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2. ABSTRACT 

In order to support the development of learning progressions about central ideas 

and practices in different disciplines, we need detailed analyses of the implicit 

assumptions and reasoning strategies that guide students’ thinking at different educational 

levels. In the particular case of chemistry, understanding how new chemical substances 

are produced (chemical synthesis) is of critical importance. Thus, we have used a 

qualitative research approach based on individual interviews with first semester general 

chemistry students (n = 16), second semester organic chemistry students (n = 15), 

advanced undergraduates (n = 9), first year graduate students (n = 15), and PhD 

candidates (n = 16) to better characterize diverse students’ underlying cognitive elements 

(conceptual modes and modes of reasoning) when thinking about chemical synthesis. Our 

results reveal a great variability in the cognitive resources and strategies used by students 

with different levels of training in the discipline to make decisions, particularly at 

intermediate levels of expertise. The specific nature of the task had a strong influence on 

the conceptual sophistication and mode of reasoning that students exhibited. Nevertheless, 

our data analysis has allowed us to identify common modes of reasoning and assumptions 

that seem to guide students’ thinking at different educational levels. Our results should 

facilitate the development of learning progressions that help improve chemistry 

instruction, curriculum, and assessment. 
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1. CHAPTER 1: THE RATIONALE 

In recent years there has been an increased interest in developing learning 

progressions of core disciplinary concepts in the sciences with the promise of improving 

instruction, curriculum, and assessment. These progressions are “descriptions of the 

successively more sophisticated ways of thinking about a topic that can follow one 

another as children learn about and investigate a topic over a broad span of time” (NRC, 

2007, p. 219). These learning progressions focus on the development of coherent 

scientific knowledge and practices over time, as opposed to focusing on isolated facts or 

pieces of information students should know (Smith, Wiser, Anderson, & Krajcik, 2006). 

They are important because they provide coherence for the development of curriculum, 

instruction, and assessment in a way that is based not only on what students should know 

but on students’ actual ideas, helping students move toward more expert ways of thinking 

(Krajcik, 2012). Learning progressions for many different topics in the sciences have 

been developed, but there is debate about what exactly a learning progression is, how 

progress can be characterized, and how learning progressions should be developed 

(Duschl, Maeng, & Sezen, 2011). 

In order to develop useful learning progressions we need to better understand how 

students’ conceptualize and reason at various stages of training in a discipline. A detailed 

analysis of the implicit assumptions and reasoning strategies used by students at different 

educational levels is needed to support such development work (Talanquer, 2009). In 

order to accomplish this goal, we need to map the conceptual modes and the modes of 

reasoning students actually exhibit when reasoning through questions and problems in 

core areas of interest.  



14 

 

In the particular case of chemistry, understanding chemical processes and how 

new chemical substances are produced (chemical synthesis) is of critical importance. 

Modern society depends heavily on our knowledge of chemical synthesis, whether we 

wish to create new medicines, develop special materials like Kevlar, or understand how 

to manage the waste produced by a power plant. Because chemical synthesis arises in a 

variety of real world problems, many different scientific professions require an 

understanding of this field. In educating future scientific professionals about chemical 

synthesis, it is crucial to teach students how to effectively develop their prediction, 

explanation, and decision making skills. To carry out this teaching effectively, we require 

meaningful pedagogical tools based on a clear understanding of students’ actual ideas and 

reasoning patterns from a diverse range of educational stages. 

Students’ knowledge and misconceptions of ideas related to chemical synthesis 

have been separately investigated in high school students (Kind, 2004), undergraduate 

students (de Arellano & Towns, 2014; Ferguson & Bodner, 2008; Sendur & Toprak, 

2013), and graduate students (Bhattacharyya & Bodner, 2005; Bowen, 1990; Bowen & 

Bodner, 1991; Raker & Towns, 2012a, 2012b). Much research in chemistry focuses on 

students’ explicit knowledge. However, implicit cognitive elements are highly influential 

in the process of learning and there has been a call for research that explores student 

thinking to better understand these implicit cognitive elements in chemistry (Taber, 2014). 

A more robust understanding of these cognitive elements will facilitate “the design of 

studies to test out teaching approaches that can recruit the most suitable implicit 

knowledge elements to support learning of canonical chemical ideas.” (p. 447). Absent 

from the literature is a qualitative study investigating both the underlying reasoning 
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strategies utilized by students, from a range of educational stages, while solving synthesis 

problems and students’ underlying assumptions about the synthesis of chemical 

compounds. Thus, the central goal of our study was to explore the answers to the 

following questions: 

• How do students build explanations about the feasibility of chemical 

reactions and make decisions about how to synthesize a chemical product? 

• What conceptual modes (implicit assumptions and knowledge) and modes 

of reasoning (reasoning strategies) do a diverse population of students 

exhibit about chemical synthesis? 

Characterizing a diverse range of students’ conceptual modes and modes of 

reasoning about chemical synthesis will help us build a knowledge base of students’ 

chemical thinking. This research is a foundation which can help support the development 

of learning progressions that emphasize authentic practices in chemistry. The future 

development of these learning progressions may aid in the refinement of curriculum, 

instruction, and assessment to better support student learning. 

This dissertation is organized first with the description of the theoretical 

framework that guided our study in chapter two, followed by our framing of chemical 

thinking in chapter three, then we will introduce the setting, methodology, participants, 

and data analysis of this study (chapter four). In chapter five we will describe our 

findings of the different conceptual modes and modes of reasoning we uncovered. In 

chapter six we will conclude with our major insights, limitations, and implications of this 

research. 
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2. CHAPTER 2: THEORETICAL FRAMEWORK 

In this chapter we will make explicit the theoretical framework that guides our 

study. Oftentimes in science, the assumptions and theories a researcher holds are 

implicitly expressed. For example, when a synthetic chemist characterizes the structure of 

a new compound, the theories of matter—those that allow them to use nuclear magnetic 

resonance to analyze structure, for instance—are not expressed but instead implicitly 

agreed upon by the community of chemists. In the description of our theoretical 

framework, we will describe how human reasoning and thinking have been studied and 

outline theories about the cognitive resources that guide and constrain student thinking. 

These theories framed our project design and analysis of students’ assumptions and 

reasoning strategies.  

Cognitive Resources 

Traditionally chemistry education research has focused on identifying students’ 

misconceptions about a variety of chemistry topics, without necessarily identifying the 

underlying patterns of reasoning that lead to such misconceptions. Following this 

approach, vast lists of student misunderstandings or alternative conceptions have been 

compiled (Duit, 2009; Kind, 2004). In contrast, the framework guiding this study seeks to 

understand the underlying assumptions and reasoning strategies that guide and constrain 

student reasoning and may be responsible for misconceptions at different stages in 

learning (Talanquer, 2006, 2009). For example, a student may express the misconception 

that atoms have the same color as an overall material. This particular idea may be 

sustained by a deeper underlying assumption: that the macroscopic properties of a 
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material result from the weighted average of the properties of its components (Talanquer, 

2008).  

The underlying cognitive elements that guide and constrain thinking have been 

described in the literature in many different ways including: core knowledge (Spelke & 

Kinzler, 2007), implicit presuppositions (Vosniadou, 1994), ontological beliefs (Chi, 

2008), phenomenological primitives (diSessa, 1993), intuitive rules (Stavy & Tirosh, 

2000), fast and frugal heuristics (Todd & Gigerenzer, 2000), and resources (Redish, 

2004). Through everyday experiences we develop cognitive resources that we are 

unconscious of but that aid or constrain our thinking (Taber, 2014). 

This study was framed around mapping the landscape of cognitive resources that 

guide and limit student thinking by characterizing a) the underlying assumptions and 

prior knowledge (conceptual modes) and b) the reasoning strategies (modes of reasoning) 

students demonstrate at different stages in their training in chemistry. Conceptual modes 

describe the different ways in which a system or phenomenon is conceptualized or talked 

about based on underlying assumptions and prior knowledge about relevant entities and 

processes. An individual’s reasoning strategies describe the manner in which ideas are 

put together, and they may include unconscious heuristics and more conscious analytical 

reasoning. In this section and the following sections we will discuss literature on the 

theories that have guided our research about these cognitive resources.  

Research from cognitive and developmental psychology suggests that when 

people interact with an object undergoing an event they build a mental representation of 

the object or event for the purposes of recognition and categorization which can be used 

to interpret and predict outcomes (Baillargeon, Li, Ng, & Yuan, 2009; Gelman, 2009). 
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These mental representations are built using prior knowledge, noticed information or 

perceptual cues, and variable detection (Baillargeon, et al., 2009) along with cultural 

influences such as language cues (Gelman, 2009). Use of these mental representations to 

categorize objects or phenomenon is facilitated by the mapping of metaphors (Bowdle & 

Gentner, 2005), associative thinking (Morewedge & Kahneman, 2010), and analogical 

reasoning (Vosniadou & Ortony, 1989). For example, if we were asked whether the moon 

has a day/night cycle and we did not have prior knowledge about this for the moon we 

could reason by analogy and use our prior knowledge about the earth. If we know that 

earth has a day/night cycle because of rotation about its axis and we know (or assume) 

that the moon rotates about its axis then we might conclude that the moon has a day/night 

cycle. 

The process of categorization allows a person to make difficult reasoning tasks 

manageable by breaking down the problem into meaningful parts (Baillargeon, et al., 

2009). This relies on our ability to identify the most relevant knowledge and cues. Often, 

the most salient feature is utilized and this feature gains more weight in the reasoning 

process. This saliency depends on a person’s underlying representations of the new object 

and also prior knowledge. Thus, features that are salient to an expert may not be salient to 

a novice (Vosniadou, 1989). The intensity or fluency with which salient features can be 

processed influences the weight the item receives in the student’s reasoning (Morewedge 

& Kahneman, 2010). A student may change or deviate from relying on these initial 

salient features only if they have the motivation to do so (GinerSorolla & Chaiken, 1997).  

This process affects how we think about a task or properties of an object, often an 

entity is assumed to have the same properties as the category (Chi, 2008). A person can 
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inappropriately categorize or make categorization based on surface features (Chi, 

Feltovich, & Glaser, 1981) since surface features are often more easily recognized than 

features of the underlying structure (Vosniadou, 1989). 

There is a vast array of prior knowledge and assumptions students bring with 

them at different stages in their training and thus students may pay attention to a vast 

array of salient features. Thus, our approach was framed around understanding the ways 

of thinking that may be triggered by common salient attractors. In the next two sections 

we will describe the literature related to students’ conceptual modes and modes of 

reasoning that influenced our approach to this research. 

Conceptual Modes 

Our analysis of students’ conceptual thinking was guided by three bodies of 

research: the conceptual change literature, research on conceptual profiles, and the 

literature on individuals’ explanatory depth. The literature on conceptual change suggests 

that we use different cognitive elements that support and constrain the development of 

concepts, but there are different perspectives on the level of coherence and the 

contextuality of such elements (D. E. Brown & Hammer, 2008). The conceptual profiles 

literature suggests that the interaction of these cognitive elements may lead to different 

ways of speaking in different contexts (Mortimer, Scott, Ribeiro do Amaral, & El-Hani, 

2014). The research literature on individuals’ explanatory depth indicates that different 

ways of conceptualizing or speaking have different levels of explanatory depth (Mills & 

Keil, 2004). 
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Conceptual Change Literature 

Within the literature on conceptual change we will describe three major 

theoretical perspectives commonly referred to as “framework theories” (Vosniadou, 

Vamvakoussi, & Skopeliti, 2008), “knowledge-in pieces” (diSessa, 1993), and 

“ontological categories” (Chi, 2008). Although in different manners, these different 

theories of conceptual change propose the existence of implicit assumptions that guide 

but also constrain a persons’ thinking.  

In the framework theories approach, individuals’ knowledge systems are assumed 

to be organized as frameworks that have characteristics similar to theories. These theories 

are guided by “presuppositions”, for example, in mathematics the presupposition that 

numbers are discrete constrains thinking about rational numbers. Through enrichment 

mechanisms students build “synthetic models” of numbers which can be viewed as 

misconceptions (such as the idea that longer decimal numbers are bigger, e.g. 1.019 > 

1.2). However, in many everyday scenarios the initial concept of numbers is productive. 

Thus, change from these initial presuppositions occurs slowly. Restructuring the initial 

concept is difficult because the person must learn when that concept can be appropriately 

applied in different contexts (Vosniadou, et al., 2008). 

The knowledge in pieces perspective posits that cognitive systems are complex 

and fragmented with many different elements or pieces, the use of which gradually 

changes. diSessa described these elements as phenomenological primitives, or p-prims. 

An example of a p-prim is “force as a mover” where a student assumes that an object will 

move in the direction that it is pushed. Depending on the scenario this p-prim could lead 

to misconceptions or could instead be appropriate (e.g. an object at rest). In this theory, 
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cognitive systems function through the activation of these elements. Different scenarios 

may activate different sets of these p-prims which may help explain the contextual nature 

of student thinking (diSessa, 1993).  

Chi (2008) described relationships between students’ core beliefs, mental models, 

and their assignment of entities and phenomena to different ontological categories. From 

this perspective, misconceptions are viewed as resulting from the mistaken assignment of 

an entity or phenomenon to a particular category. For example, in students’ underlying 

conceptions, heat is often categorized as an entity or substance instead of as a process; a 

person thinking of heat as a substance could say “close the door, you’re letting the cold 

in”. Chi argues that misconceptions are robust, persistent, and resistant to change because 

these mistaken category assignments infrequently occur in everyday life and there is a 

“lack of awareness, in that students do not realize that they have to shift their assignment 

of a concept to a different category” (p.78). 

Although there is debate about how coherent or fragmented students’ concepts are, 

our framework utilizes elements from these different perspectives with the goal of 

making sense of student thinking (Talanquer, 2013a). Brown and Hammer (2008) 

combined ideas from these theories to posit that conceptual knowledge structures can be 

thought of as complex dynamic systems that may not have overall conceptual coherence 

but instead local explanatory coherence. Our framework assumes that the extent of 

knowledge integration varies based on the prior knowledge and experiences along with 

the nature of the domain or context and can vary between and within individuals 

(Talanquer, 2013a). 
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Conceptual Profiles Literature 

Our research has also been informed by the conceptual profiles literature which 

suggests that the application of different cognitive elements can lead to different ways of 

speaking in different contexts. Although, our perspective is not aligned with every aspect 

of conceptual profiles theories – such as the idea that mental functions are external to the 

individual (Mortimer, 1995), for example – we will outline ideas from this theoretical 

perspective that have framed our research. 

The conceptual profiles literature suggests that a single individual can exhibit 

many different ways of conceptualizing a system or a phenomenon (Mortimer, 1995). 

These different ways of thinking are intertwined with different ways of speaking 

(Mortimer, 2001). From this perspective, multiple meanings for a word or concept can 

coexist for a single person and these different meanings, including commonsense and 

academic ideas, can be applied correctly in different contexts. Learning does not 

necessarily involve replacing old ideas with new ideas, instead it involves identifying the 

context in which a particular concept is appropriate (Mortimer, et al., 2014). For example, 

different ideas about heat could be expressed by the same person in different contexts. 

