostly 

focusing on energetic factors and neglecting entropic considerations to explain reaction 

extent. Student thinking about double displacement reactions was more varied, but in 

general students were more inclined to build causal mechanistic explanations based on 

the attractive interactions between ions in solution. 

In all cases, we observed significant differences in the reasoning expressed by 

students with different levels of training in the discipline. To build scientific explanations 

about chemical reactivity, students need to understand and integrate different types of 

concepts and ideas, from chemical bonding to chemical kinetics and thermodynamics. 

Our results suggest that the development of these understanding and knowledge 

integration takes considerable time and does not occur at the same pace along different 

dimensions.  
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Implications 

The main findings of our study have implications for both educational research 

and chemistry teaching.  

a) Implications for educational research: Much research in chemistry education 

has focused on identifying students’ alternative conceptions in “loosely related” topics 

covered in traditional chemical curricula (Sevian & Talanquer, 2014). Recent efforts in 

science education reform highlight the importance of analyzing student understanding of 

crosscutting concepts (NRC, 2013). In addition, research in learning progressions has 

gained interest in recent years. Sevian and Talanquer (2014) have developed a 

hypothetical chemical thinking learning progression for major crosscutting concepts in 

chemistry. Yet more empirical data needs to be collected and analyzed to validate this 

progression. This study used a cross-sectional approach to investigate students’ ways of 

thinking and reasoning about chemical mechanism and causality, which are two of the six 

crosscutting disciplinary concepts defined by the authors. The findings of this study 

provide valuable empirical data for the development and validation of such chemical 

thinking learning progression. 

b) Implications for chemistry teaching: Our results revealed the common use of 

teleological and agentive arguments in students’ explanations. It could be claimed that 

these types of explanations are actually fostered by chemistry educators.  For example, 

language such as “nucleophile attacks electrophile” is commonly used in both chemistry 

textbooks and classrooms. These types of explanations may create an illusion of 

understanding and reduce motivation to seek causal explanations for the phenomena 
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under discussion. Our findings suggest that more opportunities should be created for 

students to build, compare and contrast the explanatory power of different types of 

explanations, both causal and teleological. 

Our results suggest that students experience great difficulty in integrating core 

concepts and ideas about chemical mechanism and causality. Traditional chemistry 

curricula, which focus on isolated topics, promote the development of fragmented 

knowledge structures (DeFever, 2015). Curricular reform in chemistry is needed to 

switch the emphasis on fragmented topics to the analysis of crosscutting concepts. Since 

crosscutting concepts have a wide range of explanatory power, emphasis on these 

concepts may help students to build integrated knowledge structures. 

Chemistry students may also benefit from curricula that take into consideration 

how ideas about different chemical reactions develop. Some naïve ideas about chemical 

processes may better serve as stepping-stones in the understanding of chemical reactions 

than others. For example, students in our sample seemed to more easily understand the 

mechanism of double displacement reactions than the other types of processes. Students 

experienced much more difficulty in building plausible explanations for decomposition 

reactions. From this perspective, our results should be of interest to science educators at 

different educational levels, particularly those involved in curriculum and assessment 

development, and those engaged in the preparation of science teachers and chemistry 

instructors. 
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Limitations and Future Work 

One of the major limitations of our project lay in the cross-sectional design of the 

study, which was not based on analyzing changes in the reasoning of the same group of 

participants over time to investigate how their understanding of chemical transformations 

evolved with more training in chemistry. Our study is only able to provide a “snapshot” 

of different ways of reasoning in chemical reactions at different educational levels. From 

this perspective, our findings are better conceived a map of common ways of reasoning 

about chemical reactions expressed by individuals with different levels of understanding 

of chemistry, than as a blueprint of how such reasoning progresses over time. 

The research instrument used in our investigation might also pose some 

limitations. We attempted to investigate students’ in-depth thinking and understanding 

about chemical reactions using semi-structured interviews. Although study participants 

were encouraged to think aloud during the interviews, what was captured in the process 

were students’ expressed explanations and not actual thoughts. How clearly students 

expressed their thinking and understanding strongly depends on personal characteristics, 

motivation to complete the task, and communication skills of both the interviewer and the 

interviewee. 

Another limitation lies in the sampling method used in our study. In this 

investigation we used convenience-sampling method by recruiting volunteers to 

participate in the study. Since the sampling method is non-random, the results from 

different groups of participants may not necessarily be representative for the respective 

educational levels. In addition, the time-consuming nature of interview studies poses 
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limitations on the sample size. We had a relatively small sample size at each educational 

level, which also limits the representativeness and generalizability of our findings.  

The process of data analysis might also pose some limitations. In this study, one 

researcher analyzed and coded all the transcripts. Although a co-researcher also analyzed 

a significant subset of the transcripts, and codings were compared and contrasted, the co-

researcher might not necessarily have the same interpretations of all the other transcripts. 

Finally, the ways students think and reason about chemical reactions are very complex 

and dynamic. The analysis of our data allowed us to identify and characterize the most 

common ways of reasoning about different types of chemical reactions, but not all 

individual reasoning approaches.  

Given the limitations discussed above, this study could be extended in a few 

directions. First, the results of our cross-sectional study provide valuable information 

onto which learning progressions about understanding of chemical reactions and 

chemical reactivity could be built. A project with a longitudinal design focused on 

investigating how students’ learning and understanding evolve with training in chemistry 

would provide further information in the development and validation of learning 

progressions in this area. It would be interesting to compare individual students’ learning 

pathways with the learning pathways that can be inferred from our map of major 

conceptual modes. 

The results from our study uncovered some elements in the thinking about 

chemical reactions and chemical reactivity that were particularly challenging for students. 

Further research could be done to explore the extent to which different teaching practices 
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reinforce or help to overcome such challenges. Specific interventions based on different 

teaching strategies could be designed to compare and contrast student learning outcomes 

using our conceptual mode map as an analytical framework.  

Finally, considering the limited time frame of interviews, our interview protocol 

mainly focused on student reasoning about basic chemical reactions introduced in general 

chemistry courses. As future work we propose to extend this study to other areas such as 

reactions in organic chemistry and biochemistry. We would be interested in exploring 

how students’ expressed conceptual modes vary depending on the types of chemical 

processes under analysis.  
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APPENDIX A: INTERVIEW PROTOCOL 
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APPENDIX B: EXAMPLE INTERVIEW TRANSCRIPT WITH CODING 
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APPENDIX C: HUMAN SUBJECT APPROVAL 
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APPENDIX D: CONSENT FORM 
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