Mortimer et al. (2014) provided an example of a person in a store asking a salesperson 

for a “warm woolen coat”. This way of speaking implies an idea of heat as a substance 

which is related to temperature, but this way of talking could be useful to communicate 

with the salesperson in the store. The same person could teach about heat in a classroom 

in terms of the transfer of energy that results from dynamic collisions of particles that are 

moving at different speeds. This way of speaking implies an idea of heat as a process. 

Thus, everyday language and scientific language can be appropriate in different contexts.  
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Characterizing a student’s thinking as the result of the application of a particular 

underlying assumption is not meant to imply that the student believes that particular idea 

instead they may talk as if it were an underlying assumption. Thus, our research is not 

necessarily framed around investigating peoples’ core beliefs, instead we are focused on 

uncovering the way students structure their talk and the underlying metaphorical 

assumptions involved in their explanations.  

Explanatory Depth Literature 

Different ways of talking can have different levels of explanatory depth. Research 

from cognitive psychology has found that people tend to overestimate their conceptual 

understanding of objects and phenomena. This tendency has been called the “illusion of 

explanatory depth” and when people are asked to explain the mechanism of how an 

object works (such as a zipper, a water faucet handle, a stapler, or a helicopter) they may 

struggle to provide a detailed explanation to an extent they previously thought they 

understood (Mills & Keil, 2004; Rozenblit & Keil, 2002). According to Vosniadou (2013) 

“learning science requires the ability to understand that the same phenomenon can be 

explained from different perspectives and some of these perspectives have greater 

explanatory power than others” (p. 22). Thus, our research is also framed around 

characterizing the relative explanatory depth of the underlying concepts students express.  

Modes of Reasoning 

In characterizing student thinking it is important to not only understand students’ 

underlying assumptions and knowledge (conceptual modes) but to also understand the 

different ways that students use these ideas to build explanations or make decisions 
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(modes of reasoning). Many different approaches have been taken to characterize student 

reasoning and in this section we will outline two major types of theories: one that focuses 

on the extent to which people rely on implicit versus explicit knowledge and another that 

focuses on the complexity of the connections built between different knowledge elements. 

Heuristic and Analytic Reasoning 

Researchers in cognitive and social psychology on reasoning and decision making 

have theorized dual processes in reasoning. In these theories, at least two types of 

reasoning processes have been described: a more heuristic one which is fast, automatic, 

and unconscious (type 1) and a more analytic one that is slow, effortful, and conscious 

(type 2) ) (Evans, 2008). 

According to Sloman (1996), through these different forms of 

reasoning people can hold contradictory answers to one problem. Optical 

illusions illustrate this phenomenon – for example, an initial fast response 

about the lengths of the lines in the Müller-Lyer illusion could lead a 

person to think that the lines have different lengths. Upon reflection one may 

notice that they are the same length. However, despite knowing that they are the same 

length we may still perceive them visually to be different lengths. 

In type 1 reasoning features of a task are considered one at a time and heuristics 

are maximized to the context of the current task (Evans, 2006). With type 2 reasoning we 

evaluate the task with analytic processes. However, in overall reasoning instead of 

analyzing every possibility we often accept heuristics unless there are good reasons to do 

otherwise. Thus, an individual’s approach to a task is governed by some combination of 
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these different processes where much of reasoning is quickly processed with type 1 

reasoning and then checked (or not) by type 2 reasoning.  

Fast and automatic heuristic reasoning is not limited to novices’ reasoning 

strategies; they can be an important aspect in the reasoning processes of experts (Evans, 

2008; Graulich, Hopf, & Schreiner, 2010). These automatic reasoning processes (type 1) 

can be very productive but they can also give rise to faulty intuition if the more analytic 

processes (type 2) do not detect problems with the heuristic reasoning as they arise. 

According to Morewedge and Kahneman (2010) associative coherence, attribute 

substitution, and processing fluency can lead to these errors and biases in decision 

making and judgment. For example, based on how easily something comes to mind 

(processing fluency) a person may approach answering a difficult question by 

unconsciously substituting it with an easier to answer question (attribute substitution).  

Heuristics have been called “fast and frugal” because they allow a person to 

quickly make decisions and can be highly productive in circumstances of limited time or 

information (Todd & Gigerenzer, 2000). One-reason decision making is an example of a 

fast and frugal heuristic. In this process a person may search for relevant aspects in a 

problem and stop their search once they have found just one reason to base their decision 

on. They could also identify multiple features, compare them, but reduce to one the 

number of features they pay attention to come to a decision. Although heuristics can be 

useful when we have limited time or information they can also result in biases and 

incorrect answers (Talanquer, 2013a). Intuitive rules, such as “More A – More B”, 

underlie many misconceptions students hold in the sciences (Stavy & Tirosh, 2000) and 

in chemistry heuristics such as recognition, representativeness, and reduction have been 
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identified as underlying biases in student reasoning (Maeyer & Talanquer, 2010; 

McClary & Talanquer, 2011). 

Modes of Complexity in Student Reasoning 

Our research has also been informed by researchers who have characterized the 

organization of student thinking by identifying different levels of sophistication or 

complexity in student reasoning and knowledge. Much of this literature, described below, 

has characterized levels of reasoning and the term levels may imply a preference for our 

students to always obtain “higher” levels. Instead our approach was to characterize 

different modes of reasoning with different degrees of complexity (Sevian & Talanquer, 

2014) implying that different modes (including less complex modes) may be appropriate 

in different contexts.  

In evaluating the quality of student work, Biggs and Collis (1982) developed a 

hierarchy of stages of student work (SOLO taxonomy, Structure of the Observed 

Learning Outcome) in many different subjects including history, mathematics, and 

modern languages. They characterized the organization of student answers as different 

stages including pre-structural, uni-structural, and multi-structural based on the number 

of features or concepts a student utilized and their level of integration. This work 

informed studies by other researchers on how to assess student reasoning and 

understanding in STEM fields (Bernholt & Parchmann, 2011; N. J. S. Brown, Nagashima, 

Fu, Timms, & Wilson, 2010; Claesgens, Scalise, Wilson, & Stacy, 2009).  

Brown et al. (2010) described the sophistication and complexity of students’ 

representations of concepts for the purposes of designing an assessment system of 
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students’ scientific reasoning. They characterized different levels of sophistication based 

on how productive or unproductive students’ ideas were, the number of concepts they 

used, whether concepts were combined, and whether different concepts or combined 

concepts were related to each other. For assessment in chemistry, Claesgens et al. cl(2009) 

described different levels of understanding that incorporated both students’ concepts and 

the structure of their knowledge. Bernholt and Parchmann (2011) assessed students’ 

levels of achievement in chemistry based on a hierarchical complexity of students’ 

knowledge. They found that students either described everyday experiences, provided 

facts, identified processes, explained linear cause-effect relationships, or elaborated the 

interplay of multiple variables. Thus in understanding students modes of reasoning it is 

also important to understand their causal reasoning. 

Our work has additionally been influenced by researchers who have described 

students’ causal and mechanistic reasoning in the sciences (Grotzer, 2003; Russ, Scherr, 

Hammer, & Mikeska, 2008). For example, Russ et al. (2008) developed a framework for 

analyzing students’ mechanistic reasoning. According to their analysis of students and the 

literature, mechanistic reasoning involves describing a phenomenon and conditions, 

identifying entities along with their properties and activities, and identifying the spatial 

and temporal organization of these entities. Additionally, in mechanistic reasoning the 

causal actions of agents is considered through the forward or backward chaining of 

events. 

Much of the literature described in this section does not make a distinction 

between students’ conceptual understanding and their reasoning strategies and instead 

combines them. Other researchers have differentiated their analysis along multiple 
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dimensions, for example, von Aufschnaiter and von Aufschnaiter (2003) separately 

investigated student thinking about subject matter content, the complexity of their 

reasoning, and time scales of their thinking. We framed our work around understanding 

both the modes of reasoning and conceptual modes demonstrated by students in the 

context of synthesis. In the next chapter we will outline our framing of chemical thinking 

and discuss our focus on the disciplinary practice of chemical synthesis and crosscutting 

concepts in chemistry. 
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3. CHAPTER 3: CHEMICAL THINKING 

This research was additionally informed by a chemical thinking framework 

focused on how chemists think instead of just on what they know (Sevian & Talanquer, 

2014; Talanquer & Pollard, 2010). Chemical thinking is defined as “the development and 

application of chemical knowledge and practices with the main intent of analyzing, 

synthesizing, and transforming matter for practical purposes” (Sevian & Talanquer, 2014, 

p. 10). In this chapter we will outline our framing of the knowledge, reasoning, and 

practices that define this discipline as a way of thinking instead of just a collection of 

knowledge. We will discuss our focus on major practices of chemists (such as chemical 

synthesis) and the organization of chemical thinking around crosscutting concepts in 

chemistry. We will begin by introducing some philosophy of science and chemistry that 

has influenced this research. 

Philosophy of Science and Chemistry 

The classical hypothetico-deductive model of science often used to describe the 

process of science by science educators (Lawson, 2000) – where systematic observations, 

hypotheses, and experiments capable of invalidating hypotheses are used in order to build 

theory – does not fully or adequately describe the approach that many chemists take to 

research. A study of research chemists’ epistemic beliefs about science has illustrated an 

alternative model of science with characteristics of a building, engineering, or design 

model (Samarapungavan, Westby, & Bodner, 2006). From interviews with individuals at 

different levels of expertise in chemistry they found research chemists described their 

process of science (often of building or designing new materials or instruments) in terms 
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of pragmatic factors and strategic directions. For example, synthetic chemists discussed 

evaluating their work by assessing the plausibility of new ideas based on well-founded 

precedent or the efficiency and elegance of the synthesis. The authors of this research 

have indicated some implication for teaching including paying attention to discipline 

specific characteristics of science: 

one important goal of science education should be to help students understand the 

epistemic norms and values that govern current disciplinary practice within 

different areas of science. We suggest that the current characterizations of the 

nature of science in science education may underrepresent important discipline-

specific or contextual aspects of science and, in turn, hinder students’ 

understanding of the epistemic and pragmatic bases for rational consensus in 

many areas of scientific practice. […] If important aspects of scientific inquiry 

processes vary by discipline within the sciences, students need to understand such 

variations in order to understand disciplinary inquiry. (p. 491)  

Thus, the process of science for chemists is multifaceted; they build theories and 

models in order to explain phenomena but also design and create materials and 

technologies. The terminology “technochemistry” has been used to characterize these 

multiple aspects of chemistry and Chamizo (2013) argues that the idea of chemistry as a 

technoscience “must be incorporated in chemistry education” (p. 158).  

What Are the Activities of Chemists? 

The main practices of chemists include analysis – such as the detection, 

identification, separation, and quantification of substances (Enke, 2001), synthesis – such 

as the design and creation of new substances (Hoffmann, 1993), and non-synthetic 

transformations – such as chemical transformations to harness chemical energy (NRC, 
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2003). Within these core practices there are fundamental activities that chemists 

participate in such as investigation, design, and evaluation. In order to facilitate the 

learning of chemistry in relevant contexts, Sevian and Talanquer (2014) argue that we 

should frame the investigation of student thinking around these core practices and 

activities rather than just identifying misconceptions student have about chemical 

substances and processes. 

How Do Chemists Think? – Disciplinary Cross-Cutting Concepts 

Chemistry education research has historically focused on identifying student 

misconceptions about many fundamental topics in chemistry (Duit, 2009). Alternatively, 

chemical thinking can be organized and analyzed along the major disciplinary 

crosscutting concepts proposed by Sevian and Talanquer (2014): chemical identity, 

structure property relationships, chemical causality, chemical mechanism, chemical 

control, and benefits-costs-risks. Each of these crosscutting concepts corresponds to 

essential questions in the discipline (Figure 3.1), for example, one could think about 

“how do we identify chemical substances?” (chemical identity) or “how can we control 

chemical processes?” (chemical control) while participating in the major chemical 

practices of analysis, synthesis, and transformations. Additionally, these questions shape 

thinking across many different topics in chemistry such as chemical bonding or 

stereochemistry. These crosscutting concepts have been described as critical organizing 

constructs for understanding chemical thinking and the evolution of student thinking in 

chemistry. We will now describe each of these crosscutting concepts and the literature on 

how students think about them. 
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Figure 3.1 Crosscutting concepts in chemistry and corresponding essential 

questions (Sevian & Talanquer, 2014) 

Chemical identity. “How do we identify chemical substances?” In order to detect 

or identify substances, make judgments about how to select reagents for a synthesis, or to 

compare the feasibility of different chemical processes chemists need to distinguish the 

identity of different compounds. To complete this task it is assumed that all compounds 

have a unique differentiating characteristic (Enke, 2001). In the case of modern chemistry 

the structure of compounds (as determined through many instrumentation techniques) is 

used as a differentiating feature to distinguish compounds (Schummer, 2002; Silverstein, 

Webster, & Kiemle, 2005). Additionally, chemists identify different structures as 

belonging to different classes of compounds with different reactivity patterns (Zweifel & 

Nantz, 2007). Previous research has shown that students often identify substances by 
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focusing on the history of a material, surface similarities between materials, or how a 

material is used instead of its chemical or physical properties (Ngai, Sevian, & Talanquer, 

2014). Additionally, students often reduce the complexity of an activity by focusing on 

one factor in order to differentiate between the compounds involved (Maeyer & 

Talanquer, 2010). 

Structure Property Relationships. “How do we predict the properties of materials?” 

In order to analyze the structure of a compound or synthesize a material with a particular 

property an understanding of the relationship between the structure of a compound and its 

properties is essential (Cooper & Klymkowsky, 2013; Talanquer & Pollard, 2010). 

Generally, many properties of materials do not exist in the material’s components instead 

they emerge from the dynamic interactions of particles or structures (Levy & Wilensky, 

2009; Luisi, 2002). However, students tend to view properties of a material as the 

additive result of the properties of its components instead of emerging from interactions 

between components (Taber & Garcia-Franco, 2010; Talanquer, 2008). Additionally, 

students often struggle to construct representations of chemical structures and do not 

necessarily understand that these structures can be used tools to think about the properties 

of materials (Cooper, Underwood, Hilley, & Klymkowsky, 2012). Students tend to focus 

on surface features of a representation (Kozma & Russell, 2005) and have trouble 

transitioning between representations at different scales such as macroscopic, 

submicroscopic and symbolic (Treagust, Chittleborough, & Mamiala, 2003). 

Chemical causality. “Why do chemical processes occur?” It is important to 

consider why a product may form or not during a synthesis reaction. When thinking 

about the causes of chemical transformations chemists consider the likelihood of 
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successful collisions between dynamic particles and the stability or potential energy of 

chemical structures (Atkins & de Paula, 2006; Goodwin, 2009). Previous literature has 

shown that when explaining chemical phenomenon students often describe changes as 

being the result of the actions of an external agent on an object (Andersson, 1986b). 

Additionally, students describe the causes of chemical processes using an octet 

framework where atoms or molecules need or want a full outer shell of electrons - 

reactions happen in order to fulfill the octet rule (Taber, 2013). These teleological 

explanations may aid students in thinking about abstract phenomena and play an 

important role as beginning stepping stones to more elaborate in-depth causal arguments, 

but may also hinder students’ ability or motivation to develop or explore more robust 

explanations (Talanquer, 2013b). 

Chemical mechanism. “How do chemical processes occur?” When reasoning 

about a chemical reaction it is important to consider how a product may form. This type 

of causal reasoning involves considering what happens to the entities involved as a 

reaction proceeds. Chemists build theoretical models based on information about reaction 

rates and the stability of different chemical structures in order to explain and predict how 

chemical reactions occur (Clayden, Greeves, Warren, & Wothers, 2001). These models 

often involve electron pushing formalism to reason about mechanisms (Bhattacharyya, 

2013). Previous research on students’ ideas about chemical mechanisms has indicated 

that often students consider chemical reactions as occurring through adding or mixing 

together molecules without a detailed model of what could be occurring during the 

reaction (Andersson, 1986a, 1990; Hesse & Anderson, 1992). Students often focus on 

surface features when reasoning through a mechanism and may not attribute meaning to 
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the symbols that are used to represent changes in chemical structure during a reaction 

(Bhattacharyya & Bodner, 2005; Ferguson & Bodner, 2008; Kraft, Strickland, & 

Bhattacharyya, 2010).  

Chemical control. “How can we control chemical processes?” Controlling 

external and internal parameters is important in designing or applying methods to identify 

substances. Additionally, thinking about how and why chemical processes happen is 

important to controlling the outcome of a transformation or synthesis. According to 

Goodwin (2009) “an understanding of theoretical organic chemistry, including both the 

appropriate reaction mechanisms and the impact of the relevant structural features, is 

essential to the effective control of synthetic sequences, and indeed to the whole process 

of synthetic design” (p. 294). Additionally, it is important to consider how to use reaction 

conditions to control a synthesis in order to obtain a desired product (Clayden, et al., 

2001; Kürti & Czakó, 2005). Prior educational research has shown that novice students 

focus on external physical features such as temperature and pressure and reason about 

entities on a macroscopic level when thinking about chemical phenomenon (Kind, 2004). 

Benefits-Costs-Risks. “How do we evaluate the impacts of chemically 

transforming matter?” Modern society benefits from the work of chemists in analyzing, 

synthesizing, and transforming matter but there are also social, environmental, and 

economic costs and risks (Eilks, Rauch, Ralle, & Hofstein, 2013). Evaluating the impact 

of these practices has implications in various contexts such as how we respond to climate 

change, how we obtain and store energy, and how we manage water resources (Eubanks, 

Middlecamp, Heltzel, & Keller, 2009). Research on risk perception shows that feelings 

and emotions influence people’s judgments about risks and benefits and people tend to 
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perceive risks and benefits as inversely related (Finucan, Alhakami, Slovic, and Johnson, 

2000). On topics such as climate change or nuclear power people tend to rely on evidence 

that fits with their cultural-personal values instead of scientific knowledge (Kahan, 

Jenkins-Smith, & Braman, 2011). Although there is not much research on students’ ideas 

about benefits, costs, and risks in science education, research has shown that when 

thinking about socio-scientific issues, such as gene-therapy or cloning, students use 

emotive, intuitive, and rationalistic reasoning independent of their content knowledge 

(Troy D. Sadler & Donnelly, 2006; T. D. Sadler & Zeidler, 2005).  

In this study we focused on the chemical practice of synthesis and the activities of 

designing and evaluating synthesis while students thought about the crosscutting concepts 

of chemical identity, chemical causality, chemical mechanism, and chemical control. In 

the following sections we will review literature on the philosophy of synthesis and 

practicing chemists’ descriptions of synthesis along with a review of the literature on how 

students reason about chemical synthesis. 

Disciplinary Practice: Chemical Synthesis 

The activity of designing and synthesizing compounds is a major enterprise of 

chemistry as evidenced by the number of researchers involved (roughly one third of 

scientists) and the exponential growth of known chemical substances (identified mainly 

through synthesis instead of isolation from natural sources) (Schummer, 1997a, 2004). 

According to CAS there are currently 82 million known and registered unique 

compounds (CAS, 2014). Schummer (1997a) hypothesized that this exponential growth 
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is governed by methodological constraints (such as new substances, models, and methods 

as tools in synthesis) instead of economic interest or man-power. 

Why Do Chemists Produce New Substances?  

Schummer (1997b) analyzed 300 papers in Angewandte Chemie (in which at least 

one new substance was discussed) to identify the authors reasons for the research and 

found the following aims (listed in increasing relative frequency): theory (5-11%, new 

substance as a model for theory), structure typology (11%, focus on describing interesting 

structures such as unusual symmetries), classification (11-16%, new substance is an 

example of a new class of substances), application (18-30%, potential technological 

application in medicine etc. or useful physical/biological properties), and synthesis (42-

45%, new substance was made with goal of improving synthetic methods, creating new 

reagents, or understanding reaction mechanisms to improve synthesis). The main goal of 

synthesis found in these articles was to improve the abilities of synthesis by improving 

synthetic tools such as reagents, experimental methods, and theoretical methods. As 

Nicolaou and Sorensen (1996) state “the science is driven […] by the need to improve 

our ability to synthesize organic molecules in more efficient and economical ways” (p. 7). 

How Do Chemists Produce New Substances?  

Chemists control and manipulate chemical transformations in order to design new 

syntheses. Historically and currently, chemists have described approaches to synthesis in 

different ways and Hoffmann (1991) described the following methods or ways chemists 

have synthesized compounds: 
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 Elemental synthesis: involves mixing two elements to form a new 

compound. 

 Design and chance: is when a synthesis is designed utilizing analogies to 

similar compounds and reactions. The reaction may not work as planned 

and modifications to reaction conditions followed by multiple iterations 

may be necessary to obtain the desired product. 

 Industrial synthesis: involves the creation of materials utilizing easily 

available feedstocks (often from non-renewable resources) where safety 

and cost are paramount.  

 Planned synthesis: A target may not necessarily be chosen for a specific 

purpose but instead made for its intellectual challenge. According to 

Hoffmann this type of synthesis is designed using chemical logic. 

Some of these approaches are more prominently used by chemistry than other 

approaches. For example, Schummer (1997b) classified the description of chemists’ 

approaches to synthesis from 300 Angewandte Chemie papers as either: no statements or 

instructions made by chance (organic: 22%, inorganic: 53%), analogy to authors’ or 

another researchers’ previous publication (organic: 41%, inorganic: 43%), or synthesis 

planned using theoretical reaction mechanisms (organic: 36%, inorganic: 3%). From the 

papers analyzed in this study the major approach these synthetic organic chemists took to 

synthesizing a new compound was to reason by analogy to previous syntheses.  
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Reasoning by Analogy and Mechanistic Theory 

Practical reasoning is central to chemical practice and develops through 

experience (Kovac, 2002; Ramsey, 2004). Reasoning by analogy in synthesis is an 

example of practical reasoning which involves identifying a model reaction similar to the 

reaction under study. The reactivity of the new case can be predicted or the probability 

that it will be successful can be determined by comparing it to the model case. Funding 

for research proposals often hinge on showing the literature precedent that indicates the 

plausibility of a new synthesis. Thus, the practice of chemical synthesis involves learning 

how to reason by analogy. One could think that as synthetic chemistry develops and 

becomes more robust this method of reasoning by analogy will be replaced by reasoning 

using theory. However, Kovac (2002) argues that due to the complex nature of chemical 

reactions, reasoning by analogy can be more effective than utilizing theory to synthesize 

a new compound. He states that “as teachers of chemistry we currently help our students 

learn how to formulate good theoretical arguments. I think we must also explicitly help 

them learn good practical reasoning” (p. 170). 

From these descriptions of chemists’ approaches to synthesis we can determine 

that organic synthetic chemists’ approach to creating new compounds is built on a 

foundation of reasoning by analogy to previous syntheses. Only on a secondary level 

does mechanistic theory aid the synthetic process. However, theoretical reasoning does 

play a role in the synthesis of compounds as a tool to expand the boundaries of known 

ways to construct compounds. Schummer (2004) states, 

Overall, reaction mechanisms have tremendously predictive power regarding the 

synthesis of new substances. Yet, in chemistry such predictions are rarely made to 
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test a theory […] but to provide instructions for chemical synthesis. Rather than 

being tools for deductive reasoning, reaction mechanisms provide sets of 

theoretical possibilities that need to be carefully combined and adapted to certain 

instances of experimental synthesis. In chemical synthesis, like in any truly 

experimental research, experiments are not tools for evaluating theories – instead, 

theories are tools for research experiments, tools for exploring the new. (p.404) 

What Knowledge, Skills, and Tools Do Chemists Use in the Synthesis of New Compounds?  

According to Tontini (2004) “describing the synthesis of a new chemical 

compound, i.e., establishing the experimental conditions under which it forms, finding a 

suitable analytical procedure to isolate it as a chemically pure material, and assigning the 

correct structural formula to it, are the elementary tasks of preparative chemists” (p. 26). 

The synthetic chemist develops skills to propose, evaluate, and conduct synthesis in the 

laboratory. These three steps are intertwined, non-linear, and recursive. Several skills 

necessary to propose and implement a synthesis include the ability to: 

 utilize a toolbox of reactions to reason by analogy to a new case,  

 make structural determinations and utilize structural representations,  

 make qualitative predictions guided by theory (structural theories, mechanistic 

theories, and theories of instrumentation)  

 utilize synthetic strategies such as retrosynthesis,  

 while potentially considering aesthetics, societal, and moral concerns.  

Each of these will be discussed subsequently. 
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Synthetic Toolbox 

In the forward to a textbook on named reactions (Kürti & Czakó, 2005) E. J. 

Corey has written that “the amount of information that is important for chemists working 

at the frontiers of synthesis to know it truly enormous, and also constantly growing. For a 

young chemist in this field, there is so much to learn that the subject is at the very least 

daunting” (p. x). Additionally, he indicates the importance of building a toolbox of 

reaction cases for the synthetic chemist - “recognizing these named reactions and 

understanding their scientific content is essential for graduate students and practicing 

organic chemists” (p. xii). However, technology facilitates the organization of reaction 

cases for the synthetic chemist through the use of reaction search engines (such as 

Reaxys.com or SciFinder.cas.org).  

Chemical Structures and Mechanistic Models 

In addition to a wealth of reaction cases, major advances in organic chemistry 

have led to an increase in synthetic ability; these major advances are structural and 

mechanistic theories (Woodward, 1956). Corey (1989) has elaborated on this to include:  

(1) the formulation of detailed electronic mechanisms for the fundamental organic 

reactions, (2) the introduction of conformational analysis of organic structures 

and transition states based on stereochemical principles, (3) the development of 

spectroscopic and other physical methods for structural analysis, (4) the use of 

chromatographic methods of analysis and separation, and (5) the discovery and 

application of new selective chemical reagents. (p. 3) 

A necessary skill to propose a synthesis is the “mastery of structural organic 

chemistry” (Goodwin, 2009, p. 278). This involves the ability to identify, produce, and 

interpret appropriate compounds and reactions based on the structure of the entities 



42 

 

involved. Structural formulas, characterization of functional groups, catalogs of reaction 

classes, and knowledge of multiple alternative reactions and starting materials that may 

be appropriate to produce a target allow for prediction and explanation of chemical 

reactions as well as a scaffold on which to reason by analogy to previous known 

syntheses. Chemists apply “a sequence of robustly applicable concepts that convert easily 

recognizable structural features into qualitative energy differences” (Goodwin, 2007, p. 

392). These structural features are used as analogies to causal agents to make qualitative 

predictions and allow a chemist to control and manipulate a chemical transformation by 

contrasting alternative options (Goodwin, 2012). 

During the process of developing a synthesis chemists manipulate the reaction 

conditions in order to afford a successful synthesis. To identify appropriate reaction 

conditions chemists utilize conceptual tools about structural features (steric hindrance, 

strain), electronic environment (electron donation/withdrawal, charge dispersion, 

electronegativity), and concepts about molecular classes (nucleophilicity, aromaticity). 

According to Tontini (2004) “these concepts have been normally induced from a large 

number of experimental observations and represent tools which are indispensable to 

present-day research” (p. 28).  

Technological developments in synthetic organic chemistry are facilitated by an 

understanding of electronic and mechanistic theory (Goodwin, 2009; Nicolaou & 

Sorensen, 1996). Mechanisms model the movement of electrons and nuclei in an 

idealized fashion and are useful because they can indicate the structure of intermediates 

and transition states from which qualitative predictions about relative energies of the 

structures can be used to make predictions about reactions. An understanding of the 
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relationships between structure (functional groups, steric/electronic arguments) and 

energy (kinetic/thermodynamic arguments) allows the chemist to utilize structural cues to 

make predictions about reactivity. The relative energy of the transition state is used to 

make arguments of the speed of the reaction (kinetic argument) whereas the relative 

energy of the products and reagents is used to make arguments of the extent of the 

reaction (thermodynamic argument). In predicting the outcome of a reaction different 

structural features may qualitatively differ in energy predictions, making prediction 

difficult (Goodwin, 2009). 

An increased understanding of chemical structures and mechanistic models has 

aided the synthetic process for some chemists. According to Corey and Cheng (1989)  

It was easier to think about and evaluate each step in a projected synthesis, since 

so much had been learned with regard to reactive intermediates, reaction 

mechanisms, steric and electronic effects on reactivity, and stereoelectronic and 

conformational effects in determining products [. . .] It was simpler to ascertain 

the cause of difficulty in a failed experiment and to implement corrections. It was 

easier to find appropriate selective reagents or reaction conditions. (p. 4) 

Theories of Instrumentation 

In order to evaluate the success of a synthesis one must be able to characterize the 

compounds involved in the laboratory. Thus, the investigation of chemical properties is 

an essential part of what it means to do synthesis. Methods have evolved to focus on 

describing the structure of a compound (such UV/vis, IR, MS, NMR, X-ray diffraction). 

The goal of characterization for the synthetic chemist is to differentiate compounds, and 

“structure theory has been an extremely useful tool” (Schummer, 2004, p. 402) to 

differentiate an increasing number of compounds.  
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Synthetic Strategy  

In the context of the synthesis of complex structures another skill that chemists 

utilize is strategy. Numerous strategies have been described in texts such as Warren’s 

disconnection approach which focuses on disconnecting a structure based on functional 

groups synthesizable by well-developed methods (Warren & Wyatt, 2008),  Hanessian’s 

chiron approach which focuses on utilizing chiral starting materials (Hanessian, Franco, 

& Larouche, 1990), Deslongchamps’ approach which focuses on ways to induce 

stereochemical control (Deslongchamps, 1984), and retrosynthetic analysis (Corey & 

Cheng, 1989). In practice, strategies are applied in a non-linear fashion and chemists use 

neither a classical bottom-up nor a top-down search, nor a simple bidirectional 

search, but rather a complex network consisting of the target molecule, possible 

starting materials, shadowy intermediates perceived as potentially useful by the 

chemist, and knowledge about useable reactions and available reagents. The 

search for synthetic pathways does not proceed in ordered small steps from one 

compound to the next, but rather in a random mixture of small and large jumps in 

both synthetic and retrosynthetic directions during which the structure of the 

linking intermediates and starting materials change continuously. (Ihlenfeldt & 

Gasteiger, 1995, p. 2618) 

Retrosynthetic analysis is an iterative process of working backward from the 

target compound toward simpler possible starting materials to identify potential synthetic 

pathways (Corey & Cheng, 1989). In this process complex trees with many possible 

pathways can be generated and the task of the synthetic chemist is to strategically reduce 

the number of pathways to consider as viable candidates by identifying sources of 

complexity and simplifying processes. The greater the simplification of the structure at 

each branch in the retrosynthesis the more elegant the synthesis will be. Identification of 
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strategic bond disconnections may be based on the limitations of current synthetic 

methods. However, new methods can be developed if no current methods exist. 

According to Nicolaou and Sorensen (1996) “if a transformation or a strategic maneuver 

required by the synthetic plan has not been demonstrated before, the plan must rely on the 

development of a suitable synthetic method or tactic to solve the particular problem at 

hand” (p.3-4). 

Corey (1989) has outlined many strategies for simplifying a structure which 

include transform-based, structure-goal, topological, stereochemical, and functional 

group-based strategies. A chemist must learn to consider multiple different factors as "an 

overarching principle of great importance in retrosynthetic analysis is the concurrent use 

of as many of these independent strategies as possible" (Corey & Cheng, 1989, p. 17). 

This simplification of the structure of the target molecule is important because the 

presence of many functional groups could result in undesired reactions due to either 

unwanted reaction with competing functional groups or altered mechanistic pathways 

from the intended general reaction type.  

In the forward synthetic direction the chemist must be able to identify the 

constraints (such as an electron withdrawing group on the reactive group in question) and 

any functional groups that may impede or participate in unwanted reactions. The chemist 

must assess the plausibility of various reactions in a pathway and identify potential 

complications: “at the basis of these plausibility comparisons is the chemist’s 

understanding of both the mechanisms of the proposed reactions and the structural 

features that influence the effectiveness of a proposed reaction. […] Theoretically well-



46 

 

motivated choices between potential synthetic routes can be made, even without being 

able to predict the outcomes of individual reactions” (Goodwin, 2008, p. 181). 

Once implemented in the laboratory additional optimization and re-design of the 

synthetic plan will be necessary because “the precise information necessary for the 

complete and unambiguous evaluation of each step in a possible synthesis is hardly ever 

possible” (Corey and Cheng, 1989, p. 79). During the development and implementation 

of a synthesis a chemist continually evaluates the synthetic plan. Syntheses are often 

evaluated based on the selectivity and yield of the constituent reactions. Additionally, 

chemists evaluate the elegance of a plan based on the efficiency of the transformations in 

terms of atom economy (which compares the atoms necessary to induce a transformation 

relative to the atoms that end up in the desired material) (Trost, 1991). In combination 

with evaluating efficiency Fuchs (2001) has outlined a heuristic – the intricacy quotient – 

in which materials are assigned different degrees of intricacy based on structural features 

and a synthesis is evaluated based on the increase in intricacy of a structure introduced in 

each step of the synthesis. 

According to Goodwin (2012) synthesis necessitates the use of scientific theories 

including mechanistic theories (which facilitate the evaluation of a synthetic route), 

structural theories (the structure of a compound including bond connectivity and three 

dimensional structure necessary to characterize the target compound, reagents, and 

intermediates), and theories of instrumentation (which are necessitated in the 

characterization of a compound’s structure). In order to perform retrosynthetic analysis a 

chemist must be able to reason by analogy to previous reaction but also “exploit his or 
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her understanding of why, and how, organic reactions take place” (Goodwin, 2009, p. 

295). 

Art and Aesthetics 

In addition to the aspects discussed above, chemists have described art and 

aesthetics as being important in synthesis (Corey & Cheng, 1989; Hoffmann, 1991; 

Nicolaou & Sorensen, 1996; Smit, Bochkov, & Caple, 1998; Woodward, 1956). For 

example, “there is excitement, adventure, and challenge, and there can be great art in 

organic synthesis” (Woodward, 1956, p. 158). Furthermore, synthetic chemists consider 

the societal and moral responsibility of creating new substances which include benefit, 

cost, and risk assessments. There are costs associated with synthesis such as economic 

costs - “the overriding imperative in industrial synthesis is cost […] The competitive 

pressure to reduce cost is also the source of much creativity in industrial synthesis” 

(Hoffmann, 1991, p. 12) or environmental costs - “the use of efficient chemical processes, 

preferably those with minimal impact on the environment, is essential” (Grubbs Nobel 

Lecture). There are also both benefits and risks associated with exploring the synthesis of 

new compounds that must be considered by practicing synthetic chemists: 

The dramatic advances in synthetic medicinal chemistry comfort and maintain us, 

and create unparalleled social opportunities (and problems). (Woodward, 1956, p. 

180). 

We have introduced so many transformations and in such measure that we have 

fouled our nest and intruded into the great cycles of this planet. We must face the 

reality that natural evolution proceeds far too slowly to cope with our changes. 

This is a concern that, just as much as utility, should guide the industrial-scale 

syntheses of the future […] Without chemical synthesis, there would be no aspirin, 
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no cortisone, no birth-control pills, no anesthetics, no dynamite. The 

achievements of chemical synthesis are firmly bound to our attempt to break the 

shackles of disease and poverty. (Hoffmann, 1993, p. 73) 

How Do Students Approach Synthesis? 

Although there is relatively little research on students’ approaches to synthesis 

compared to other areas in chemistry, the three research programs of Bhattacharyya, 

Bodner, and Towns have contributed to expanding our understanding especially with 

regard to graduate student approaches to synthesis (Bhattacharyya, 2004, 2014; 

Bhattacharyya & Bodner, 2014; Bowen & Bodner, 1991; Raker & Towns, 2012a, 2012b). 

This research began when Bowen (1990) investigated the types of 

representational systems graduate students utilized while solving synthesis problems. Of 

the seven systems he identified (verbal, pictorial, methodological, principles-oriented, 

literary, laboratory-oriented, and economic) the students focused on methodological 

systems and took an algorithmic approach to combining organic reaction methods to 

propose syntheses. Bowen and Bodner (1991) then investigated how these 

representations were created within a culture to solve synthesis problems. They used a 

“think aloud” procedure with 10 graduate students enrolled in a graduate level synthesis 

course while they completed a number of synthesis tasks. The researchers identified three 

cognitive activities the students participated in while solving the synthesis problems: 

preparation, production, and evaluation. From the analysis of these interviews they 

argued that the knowledge that the individuals constructed to solve problems was based 

on the representations constructed by the culture that posed the problem. Additionally, 
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the strategies used by the individuals to determine which representational systems were 

useful were provided by the culture that developed the problems.  

Through their research on how students solve synthesis problems Bhattacharyya 

and Bodner (2014) gained insight into how this acculturation process occurs. They 

described three factors that facilitated the development of these graduate students into 

practicing synthetic chemists: “(1) the students needed to perceive the material they were 

asked to learn in the course lectures and in other interactions with the professor as “real;” 

(2) they needed to work on authentic activities that provided concrete instruments for 

knowledge construction; and (3) the students needed scaffolding with a more 

knowledgeable other in the form of feedback on the authentic activity” (p.694). 

Raker and Towns (2012b) interviewed eight graduate students and postdocs about 

the types of problems they encounter while doing synthesis research with the goal of 

developing activities and problems for undergraduates that mimic actual problems faced 

in research. They identified three problem types: project level (the rationale for 

synthesizing a compound), synthetic planning (analysis of how a compound could be 

synthesized), and day-to-day problems (problem solving skills needed to actually perform 

synthesis in a laboratory). The students in this study spent more time discussing the day-

to-day problems than the other two types of problems (synthetic planning and project 

level). Additionally, they interviewed these participants on their problem solving with 

“classroom” problems. From this study, the researchers proposed ideas for designing 

undergraduate-level synthesis problem such as designing open-ended problems that 

mirror the practice of organic chemists but that are still appropriate for undergraduates 

(Raker & Towns, 2012a).  
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Although most of the literature on students’ approaches to synthesis has been 

conducted with graduate students, a group in Greece investigated relationships between 

high school students’ working memory and their problem solving in organic synthesis 

(Tsaparlis & Angelopoulos, 2000). Students were limited to using reaction steps that 

were standard reactions in their school textbook. They found that students who could 

remember a longer span of digits (working memory) were able to provide syntheses of 

simple molecules that required more steps to complete given the single-step reactions the 

students were provided. 

Additionally, Flynn (2014) developed synthesis learning activities for an 

undergraduate Organic Chemistry II course and investigated whether students 

approached these problems in a way that followed the author’s intended learning 

outcomes. Although students sometimes used the authors desired problem solving skills 

such as using chemical principles or reaction mechanisms, they instead often solved 

problems by using their familiarity of a particular reaction and tended to not approach a 

problem if it was not familiar. 

Some researchers have focused on students’ misconceptions about organic 

chemistry. Zoller (1990) identified that students often confuse the relative reactivity with 

the relative stability of single, double, and triple bonds. Sendur and Toprak (2013) used 

conceptual change texts to help students overcome common misconceptions in organic 

chemistry. For example, one common misconception about chemical reactions they 

targeted was “when alkyl halides are heated with strong bases such as KOH and NaOH in 

the presence of alcohols, alcohols are generated as the major product” (p. 432). de 

Arellano and Towns (2014) focused on the topic of alkyl halide reactions to uncover 
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student understanding about substitution and elimination reaction mechanisms. They 

listed gaps in students understanding and ranked the incorrectness of students’ claims. 

Bhattacharyya (2014) performed a meta-analysis of the chemical education 

research literature on organic chemistry, chemical reactions, and chemical reactivity 

following Talanquer’s call (2006) to uncover the underlying factors involved in students’ 

misconceptions. He found that many students conceptualized chemical reactions in a 

deterministic way and struggled with multi-variate thinking. With this deterministic way 

of thinking students described chemical reactions as always producing the lowest energy 

product – often driven by teleological forces – and they tended to ignore kinetic features 

of a reaction. Students who struggled with multi-variate thinking focused on only one 

feature of the problem thereby reducing the cognitive load of the problem. For example, 

when proposing chemical syntheses students tended to focus on the reactivity of only one 

functional group and ignored other reactive functional groups that could lead to potential 

side reactions. This example is an instance of students holding an additive framework as 

opposed to an emergent view of chemical processes, as similarly described in other 

chemical processes (Chi, 2005; Talanquer, 2008). In the case of focusing on one 

functional group, reactions were seen as an additive result of combining materials instead 

of considering the interactions of many parts. 

Research has also been conducted to understand how students solve other types of 

problems in organic chemistry such as spectroscopy problems (Cartrette & Bodner, 2010) 

and mechanism problems (Bhattacharyya, 2014; Bhattacharyya & Bodner, 2005; 

Ferguson & Bodner, 2008; Grove, Cooper, & Rush, 2012; Kraft, et al., 2010). 

Bhattacharyya & Bodner (2005) found that although graduate students can correctly 



52 

 

answer mechanistic problems, the symbolism used to solve these problems was often 

meaningless to the student; whereas, this symbolism is especially meaningful to experts 

or professors in the field (Bhattacharyya, 2013). Research on undergraduate students 

(Ferguson & Bodner, 2008) found that these students also did not fully understand the 

formalism used to solve mechanisms even though they could sometimes correctly use this 

formalism.  

Student reasoning has also been explored for students solving organic chemistry 

tasks such as predicting the product of chemical reactions and proposing mechanisms 

(Kraft, et al., 2010). They found three main reasoning types that students used to solve 

these tasks: rule-based, case-based, and model-based. Students tended to use case-based 

reasoning more often than rule-based or model-based reasoning. Students who used rule-

based reasoning tended to be unsuccessful in these problems because although they used 

productive rules such as ‘nucleophiles attack electrophiles’ they tended to solve these 

complex problems by using only a single variable instead of taking a multi-variable 

problem solving approach. Students who used case-based reasoning – for example, 

recalling a specific reaction and attempting to apply it to a problem – tended to be 

successful because “it allowed the students to reproduce a sequence of events without 

necessarily understanding any of the intermediate steps or stages” (p. 288). Additionally, 

they found that the few students who used model-based reasoning – for example, 

applying mechanistic models such as SN1 or SN2 – were successful because they were 

able to break the problem down into manageable chunks. 

Cartrette and Bodner (2010) explored how graduate students and professors 

solved spectroscopy problems in organic chemistry. They found that individuals who 
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were more successful in solving spectroscopy problem: 1) were more consistent in their 

approach to a problem no matter how easy or hard, 2) utilized more of the information 

that was provided to them, 3) wrote out partial solutions as they solved the problems, and 

4) checked their final answer. Conversely, the less successful problems solvers 1) were 

less consistent in their approach to a problem, 2) tended to focus on just one aspect of the 

problem in order to devise a solution, 3) did not write out partial solutions as they solved 

the problems, and 4) did not check their final answer. This previous research suggests 

that the strategies used to problem solve are considerably different for successful and 

unsuccessful problem solvers. 

In this chapter we reviewed research on students’ approaches to synthesis and 

how academic chemists approach synthesis based on published literature and philosophy 

articles on synthesis and chemistry. From this literature we have identified skills and 

knowledge that are important in conducting synthesis. However, in mapping student 

thinking about synthesis we think it is important to capture the ideas students hold before 

they more formally being learning about synthesis in an organic or inorganic chemistry 

course. Thus, for the purposes of characterizing student thinking we decided to explicitly 

investigate only certain aspects of how students approach synthesis. We have framed our 

investigation around how students think about how and why chemical synthesis reactions 

happen while they design and evaluate simple syntheses. 
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4. CHAPTER 4: PROJECT DESIGN 

Methodology 

In this chapter we will describe the methodology we used to uncover students’ 

underlying assumptions and reasoning strategies while solving synthesis problems. 

Research Questions and Methods 

The central goal of our study was to explore the answers to the following questions: 

• How do students build explanations about the feasibility of chemical 

reactions and make decisions about how to synthesize a chemical product? 

• What ways of thinking (conceptual modes: implicit assumptions and 

knowledge, and modes of reasoning: reasoning strategies), do a diverse population of 

students exhibit about chemical synthesis? 

To explore these research questions we utilized a qualitative research approach 

based on individual interviews with students. Qualitative methods, such as semi-

structured interviews, are very useful approaches for educational research to explore a 

new area in a deep and detailed manner that allows for rich descriptions and the 

development of emerging theories (Miles & Huberman, 1994; Seidman, 2006). Since 

very little research has been conducted on student thinking in the context of chemical 

synthesis this was an appropriate approach to these research questions. 

Research Context and Participants 

With the goal of understanding student assumptions and reasoning strategies 

about chemical synthesis we interviewed college undergraduate and graduate students. 

The participants attended the University of Arizona, a large research-intensive state 
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university in the southwestern United States. During the time of data collection there 

were approximately 39,000 undergraduate and graduate students in attendance at this 

university. The student body was 52% female and 48% male. The ethnic diversity was 56% 

Caucasian, 20% Hispanic, 22% other minorities, and 2% unknown1. 

We recruited students in this institution’s department of chemistry and 

biochemistry from a range of educational stages in order to capture diverse modes of 

thinking. Each student was assigned a code for their name made up of two letters: the 

first letter represented their educational level and the second letter to differentiate 

students within each educational level. For example, I-A was the first introduction 

general chemistry student we interviewed. These different groups were: 

a) GCI: first semester general chemistry students (n = 16, named: I-A to I-P), 

b) OCII: second semester organic chemistry (n = 15, named: O-A to O-O), 

c) AdvU: advanced undergraduate students (n = 9, named: U-A to U-I),  

d) 1YG: first-year graduate students (n = 14, named: G-A to G-N),  

e) PhDc: PhD candidates (n = 16, named C-A to C-P). 

The general chemistry students were recruited from two sections of a student 

centered course focused on teaching chemical thinking (Talanquer & Pollard, 2010). 

However, these students were recruited toward the beginning of the semester in order to 

capture student thinking with minimal instruction in college chemistry. The organic 

chemistry students were recruited from five sections of second semester organic 

                                                 

1 Data obtained from UA Factbook: http://factbook.arizona.edu/ for the 2012-2013 school year, retrieved 

on 10/01/2014 
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chemistry (one honors, one majors section). These courses were taught in mainly 

traditional lecture based formats with a discussion section for students to work problems. 

The advanced undergraduates came from a senior level course co-enrolled with graduate 

students which focused on writing organic mechanisms. This course incorporated some 

student centered approaches such as non-electronic “clicker” questions. The first year 

graduate students were recruited from a college teaching course in chemistry and 

represented diverse backgrounds and research interests in chemistry and biochemistry. 

The PhD candidates were recruited from a list of chemistry and biochemistry students 

who had passes their oral exam. They represented 13 different research groups and 11 of 

these student performed synthesis in their research. 

Undergraduates and first year graduates were recruited in the first few minutes of 

a class period with the professor emphasizing the importance of their participation. The 

PhD candidates were recruited by email. All students were volunteers who received no 

grade or monetary compensation except the first year graduate students. Due to a number 

of chemistry education research projects at the time and a small number first year 

graduate students, these students were asked to sign up to participate in a chemistry 

education research project as part of their grade in a college teaching course. However, 

after signing up they were allowed to stop participating at any point and still receive full 

credit.  

Instrument and Data Collection 

Individual semi-structured interviews were used to identify students’ implicit 

assumptions and decision making patterns when provided with chemical synthesis 
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problems. During the interview, the participants were asked three different types of 

synthesis problems:  

• to compare the easiness of chemical syntheses. (4 questions)  

• to evaluate the feasibility of a proposed synthesis. (1 question) 

• to design the synthesis of a compound. (3 questions)  

The specific questions we asked were:  

 

Question 1 (Q1): 
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Question 2 (Q2): 

 

Question 3 (Q3): 
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Question 4 (Q4): 

 

Question 5 (Q5): 
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Question 6 (Q6): 

 

Question 7 (Q7): 
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Question 8 (Q8): 

 

Question 9 (Q9): 
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Additional questions asked during Q2, Q4, Q8, Q9:  

 What (other) factors make this reaction easier than the others?  

 How likely do you think this reaction is? Why? 

 What (other) factors influence this reaction happening (not happening)? Why 

does the reaction happen (not happen)? 

 You said ________, can you tell me more about that? 

 Is there anything else you would like to add? 

Additional questions asked during Q6: 

 What (other) factors influence the feasibility of this reaction? 

 Would this be a high yielding reaction? (If they said the reaction would be 

feasible)  

 You said ________, can you tell me more about that? 

 Is there anything else you would like to add? 

Additional questions asked or statements made during Q3, Q5, Q7:  

 If there is any other material you would like to use just let me know. 

 If we react _____ and _____, how does the product form? How does that 

happen? Why? 

 How likely do you think this reaction is? Why? 

 What (other) factors influence this reaction happening (not happening)? 

 You said ________, can you tell me more about that? 

 Is there anything else you would like to add? 

We designed these qualitative tasks to involve science practices such as 

explaining, predicting, evaluating, and designing which are major aspects of chemists’ 

work (Sevian & Talanquer, 2014). Additionally these questions were created to be open-

ended and could be approached in both intuitive and academic ways. For example, 

question two asked students to compare the easiness of the synthesis of three different 

hydrocarbons. The salient features in this problem that we anticipated novices might pay 

attention were the amounts of materials, size of compounds, or stoichiometry which 
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changed or increased in each synthesis presented. We anticipated that more expert-like 

students might approach this problem by focusing on other salient features such as bond 

strength, enthalpy, entropy, or mechanistic issues. These reactions were written in a 

format that students may have encountered in a high school chemistry course but are also 

very complex syntheses that have an extensive research history and importance in the 

fuel industry (Davis & Occelli, 2007). Thus, we expected this question to elicit diverse 

ways of thinking of synthesis.  

Additionally, this synthesis (Fischer Tropsch synthesis) is typically not part of a 

traditional chemistry curriculum and thus we anticipated that for this question all 

participants would be relatively equally unfamiliar with these exact reactions. However, 

other questions in our interview asked about traditionally taught types of synthesis 

reactions such as substitution versus elimination (question six), 1,2 versus 1,4 addition 

(question nine), or amide formation (question seven). Throughout the interview we used 

relatively simpler looking compounds or structures in order to assess introductory 

students’ assumptions about synthesis and thus did not ask for the synthesis of complex 

looking structures. 

The interviews began with instructions to the students indicating that we were not 

interested in whether they provided right or wrong answers but instead how they were 

thinking through the problems. Thus, students were asked to share as much as possible 

what they were thinking (a think aloud protocol). Students were provided with a periodic 

table and paper to write on. Artifacts, such as participant’s drawings, were also collected. 

During the interview additional questions were posed to the students in order to explore 

their thinking about the feasibility of the chemical synthesis they chose or proposed, how 



64 

 

the reaction might proceed to form the products, and why the synthesis could or could not 

happen. Each interview lasted approximately 20-60 minutes and was audio recorded. The 

audio was transcribed; a prototypical transcript and student writing is presented in 

Appendix A. This research project was approved by the internal review board at this 

institution.  

Prior to implementation of this study, questions were piloted with an introductory 

student, a graduate student, and a professor to test questions for readability, 

understandability, and appropriateness to the context of synthesis. These pilot interviews 

also served as training sessions for the researcher to develop interview skills. Feedback 

from these pilot interviews was used to create the final version used in this study. 

The data was collected from the general chemistry students in the first half of the 

first semester course in fall of 2012 in order to capture students’ ideas about synthesis 

with a minimal amount of instruction in college chemistry. The organic chemistry 

students participated within the last four weeks of the second semester (spring 2012) to 

capture student thinking after an initial year of instruction about synthesis. The advanced 

undergraduate students’ data was collected within the last four weeks of their course up 

to finals week (Fall 2012 and 2013) to capture student thinking toward the end of their 

undergraduate career. Similarly to capture student ideas at the beginning of graduate 

school, first year graduate students were interviewed in their first semester (Fall 2012 or 

2013). PhD candidates participated in the springtime of their third, fourth, fifth, or sixth 

years. 
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Data Analysis 

Transcripts of the interviews were carefully read and tentatively coded to identify 

major themes. An iterative process was employed where the categories of these codes and 

themes were constantly revisited, rethought, and compared as the open coding process 

occurred (Charmaz, 2006). Through this constant comparison process we noticed 

underlying similarities between groups of codes and uncovered underlying thought 

processes students expressed. The web application Dedoose was utilized to perform and 

organize the codes. Participants’ drawings were analyzed in conjunction with the 

transcripts. Constant discussion and reflection involving two researchers was used to 

ensure reliability in the analysis of the data. After this processes, one researcher analyzed 

all transcripts and the second researcher separately analyzed a randomly selected set of 

student answers to prompts (100 of the 639 answers to prompts, 16%). There was 88% 

agreement in the coding of these two researchers for the selected student answers.  

Through the iterative coding process we realized that a thorough analysis of these 

students’ thinking necessitated characterizing two distinct aspects: students’ 

conceptualizations and their reasoning strategies. Interview transcripts were analyzed to 

elicit students’ conceptual modes and mode of reasoning from the students’ overall 

response for each prompt. We also classified the appropriateness of the assumptions 

made (e.g. spurious, valid).  

Conceptual Modes 

Conceptual modes describe the different ways in which a system or phenomenon 

is conceptualized or talked about based on underlying assumptions and prior knowledge 
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about relevant entities and processes. The explanatory depth of a conceptual mode is a 

measure of the conceptual detail of an individual’s ways of explaining about chemical 

entities and processes. We identified the features that were commonly added or removed 

between modes with less to more explanatory depth. To identify these conceptual modes 

we examined the data from the whole group of participants and not just based on years of 

training of the participants in the discipline. A mode with less explanatory depth could be 

expressed by a student with very few or many years of experience. In our analysis we 

accessed students’ modes of thinking through their modes of speaking and writing. These 

conceptual modes will be described in detail in chapter five. 

Appropriateness: Spurious and Valid 

Students’ conceptual modes were also characterized based on how appropriately 

they were applied to a scenario: validly or spuriously. Valid expressions of a mode were 

correct or generally accepted chemical ideas. Spurious expressions of a mode were 

incorrect ideas due to incorrect recall, overgeneralization, or inappropriate application of 

their chemical knowledge to a specific synthesis. 

Modes of Reasoning 

Modes of reasoning is a measure of the level of detail or complexity of a student’s 

decisions, justifications, and explanations. Through the iterative analysis process of these 

students’ responses along with reasoning patterns described in the research literature, the 

following reasoning modes were identified: descriptive, relational, multi-relational, linear 

causal, linear causal with multiple relations, multi-component isolated, and multi-

component integrated. These modes will be described in detail in chapter five of this 
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dissertation. Only questions two through nine were analyzed for mode of reasoning, since 

question one was a general question about synthesis. 

Additionally, the different reasoning strategies an individual student applied 

across their interview were characterized in the following three ways: 

 Identified the number of prompts where a student’s overall mode of 

reasoning was the same, 

 Identified how many different overall modes of reasoning were applied 

across an interview for individual students, and 

 Characterized a student’s interview as either utilizing one main mode, split 

between two main modes, or spread across many different types of modes. 

Interpreting Graphs 

In the results section (chapter five), in addition to quotations illustrating the 

qualitative data, the relative frequency of each conceptual mode or mode of reasoning 

will be summarized in graphs similar to the example graphs presented in this section. We 

will describe how these graphs were made and how to interpret them. The graphs 

presented were made by counting the number of instances of each mode. In Figure 4.1 is 

presented a generic pie chart that could represent data from the whole sample of 

participants. Displayed on each wedge are the number of instances the mode appeared 

followed by the percentage relative to the other modes in comparison. If this data were 

real this graph would tell us that mode C was more prominent relative to modes A and B 

in this sample of students.  
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Figure 4.1 Example relative frequency graph for the whole sample of students 

showing the number of occurrences of each mode and corresponding percentage. 

For each group, such as an educational level or prompt, (Figure 4.2) the data 

were normalized as a percentage for each level (general chemistry students, organic 

chemistry students etc.) within each group because there was a different number of 

students in each level. If this data were real, this graph would indicated that mode A 

became relatively less frequent from group one to group five, mode B increased and then 

decreased in relative frequency, and mode C become more prominent from group one to 

group five.  
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Figure 4.2 Example relative frequency graph for each group showing percentage 

(y-axis) and number of occurrences of each mode (numbers displayed on bars). 

Often when many conceptual modes were identified these modes were grouped 

into organizational categories. As shown in Figure 4.3 the number of instances and 

relative percentage of each mode is presented on the outer ring and the organizational 

categories are presented in the central circle of this graph. In this case, modes A-C are 

part of category one and modes D-F are part of category two. If this were real data this 

graph would tell us that the modes in category two were more prevalent with this group 

of participants and that mode F was the most prominent.  
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Figure 4.3 Example relative frequency graph for the whole sample of students 

showing the number of occurrences per conceptual mode within each organizational 

category along with the corresponding percentage. 

The possible number of instances of a mode for each group are displayed in Table 

4.1. For example, there is a possibility of one instance of each mode per question (n = 9) 

per student (n = 71) totaling 639 possible instances in the whole sample of students for 

each mode. However, for the group of general chemistry students there is a possibility of 

150 instances of each mode since 16 general chemistry students participated in this study 

with nine questions each. Additionally, since 71 students participated in this study overall 

there is a possibility of 71 instances of each mode for each question of the interview (Q1, 

Q2, etc.). 
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Table 4.1 Maximum number of instances of each unique mode per group. 

Group Maximum Number of Instances of each Mode 

Whole Sample 639 

General Chemistry I (GCI) 150 

Organic Chemistry II (OCII) 135 

Advanced Undergraduates (AdvU) 81 

First Year Graduates (1YG) 135 

PhD Candidates (PhDc) 150 

Each Question/Prompt (Q1, etc.) 71 
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5. CHAPTER 5: FINDINGS 

In this chapter we will outline the conceptual modes and modes of reasoning we 

uncovered from our analysis of these students as they worked through these synthesis 

problems. 

Conceptual Modes 

The participants in this study expressed a variety of conceptual modes while 

making decisions about how and why synthesis reactions happen. Nevertheless, common 

conceptual modes emerged from our analysis of the participants’ responses. While 

thinking about chemical synthesis we saw students paying attention to issues related to 

chemical identity, causality, mechanism, and the control of a synthesis. We found that all 

the common assumptions students were making within these areas could be organized 

into a map of students’ conceptual modes (Figure 5.1) which we have assigned as 

different zones in a landscape of thinking about chemical synthesis. Additionally we have 

structured this map, which emerged from student interviews, based on the explanatory 

depth of students’ ideas.   
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Figure 5.1 Participants’ conceptual modes of chemical identity, causality, 

mechanism, and control. 
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This map was organized into groups that tell us how students were first 

conceptualizing the nature of the chemical substances involved and then second their 

vision of why and how synthetic reactions occur. Additionally represented on this map 

are students’ ideas about how they can use reaction conditions to control a synthesis. The 

diagram is organized vertically into these different groups and horizontally students’ 

conceptual modes are presented with a general trend of increasing explanatory depth 

from left to right. Although not represented graphically, the boundaries between these 

categories’ explanatory depth were blurry and there was overlap depending on how each 

individual used each concept. Additionally, the explanatory depth of these conceptual 

modes was not meant to represent how productive an idea was. An idea with less 

explanatory depth could be very productive. For example, one could build a teleological 

explanation when discussing a synthesis but be very productive in synthesizing a 

compound.  

In the following sections we will describe in detail the results for these different 

ways of conceptualizing about chemical synthesis starting with students’ ideas of 

chemical identity. We will start here because students often began their responses by 

identifying and differentiating the substances appearing in the problem.  

Chemical Identity 

As students began approaching these problems their efforts were focused on 

differentiating synthetic options by comparing and contrasting explicit or implicit 

features of the substances represented. We observed that students tended to start these 

problems by paying attention to the nature of these substances in order to differentiate 
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them. This process allowed students to be able to make decisions about how these 

substances may react. Students made different assumptions about how they could identify 

and differentiate substances (Table 5.1). From analysis of the interviews we found one 

way these students differentiated substances was based on their familiarity with a 

particular substance. Another way was based on recognizing a substance as belonging to 

a class of substances. 

Table 5.1 Students’ conceptual modes of identity. 

Mode Description 

A Recognizing Substances (From everyday or academic experiences) 

B Recognizing Substance Classes 

Based on analysis of the frequency of these conceptual modes, participants in this 

sample more frequently identified compounds as belonging to classes (69.8%, 143 

instances) rather than just recognizing a substance as familiar (30.2%, 62 instances). We 

also identified the relative frequency of these conceptual modes at different levels of 

training in chemistry (Figure 5.2). General chemistry students tended to differentiate 

synthetic options based on recognizing a compound they identified as familiar. In 

contrast students in the other educational levels utilized their knowledge of classes of 

compounds to make decisions about synthesis problems. 



76 

 

 

Figure 5.2 Relative frequency of chemical identity conceptual modes across 

different educational levels. 

Additionally, the context in which a particular concept was cued affected the 

distribution of these conceptual modes in this sample of students (Figure 5.3). We saw 

different distributions of these modes for the different questions that we asked. For 

example, in question two, students tended to identify different substances, whereas in 

question five students who identified substances tended to recognize these as belonging 

to a particular substance class. 

 

Figure 5.3 Relative frequency of chemical identity conceptual modes across 

different prompts. 
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It is important to characterize how students were conceptualizing chemical 

identify and what it means to utilize these different conceptions. We will now present 

specific qualitative data illustrating what it means to conceptualize chemical identity 

within each of these modes with different explanatory depth.  

Recognizing substances. In this mode, found in 30% (62 instances) of the 

instances of chemical identity conceptual modes, students conceptualized substances and 

made synthetic decisions by identifying certain materials as familiar from their previous 

experiences. These previous experiences came from either everyday or academic settings.  

Everyday setting. Some students differentiated substances by recognizing 

a compound from everyday experiences. They then made judgments about 

a synthesis based on the familiarity of this compound. Compounds 

common in everyday life or naturally abundant compounds such as water, 

methane, or table salt were often perceived as easier to synthesize. For 

example, a student answered question four by stating: 

I-J Q4: this [NaCl] is the most likely  

Interviewer: ok, and because? 

I-J Q4: because it’s sodium 

chloride and it’s like an 

everyday compound 

This student utilized their everyday experience with sodium chloride 

(table salt) to intuitively answer this question. For another student, this 

way of conceptualizing chemical identity was cued based on their 

familiarity with abundant materials in the world: 

O-B Q2: I would think that it would be pretty likely  

Interviewer: ok, and then any reasons? 
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O-B Q2: I think because it 

makes water and that seems to 

be pretty abundant in the world 

and methane also seems to be 

pretty abundant especially like 

cows make methane a lot I know 

This student recognized water and methane as abundant substances from 

their everyday experiences and utilized an intuitive idea that since these 

substances are abundant their synthesis will be likely.  

Academic setting. Additionally students identified compounds by focusing 

on how familiar a compound was based on their recollection of their 

textbooks or academic experiences. The following quotation illustrates 

this way of conceptualizing identity: 

I-H Q9: the oxygens are in a 

different place um, well I think this 

one looks more likely because this 

one looks, I’ve just seen more things 

that look like this, with the double 

bonded oxygen and the carbons 

attached to a hydrogen and the 

carbons to carbons, this just looks more like things I’m seeing, 

maybe if it’s true or not is a different story, but it just seems more 

like compounds I’ve seen in books 

This student explained their choice by expressing familiarity with a 

particular structure from their textbook. Another student made a decision 

about a synthesis based on their familiarity with methane due to a 

laboratory experience: 

O-A Q2: I think I’ve actually synthesized methane gas before I feel 

like that’s not that difficult of a reaction and that it would be, 

would go forward pretty easily […] I think we actually lit it on fire 

too, yea, yea we did, we did this experiment where we gathered it 

into something and stuck a match in it and you watched it like go, 
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yea it was fun, I don’t know about any of the other two because I 

haven’t done those before 

This student made an intuitive assumption that the synthesis would be 

easier because they could recognize the substance produced from their 

academic experiences.  

We found this conceptual mode was used with different relative frequency by 

students from different educational levels (Figure 5.2) and in different questions (Figure 

5.3). Recognizing substances as familiar was demonstrated more prominently (relative to 

recognizing classes) by general chemistry students, whereas the more advanced students 

tended to utilize the mode of recognizing substance classes. Additionally, recognizing 

familiar substances was more frequently cued by question two than other prompts such as 

question five. In question two, students were asked to compare the easiness of the 

synthesis of methane, propane, and hexane, from carbon monoxide and hydrogen gas. 

Since these compounds are common in everyday life, they are often discussed in the 

classroom in order to make chemical concepts relevant to students. Thus, students may 

have relied on their familiarity with these substances in order to think through this 

problem. Alternatively, in question five students were asked to synthesize a compound 

called ethylamine. Students may not have had specific knowledge about ethylamine, but 

instead relied on their knowledge of the group of compounds called amines.  

Recognizing classes. In 70% (143 instances) of the instances of chemical identity, 

students made decisions based on recognizing a compound as belonging to a particular 

class of substances. Students who demonstrated this mode often either made decisions 

about a synthesis based on their familiarity with the substance class or described the 
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reactivity patterns they associated with the particular class of substances. The following 

quotation illustrates a student making decisions based on their familiarity of a substance 

class: 

O-J Q8: the third one is an epoxide and that 

just doesn’t seem very likely at all because I’ve 

never seen it um I’m not really applying any 

principles that I know for that third one except 

that I’ve never seen that one before 

This student spuriously identified this compound as belonging to the class of substances 

called epoxides and based their decision upon their lack of familiarity with this reaction 

for this substance class. Another student identified a class and described their associated 

reactivity pattern with this way of conceptualizing chemical identity: 

U-A Q9: ok so we usually would have this 

attack here at this position and it think 

that’s the Michael is that? yea I think it’s 

Michael right because the Robinson 

annulations is making that into a big whole 

cycle, so it’s the Michael right, Michael is a 

1,5… 1 2 3 4 5 right, ok um so, I just know 

that this spot is very reactive as an electrophile 

This student based their decision for this synthesis on their familiarity with a class of 

substances that they classified as reacting in a Michael reaction. 

When conceptualizing classes of substances these students made both spurious 

(32.1%, 51 instances) and valid (67.9%, 108 instances) assumptions. For example a 

student correctly identified acid-base reactions in question four: 

O-J Q4: It seems pretty likely because 

it’s just an acid base… what’s the 

word… an acid base reaction 
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However, another student’s selection of reagents for question three incorrectly cued for 

this student the class of organometalic reactions: 

G-J Q3: It’s [AlCl3 + LiH] an organometalic reaction 

if I’m remembering this right 

Across different educational levels (Figure 5.4) we saw that this mode of 

conceptualizing chemical identity was demonstrated in both valid and spurious ways. In 

this sample the relative occurrence of valid assumptions appeared to increase with 

training in the discipline. General chemistry students made mainly spurious assumptions, 

whereas the sophomore organic, advanced undergraduate, and first year graduate students 

utilized more valid assumptions. Finally, the PhD candidates made mainly valid 

assumptions. 

 

Figure 5.4 Relative frequency of spurious and valid assumptions in the mode of 

recognizing classes across different educational levels. 

Across different questions we saw different distributions of spurious and valid 

assumptions (Figure 5.5). For example, question three tended to elicit relatively more 

spurious assumptions whereas question four elicited more valid assumptions. Many of the 

substances in question four are strong acids (HCl, HBr) and bases (NaOH) and many 
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students were able to correctly identify the substances in question four as acids and bases 

(see O-J Q4 quotation above). This terminology is often introduced in high school 

chemistry, where students are expected to memorize the strong acids and bases. Concepts 

about acids and bases are covered repeatedly within a course and across educational 

levels. Since these substances are introduced repeatedly and over a long time span, it is 

not surprising that students were able to correctly identify, for example, HCl as belonging 

to the class of substances called acids. On the other hand question three involved the 

synthesis of lithium aluminum hydride. This compound is often introduced in sophomore 

level organic chemistry as a reagent in synthesis and is easily purchased from a chemical 

company. We expected that the synthesis of this compound (as opposed to its use as a 

reagent) would not be common knowledge for students at any level in our sample. 

Students often inappropriately applied their knowledge of the classes of substances and 

reactions of this compound as a reagent to their synthesis of this compound (See G-J Q3 

quotation above).  
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Figure 5.5 Relative frequency of spurious and valid assumptions in the mode of 

recognizing classes across different questions. 

Chemical Causality 

After identifying substances, students’ efforts turned to analyzing the agents and 

causes of the synthesis. Students’ different conceptual modes of why a synthetic product 

may form emerged from our analysis of the interviews. Based on our analysis, students’ 

ideas about the effects of the action of agents were categorized into three main groups: 

energy related, composition-structure related, and time related (Figure 5.6). This sample 

of students tended to discuss composition-structure related causality (76.1%, 634 

instances) more often than energy related causality (16.7%, 139 instances) or time related 

causality (7.2%, 60 instances). In subsequent sections we will describe these students’ 

ideas about the agents involved in chemical causality and the effects of these agents as 

driving forces in reactions. 
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Figure 5.6 Students’ conceptual modes about chemical causality. 

Causal Agents 

Students considered different types of agents as driving these processes. 

Sometimes these agents were external and we characterized two types: macro scale and 

sub-micro scale. Other agents were internal and were described in either teleological or 

causal terms (Table 5.2).  

Table 5.2 Students’ conceptual modes of the sources of agents. 

Mode Description 

A External Agent Drives Reaction on a Macro Scale 

B External Agent Drives Reaction on a Sub-micro Scale 

C Internal Agent Drives Reaction Teleologically 

D Internal Agent Drives Reaction Causally 
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The distribution of these four modes of causal agents (Figure 5.7) indicated that 

students in this sample utilized a causal internal agent concept for chemical causality 

more often than teleological internal agents or external agents. The relative frequency of 

these modes varied based on the educational level of the students (Figure 5.8). 

Additionally, the context in which students used a concept affected the conceptual mode 

that was cued (Figure 5.9).  

 

Figure 5.7 Relative frequency of causal agent conceptual modes for the whole 

sample. 
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Figure 5.8 Relative frequency of causal agent conceptual modes across different 

educational levels. 

 

Figure 5.9 Relative frequency of agents of chemical causality conceptual modes 

across different prompts. 

To understand student thinking about synthesis it is important to characterize how 

students were conceptualizing the agents involved in chemical causality. Specific 
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(such as pressure, temperature, or human actions) as the cause of a reaction. Additionally 

these students focused on these agents causing macro scale changes to the starting 

materials in a synthesis (such as the phase of a material). For example the following 

quotation demonstrates a student who focused on macro scale changes caused by external 

agents: 

O-K Q3: I’d say perhaps you’d first want to form the 

lithium, aluminum solid by combining the two 

together as a mixture of solids and melting them, melt 

them together to the appropriate um area where they create one phase and 

are together, mixed… and allow them to cool down to be a single solid in 

a single solid phase, and… perhaps add hydrogen gas into the mixture as 

they’re liquid to pressurize the hydrogen gas into a liquid combination of 

the two metals to create the lithium aluminum hydride and then after that 

of course let them combine and cool down so you have a big solid mix of 

lithium aluminum hydride 

This case was a typical example where a student used an intuitive idea that a reaction was 

caused by the actions of a human in mixing, melting, and cooling materials. Another 

student described an external agent (boiling) as a remedy to a perceived problem of solid 

materials in a reaction: 

Interviewer: can you go into a little bit more 

detail about why the solid is problematic in the 

reaction? 

I-B Q8: because solids don’t really, at least I 

don’t, the way I think of it, cause when I think 

of a solid I think of like ice or this desk and I 

think that like if, you could crush them up into 

a little powder and put them together or like 

you can put them in water but they’re not actually like going to become a 

different substance they’re just going to be mixed but like if it’s like boiled 

into its liquid that has a higher chance to come together 

For this student, solid materials were intuitively seen as unreactive and the synthesis was 

caused by the actions of heating the material. 
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Overall this external macro scale mode was demonstrated less than the other 

conceptual modes of agents (Figure 5.7) and was most likely to be utilized by the general 

chemistry students (Figure 5.8) and relatively less frequently by the more advanced 

students. This mode was cued more prominently in the first half of the interview than the 

second half (Figure 5.9). Questions two through four are more like the types of synthesis 

reactions that would be presented in a general chemistry course. Question four tended to 

cue more internal agents (such as atom radius, electronegativity, acid strength) perhaps 

because these exact reactions are likely covered in a general chemistry course, whereas 

the exact reactions in questions two and three are likely very unfamiliar. These questions 

may have cued ideas about external agents if students associated these types of reactions 

with ideas they built in general chemistry about the effect of pressure and temperature on 

substances. Additionally, students may have initially demonstrated less explanatory depth 

about causal agents at the beginning of the interview and then throughout the interview as 

they thought more about what affects a reaction they may have been able to go into more 

elaborate detail about agents in subsequent questions. 

External agents – sub-micro view. Students who discussed external agents in this 

way described these agents as causing changes to the substances on a sub-micro level (14% 

of all agent conceptual modes, 107 instances). For example the following quotation 

illustrates a students’ idea of how an external agent (heat) causes changes to the starting 

material on a sub-micro level (bond formation).  

I-F Q3: heat them up in an attempt to make them bond 

This case is a typical example of a student combining intuitive and academic ideas and 

generating hybrid ideas about the agents that cause chemical reactions. This student 
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identified that bonds will be formed during the reaction, but they intuitively thought that 

heating is needed to form bonds. Another student described an external agent (heat) 

causing a phase change which the student associated with covalent bond breaking as 

described on the sub-micro level:   

Interviewer: Can you explain a little bit more why we 

need to heat the CH3CH2OH? 

I-O Q5: if you heat a liquid enough it will pass its 

vapor pressure curve and will become a gas, you need to do that to excite 

the molecule so that the atoms will then break apart, those with the 

weakest bonds anyway 

This student identified that bonds will be broken during the reaction, but they intuitively 

thought that the phase of matter affected bond breaking.  

Overall this external sub-micro scale mode was demonstrated slightly more often 

than the external macro scale conceptual mode (Figure 5.7). It was also more likely to be 

utilized by general chemistry students (Figure 5.8) and slightly less frequently by more 

advanced students. This mode was cued most prominently in question two and least 

prominently in question four (Figure 5.9). In question two, the increasing stoichiometric 

numbers presented in the problem tended to cue for students that many bonds would need 

to be broken and formed and with this conceptual mode students described these 

processes as driven by external agents such as a human forcing the bonds to form by 

heating. Alternatively, in question four the presence of a highly electronegative fluorine 

tended to cue more discussion of internal agents where the fluorine atom was seen as an 

agent, as will be discussed in the next section.  

Internal agents – teleological. Of the instances of students’ conceptualizing 

agents, 18% (145 instances) were teleological in nature. Students who used this 
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conceptual mode expressed the idea that a reaction was caused by the desires or wants of 

the atoms or compounds involved. These internal agents had a particular purpose. The 

following quotation illustrates this way of conceptualizing agents: 

Interviewer: you said the O minus is unhappy, can you 

tell me more about why it is unhappy? 

U-H Q7: yea because if, I’m going to draw it, so here 

it had two lone pairs and a double bond, here it has 

one double bond still two lone pairs which is only five 

electrons in its valence shell but it wants six so it, it wants another bond to 

equal it’s happy valence 

This student utilized the perceived happiness of an oxygen atom in their explanation of 

their decision. In the following quotation a reaction was described as driven by the 

preferences of the entities involved: 

O-M Q7: the acetyl chloride would prefer to be the amide […] it’s [NH3] 

not really willing to give up the H […] the Cl would very easily want to 

leave and to form the more stable product of the amide 

This student built a hybrid idea by using academic ideas (about structure and stability) 

combined with intuitive assumptions of these internal entities acting with a particular 

purpose. Another student conceptualized internal agents has acting with a particular 

intended purpose for the agent in equilibrium: 

O-D Q2: in terms of Le Chatelier’s 

principle if you have for example a lot 

of starting material then the equilibrium 

shifts in order to balance it to the 

products 

This mode was utilized slightly more frequently than sub-micro scale external 

agents (Figure 5.7). Across educational levels this conceptual mode increased slightly 

with increasing education, peaked in organic chemistry, and then decreased with further 

education, but still persisted with PhD candidates (Figure 5.8). Across different questions, 
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this mode was slightly more prevalent in questions four through nine (Figure 5.9). 

However, it was used relatively least in question two, perhaps because this question 

tended to cue ideas about external agents causing the reaction. Conversely, in question 

four, this mode was utilized more than the external modes. Students tended to describe 

the F, Cl, or Br in this problem as wanting or desiring a certain state due to either their 

electronegativity, radius, or acid strength 

Internal agents – causal. In this conceptual mode, accounting for 56% (442 

instances) of the instances of conceptualizing agents, students described the feasibility of 

a process as due to internal properties of the entities involved and they considered how 

these properties affected interactions with external entities. There were many different 

types of internal properties of entities that students paid attention to as they described 

internal agents (such as the reactivity of an electrophile or the strength of the bonds 

involved). For example, here are two examples where students described internal agents 

causing a process: 

G-M Q4: it would definitely be 

exothermic and I guess that would have 

to do with the bonds formed being 

lower in energy than the bonds already 

existing 

 

U-B Q7: amides are pretty stable like more stable in 

comparison to acyl chloride […] you’d have electron 

withdrawing effects so it would pull charges away 

from the carbon and make it even more electropositive 

than, and vulnerable, especially under basic conditions, attack from 

anything that’s electronegative around 

Graduate student M identified the energy of the bonds as driving the reaction. In this case 

the energy of the bonds were an internal agent driving the reaction. The advanced 
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undergraduate B identified the stability of a structure as driving a reaction. In this case 

the student utilized academic chemical thinking when discussing internal agents causing 

a process. 

An internal causal agent was the most common conceptual mode demonstrated by 

this sample of students (Figure 5.7) and became more prominent with increased training 

in the discipline (Figure 5.8). The occurrence of this mode fluctuated across questions 

but was slightly more prevalent in questions four through nine than questions two and 

three (Figure 5.9). This may be because during an interview a student could initially 

provide less explanatory depth about a concept but when asked again and again in 

subsequent questions how and why chemical reactions happen they began to go into more 

detail about the agents involved in synthetic reactions. 

For this most common and nuanced conceptual mode we characterized the 

appropriateness of students’ assumptions as either valid (52.8%, 314 instances) or 

spurious (47.2%, 281 instances). The above two quotations (G-M Q4 and U-B Q7) are 

examples of valid assumptions. The following quotation is an example of a spurious 

assumption: 

C-D Q4: which would be easier to 

synthesize? it looks like acid base 

reaction so we will go with the one that 

most, like strong acid will be easier 

because I know that hydrogen, 

hydrofluoric acid is a weak acid and HCl, HBr both strong acid but 

according to periodic table looks like Br is more negative, so HBr is more 

strong acid, so I think the last one 

Interviewer: ok cool and do you know why HBr is the strongest acid? 

C-D Q4: because bromo is more electronegative and that will grab more 

electron from the hydrogen so the hydrogen is more easier to get 

dissociated 
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In this case the student described an internal agent (the electronegative “bromo”). 

However, this student incorrectly identified Br as the most electronegative and struggled 

with appropriately applying academic chemical thinking about internal agents to this 

problem. 

We found the relative occurrence of valid assumptions tended to increase with 

further training in the discipline (Figure 5.10) but spurious assumptions were still 

substantially present in the most advanced levels.  

 

Figure 5.10 Relative frequency of spurious and valid assumptions across different 

educational levels for the mode of internal agents – causal. 

The ratio of spurious to valid assumptions tended to be similar for different 

prompts (Figure 5.11), except for question one. In this question students were asked to 

describe what was important in a successful synthesis. Students’ ideas about internal 

causal agents were valid for this question perhaps because of the general nature of this 

prompt.  
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Figure 5.11 Relative frequency of spurious and valid assumptions across different 

prompts for the mode of internal agents – causal. 

Energy Related Causality 

Based on our analysis, one of the ways students conceptualized the effects of 

these agents in causing a synthesis was categorized as energy related. With these energy 

related ideas about causality students tended to focus on the beginning and end states of 

the synthesis to make claims about whether or not a synthesis would happen. From our 

analysis we uncovered different conceptual modes these students used to describe the 

energy related forces they perceived as driving a synthesis (Table 5.3). These different 

modes ranged from discussing syntheses as resulting from the investment of energy to 

discussing the differences in energy as causing the synthesis. In these different ways of 

conceptualizing energy related causes of reactions there was a switch from focusing on 

what has to be put together (Modes A-C) to comparing the likelihood of different 

situations (Modes D-F).  
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Table 5.3 Students’ energy related conceptual modes of causality. 

Mode Description 

Reactions Result from Energy Investment 

A Investing Energy to Combine Amounts  

B Investing Energy to Make Bonds 

C Investing Energy to Overcome Energy Barriers and Break Bonds 

Reactions Result from Energy Differences 

D Differences in Energy 

E Differences in “Entropy” 

F Differences in Energy and Entropy 

Overall (Figure 5.12) the students in this sample tended to focus on describing 

synthesis reactions as resulting from the relative energy difference of the starting material 

and products (56%, 78 instances) slightly more often than resulting from the investment 

of energy (44%, 61 instances). However, across different educational levels energy 

investment modes were the most prominent for general and organic chemistry students 

(Figure 5.13). These energy investment modes became less prominent with increased 

training in the discipline and energy difference modes became more prominent. The 

distribution of these conceptual modes varied with each prompt (Figure 5.14). 
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Figure 5.12 Relative frequency of energy related causality conceptual modes for 

the whole sample. 

 

Figure 5.13 Relative frequency of energy related conceptual modes of causality 

across different educational levels. 
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Figure 5.14 Relative frequency of energy related conceptual modes of causality 

across different prompts. 
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Reactions result from investing energy to combine amounts – In this way of 

conceptualizing causality, found in seven percent (9 instances) of the instances of energy 

related causality ideas, students described the reasons for why a reaction can occur in 

terms of the amount of effort, material, and energy that would need to be exerted to 

perform the synthesis. To these students an easier synthesis involved less materials and 

thus less energy in the process. The following is a prototypical example of this: 

I-G Q2: methane would be easier to 

synthesize simply because, first of all, 

you’re using less reactant, second of all 

because you are using less reactant it 

takes less energy to react between the 

two in order to make the methane and water that comes out of the reaction 

This student made an intuitive assumption that the amount of material affects the easiness 

of a synthesis and when less reactants are needed in the reaction less energy is needed to 

perform the synthesis. Another student stated: 

O-I Q2: It’ll take more energy to make a larger product in a sense and so 

if you have smaller products then it’s going to take less energy and less 

amount so it’s also easier because you don’t need as much 

This student intuitively thought the size of the product would affect the amount of energy 

needed to make the product. 

Reactions result from investing energy to make bonds – With 20% (28 instances) 

of the instances of energy related causality, students considered bond formation to be an 

effortful energy intensive process where molecules need the input of external energy to 

form the bonds of the product. The following quotation illustrates this conceptual mode: 

Interviewer: what else makes this reaction easier than the other two 

reactions? 

G-K Q2: all you’re forming are carbon-hydrogen bonds instead of 

carbon-carbon bonds 
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Interviewer: why is forming carbon-hydrogen bonds easier than forming 

carbon-carbon bonds? 

G-K Q2: delta H requires lower, so less energy is required to be put in to 

form the bond 

In this case the student utilized academic concepts about structure and enthalpy 

along with intuitive assumptions about the effort involved in reactions to build hybrid 

ideas about what causes the reaction where energy was needed to form bonds. Another 

student conceptualized bond formation as caused by the introduction of heat: 

I-A Q5: they also form the bonds when you heat them 

up 

Reactions result from the investment of energy to overcome energy barriers – 

Students using this mode, accounting for 17% (24 instances) of the instances of energy 

related causality modes, conceptualized the easiness of a reaction based on knowledge 

about activation energy. Many students with this mode utilized structural features to 

make predictions about the activation energy of a reaction. Instead of explicitly 

discussing activation energy affecting the speed of a reaction, students with this mode 

focused on describing activation energy as a barrier that makes reactions harder and must 

be overcome to obtain a desired result in a synthesis. The reaction can happen by either 

providing the energy necessary to overcome the activation energy or by lowering it. The 

following quotation illustrates this way of conceptualizing energy related driving forces: 

C-D Q2: the lower activation energy 

will probably be better, easier to 

synthesize […] because from your 

reactant to product you need to 

overcome activation energy which is the 

energy barrier um so if the energy barrier is really high and then it is 

probably difficult to achieve 
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In this case, the student utilized academic ideas and described activation energy as a 

barrier making the reaction difficult. Other students utilized structural features to make 

predictions about activation energy in specific reactions. For example, the following 

quotation illustrates this idea: 

Interviewer: ok cool, and then you said the 

secondary wouldn’t be as good for the SN2 

as the primary, do you know why that is? 

C-K Q6: it’s mostly to do with steric effects, 

so you’re hindering the reactive site more making the reaction harder to 

accomplish, or basically raising your energy of activation another way to 

see it 

This student utilized academic ideas about steric hindrance to make predictions about the 

activation energy of the reaction. The quotations above are examples of valid 

assumptions, but other students made spurious assumptions about the factors affecting 

activation energy. For example, 

C-E Q2: I think it’s going to be very 

hard, maybe you will need to ignite it 

because you need to go, you need to 

overcome that energy barrier so I would 

think you might need to ignite those two 

gases to get this liquid 

Interviewer: and then what does ignite mean? 

C-E Q2: um I don’t know put it on fire, or heat it a little bit, yea I think 

you need a temperature, you need a higher enough temperature to 

overcome that energy barrier, and from my undergraduate experience in 

organic chemistry almost all reactions with gases need to be ignited or 

need to overcome that energy barrier and um a lot of them will become 

liquid compound 

Interviewer: and do you know why gases in particular have this, you need 

to heat them in order to overcome the energy barrier? 

C-E Q2: no I don’t really know 
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In this case the student described this activation energy as a barrier to be 

overcome but inappropriately associated the phase of matter of substances with the 

activation energy for a reaction of those substances. 

Overall (Figure 5.12) these energy investment modes were less frequent than 

energy difference modes. However, for general and organic chemistry students, these 

energy investment modes were the most prominent way of conceptualizing energy related 

driving forces (Figure 5.13). With increased training this way of thinking was less 

prominent. These modes were cued relatively more frequently in questions three and 

seven where energy difference conceptual modes were infrequent (Figure 5.14). 

Additionally, question two appeared to cue this way of conceptualizing driving forces 

more often than other types of questions. In this question students were asked to compare 

three syntheses of hydrocarbons from hydrogen and carbon monoxide where the 

stoichiometry of these starting materials varied. Students tended to focus on the amounts 

of materials needed to form each product and built explanations about why a reaction 

happens based on the perceived energy needed to react more materials, form more bonds, 

or break bonds.  

Of the students who utilized an energy investment conceptual mode of chemical 

causality more students focused on the perceived effort and energy to make bonds (20%, 

28 instances) than the effort to overcome energy barriers (17%, 24 instances) or the 

energy to combine amounts of materials (7%, 9 instances) (Figure 5.12). Across different 

educational levels (Figure 5.13) the idea that it takes energy to combine materials to 

form a product or the bonds in a product became less frequent and the idea that energy is 

needed to overcome an energy barrier became more frequent with increased training in 
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the discipline. The types of questions asked tended to cue these three energy investment 

conceptual modes in different ways (Figure 5.14).  

Although ideas about energy barriers became more prominent with increased 

training in the discipline, the relative frequency of spurious and valid applications of 

these ideas remained relatively the same for organic chemistry students to PhD 

candidates (Figure 5.15). Additionally, the relative frequency of spurious and valid ideas 

about energy barriers depended on the type of question we asked (Figure 5.16).  

 

Figure 5.15 Relative frequency of spurious and valid assumptions across different 

educational levels for the mode of investing energy to overcome energy barriers. 

 

Figure 5.16 Relative frequency of spurious and valid assumptions across different 

prompts for the mode of investing energy to overcome energy barriers. 
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Reactions result from differences in energy.  

With these modes students considered and compared the difference of energy 

from the starting materials and products. Reactions were viewed as driven by enthalpy, 

entropy, or Gibbs free energy. Students who discussed energy differences tended to focus 

on the composition or types of bonds present and often discussed energy in more global 

terms. These modes will be described below. 

Reactions result from differences in energy – This conceptual mode, accounting 

for 32% (45 instances) of the instances of energy related causality modes, involved the 

recognition that a process can be driven by the formation of stronger bonds. The 

following quotation illustrates this conceptual mode: 

C-K Q2: you have four CH bonds and 

two waters being formed which you 

have to take into account also for your 

overall delta H so you have three bonds 

of hydrogen which should be weaker 

than the CH bonds, so you are forming stronger bonds as your products 

formed. That should drive the reaction to your products.  

In this case, the student built up academic concepts by identifying the type and strength 

of the bonds formed during the reaction and compared this to types of bonds in the 

starting material. For this student the process was driven by the formation of stronger 

bonds and the corresponding change in enthalpy. Additionally some students discussed 

relative energy states of the starting material versus the product. 

C-B Q8: I suppose the last one might actually 

help slightly by changing the bond angles of 

that carbon, if I’m… no wait… if I’m thinking 

right it might actually help the last one, yea 

109 degrees but… 

Interviewer: ok so you mentioned something 

about bonds angles with the last reaction 



104 

 

C-B Q8: yea 

Interviewer: can you tell me more about how that’s helping, how this 

reaction is helping the bond angles? 

C-B Q8: yea so in the three membered ring um your extremely high strain 

and with the carbonyl your reducing that to a… that, um it’s going to be a 

planar center so you have a bond angle of 120 degrees which is well, 

would be 120 if you didn’t have the three membered ring so there is a lot 

of bond strain there, if you add to the extra hydroxyl then you are good 

reducing that to 109 as a result of the tertiary center so it will be slightly 

less strained and therefore lower energy 

In this case the student described academic concepts by identifying the energy 

associated with a strained structure and comparing this to the product of the reaction.  

Other students utilized this mode but made spurious assumptions about energy. 

For example, the following student correctly understood that enthalpy affects a reaction 

but focused on the energy needed to break bonds and incorrectly extrapolated this 

knowledge to the overall enthalpy of formation for this synthesis. 

U-C Q2: I think it could happen but it 

won’t happen at room temperature or 

one atmosphere because I know carbon 

monoxide and hydrogen are pretty 

stable and I know that hexane is uh, the 

CH bonds are a lot more energetic than a CO or two hydrogens bond 

together, so it would definitely be an uphill process 

Interviewer: ok so you said the C-C bonds are more energetic it’s a more 

uphill process can you tell me a little bit more about that? 

U-C Q2: yea, I don’t know exactly what the enthalpy of formation of that 

would be but I imagine that it’s going to be very large and very positive 

Reactions result from differences in “entropy” – Eight percent (11 instances) of 

the instances of energy related causality modes involved students considering the entropy 

of the species involved as influencing whether or not the synthesis could happen. 

However, these students explicitly discussed entropy in terms of energy and did not 

clearly differentiate between the concepts of entropy and energy. They utilized 
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relationships between various factors (such as # mole of gas, possible configurations, 

energy distribution) and entropy to make predictions of the feasibility of a synthesis. 

Although they made claims related to entropy, their explanations seemed to imply that 

they were looking at energy differences. With this mode students often overgeneralized 

or inappropriately applied their chemical knowledge to a specific synthesis. For example 

this quotation demonstrates a spurious mode: 

O-L Q2: actually I’m thinking that it 

might not be so likely because entropy is 

increasing so you would have to put in 

um heat into the… probably have to put 

heat into the equation 

Interviewer: ok, so you 

O-L Q2: or some form of energy […] in your starting material you have 

more starting products, I mean you have more gases or equivalent of 

gasses more moles and because gas is probably… it is the state of matter 

that has the most entropy because it is very disordered it takes up a lot of 

space compared to liquid which is more condensed 

 

This student built inappropriate associations between entropy and heat in chemical 

reactions and thought that an input of energy would improve the entropy of the reaction. 

In contrast, the following student utilized a valid mode: 

C-K Q2: so my, from my prospective the entropy is just the organization of 

the system so, it’s just an overall energy of the system related to uh the 

degrees of freedom of it etcetera etcetera, as far as randomness and how 

much freedom moieties have to rotate? um how many gas molecules do 

you have? in that particular case, right, you have more molecules of gas 

at least 

In this case the student described the distribution of energy and number of possible 

configurations of compounds as affecting the easiness of a synthesis. 

Reactions result from differences in both energy and entropy – Of the instances of 

conceptualizing energy related reaction causes, 16% (22 instances) involved students 
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utilizing both entropic and enthalpic arguments to discuss the feasibility of a chemical 

synthesis. These students who utilized both enthalpic and entropic ideas tended to discuss 

at least one of these ideas in terms of energy. However, in this way of conceptualizing 

causality students tended to describe these concepts in terms of both energy and 

structure/composition (students’ conceptual modes about composition and structure 

related causality will be described in the next section). The following quotation illustrates 

this conceptual mode: 

G-M Q2: the first one would be easiest 

to synthesize since you’re decreasing 

entropy the least, you’re going from 

four gas molecules to one gas molecule 

as opposed to the others which are 

going from a lot more gas molecules […] you have carbon oxygen bond in 

carbon monoxide, triple bond and so you will have to overcome the 

strength of those bonds the stability of them to break them and form new 

bonds, the fact that the reaction would go, those new bonds that are 

produced are in the end going to be lower in energy 

In this case the student considered both entropic and enthalpy concepts to build their 

answer. They considered the amounts of each type of gas to make predictions about 

entropy. Additionally, they considered the strength of bonds and corresponding energy 

states of the substances involved to determine that formation of the product would be 

caused by the fact that it was lower in energy than the starting material. Other students 

discussed entropy and enthalpy but in a spurious way. For example, the student in the 

following quotation did not differentiate between their ideas about enthalpy, entropy, and 

kinetics: 

C-I Q2: it’s just entropically, if you talk about that, just it’s gas there you 

know, it’s like, I don’t know if I make that argument it’s correct, so if you 

consider the bond breaking and bond making, there you make how many 

moles there? that and that, three moles, again making water, yea I think 
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for the second one you have to have more like energy to break the bonds 

and so the first one, the last one is more like entropically I would say 

disordered or something because gas going to liquid the first two are gas 

going to gas so I mean that’s all I can think of right now 

Overall (Figure 5.12) these energy difference conceptual modes were relatively 

more frequent (56%, 78 instances) than energy investment modes (44%, 61 instances). 

Across different educational levels, discussing energy and/or entropy differences as 

causing reactions was very infrequently demonstrated by general chemistry students, 

increased with training, and was relatively more prominent for advanced undergraduate 

and graduate students (Figure 5.13).  

These conceptual modes of energy differences were cued most often in question 

two (53%, 33 instances) and relatively least frequently in questions three (22%, 2 

instances) and seven (25%, 1 instance) (Figure 5.14). One reason these modes were 

rarely present in question seven may be due to this question cueing ideas about structural 

stability (see next section for a discussion of structure related causality). In this question 

discussing the distribution of charge to make judgments about the stability of the 

compounds was very useful. Thus, these students may have been able to rely on their 

knowledge about structural stability and did not describe this phenomenon in terms of 

energy. Alternatively, in question two, students infrequently considered the distribution 

of charge or rules about stability of different functional groups. Instead the salient 

features in this question were the differences in energy of the starting material and 

product due to the types of bonds and substances involved. Thus in question two, students 

often made their decisions based on concepts involving enthalpy, entropy, or both.  
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Additionally, the appropriateness of these assumptions about energy differences 

varied based on educational level (Figure 5.17) and prompt (Figure 5.18). The ratio of 

spurious to valid assumptions increased and decreased in an alternating fashion between 

different educational levels. This may be because the very few general chemistry students 

who utilized these conceptual modes did so in a valid manner. However, as students 

obtained more education in the discipline, more of these students applied these more 

nuanced ideas about energy and may need time to learn how to appropriately apply these 

ideas in new scenarios.  

 

Figure 5.17 Relative frequency of spurious and valid assumptions across different 

prompts for the chemical causality modes of energy differences. 

 

Figure 5.18 Relative frequency of spurious and valid assumptions across different 

prompts for the chemical causality modes of energy differences. 
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Across different prompts (Figure 5.18) students in this sample made only valid 

assumptions and not spurious assumptions in questions one, six, and seven. Spurious 

assumptions were relatively most frequent in question eight. In this question many 

students recalled that syntheses of diols are not feasible but spuriously rationalized this 

knowledge based on the energy of the bonds involved. Many students inappropriately 

applied their knowledge about the formation of three membered rings to this scenario. 

For example, one student made a spurious assumption about energy as they explained 

why they thought the last product would be the hardest to syntheses. 

C-F Q8: and the last one… maybe not the 

product is not stable… because that one if you 

form four bonds on carbon that favors 

tetrahedral geometry but if you have the ring 

like this that’s going to be a really high tension 

so that one should be a really high energy and 

not easy to form and the first two should be 

easier than that 

In this case, the student utilized academic ideas about energy and structure but only 

compared this product to the other products and not to the starting material of this 

particular reaction. Because they ignored the starting material, they did not notice that the 

“tension” or ring strain of this ring would be decreased through this reaction. 

Of the students who discussed energy differences to make judgments about these 

reactions, energy from bond formation or concepts about enthalpy (32%, 45 instances) 

were more common than concepts about entropy (8%, 11 instance) or conceptual modes 

based on both energy and entropy (16%, 22 instance) (Figure 5.12). Across different 

educational levels there was a mixture of use of these three ways of conceptualizing 

energy (Figure 5.13) except with general chemistry students who did not consider 
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entropy or free energy. The conceptual mode about free energy may not have been 

present for this group because of the high cognitive demand involved in thinking about 

both enthalpic and entropic considerations with this mode. 

Across different prompts (Figure 5.14) the conceptual mode about energy of 

bond formation as a driving force in reactions was most prominent or equal to the other 

energy difference modes in all questions except question two. In this question concepts 

about entropy and energy were cued more often than just enthalpic concepts. Question 

two asked students to compare syntheses that involve gases where the number of moles 

of gases changes. This cued for some students ideas about entropy and energy 

configuration. Interestingly, students did not utilize entropic conceptual modes in all the 

questions where entropy would be an important factor. For example, making decisions 

based on entropy would also be highly appropriate in answering question four, but 

students in this sample rarely explicitly utilized entropic concepts to answer question four. 

In this question, students were asked to compare the reactions of acid and bases to form 

salts in aqueous conditions. Of the students who utilized an energy conceptual mode in 

this question, they often identified that all of the reactions in the problem were 

enthalpically favorable, but did not compare the reactions using these energy conceptual 

modes. Often students could identify that, of the options present, HBr was the most acidic 

and they made arguments about the stability of the bromide ion product. They rarely 

identified or explained that the bromide ion was the most favorable in this case because 

of the entropy of water.  
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Composition and Structure Related Causality 

In addition to these students’ conceptualizations about energy related causality, 

from our analysis emerged students’ ideas about composition and structure related causes 

of reactions. During the interviews students considered the composition and/or structure 

of the product and/or starting materials to make judgments and rationalize the feasibility 

of these synthesis reactions. These different conceptual modes (Table 5.4) ranged from 

focusing on the presence of a particular entity to considering the structure of entities. We 

identified four ways that students discussed the presence of entities affecting the 

feasibility of a synthesis. One focused on the presence of the same number and type of 

atoms in the staring material and product as making a reaction feasible (Mode A). 

Another focused on the intensity of a particular property associated with a particular type 

of atom or component (Mode B). Another focused on the amount of materials involved 

affecting how easily the product can be made (Mode C) and another considered how the 

amounts of materials affected entropy (Mode D). We identified five ways that students 

discussed structural driving forces. One was based on an octet framework where 

reactions could occur due to a desire of atoms to fulfill the octet rule (Mode E). Another 

focused on the strength of bonds driving a reaction (Mode F) and another the number of 

possible configurations or ways the entities involved could be arranged (Mode G). The 

others were based on making judgments about the stability (Mode H) or reactivity (Mode 

I) of compounds by identifying the types of groups present or by analyzing the 

distribution of charge in the compounds involved. 
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Table 5.4 Students’ structure related conceptual modes of causality. 

Mode Description 

Reactions Result from the Nature and Amounts of Components: 

A Composition 

B Intensity of Component 

C Amount of Components 

D Amount - Entropy 

Reactions Result from the Nature of Structures: 

E Octet 

F Bond Strength 

G Configurations - Entropy 

H Structural Stability 

I Structural Reactivity 

Overall (Figure 5.19) the students in this sample tended to discuss structural 

causes of reactions (75%, 475 instances) more often than describing reactions as resulting 

from the presence of particular components (25%, 159 instances). However, general 

chemistry students tended to more often discuss reactions as caused by components, 

whereas, at more advanced educational levels structural causes were more prominent 

(Figure 5.20). Across different prompts (Figure 5.21) structural driving forces were 

more prominent except in question two where component driving forces were more 

prominent.  
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Figure 5.19 Relative frequency of composition and structure related causality 

conceptual modes for the whole sample. 
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Figure 5.20 Relative frequency of composition and structure related conceptual 

modes of causality across different educational levels. 
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Figure 5.21 Relative frequency of composition and structure related conceptual 

modes of causality across different prompts. 
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to conceptualize why a synthesis could happen. Students discussed ideas about the 

amount and composition of materials affecting the feasibility of syntheses. Additionally 
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some students discussed the reactivity of the compounds involved based on the intensity 

of a particular property they associated with a particular component. Other students 

associated ideas about entropy with the amounts of materials involved. These modes will 

be described below. 

Reactions result because of composition – When thinking about why a chemical 

reaction can occur some students considered the composition of the compounds involved. 

This mode appeared in five percent (35 instances) of the instances of composition and 

structure related causality modes. With this conceptual mode students considered the 

presence or absence of the correct number and type of atoms in the starting materials and 

products to be a reason for why a synthesis can occur or not. Students counted up and 

compared the number of each type of atom in the starting material and the product. The 

following quotation illustrates this way of conceptualizing why a chemical reaction can 

happen: 

I-O Q6: as long as you end up with what you 

started with or at least the same amount of 

atoms I would imagine that it’s possible to 

do 

This student described the feasibility of a synthesis as guided by the presence of the same 

amount of atoms on either side of the reaction. This student built an intuitive idea that if 

the atoms are the same in the starting material and product then the reaction can happen. 

Another student identified that a different synthesis was not feasible because the types of 

atoms did not add up the same on either side of the reaction:  

I-C Q5: you have CH3CH3 but then I know that they 

don’t quite add up, so whenever I look at it I think of 

what is in the synthesized compound and you don’t 

lose anything from what I have learned, you don’t lose anything in a 
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reaction, so it would have to be the same just divided up differently on the 

other side 

Reactions result because of the intensity of a reactive component – Based on our 

analysis, one conceptual mode students used to rationalize why a chemical reaction could 

happen involved the presence of a perceived reactive component and was found in six 

percent (39 instances) of the instances of composition and structure related causality 

modes. The intensity of this reactive component affected the feasibility or easiness of a 

synthesis. For example, students often viewed the presence of highly electronegative 

atoms as making a synthesis easier:  

Interviewer: do you have any ideas as 

to why it’s [HF] more acidic? 

O-A Q4: because of the trends on the 

periodic table, it’s more 

electronegative 

In this case the student built hybrid ideas by incorporating academic ideas (where they 

identified that fluoride was the most electronegative) with intuitive ideas that an entity 

with more of a particular property (electronegativity) will be more reactive (in this case 

acidic). Another student held a similar idea:   

Interviewer: ok cool and do you know why HBr is the strongest acid? 

C-D Q4: because bromo is more electronegative and that will grab more 

electron from the hydrogen so the hydrogen is more easier to get 

dissociated 

For this student, they perceived the Br to be more electronegative and equated more 

electronegativity with improving the easiness of the reaction.   

Reactions result because of the amounts of components – Students thinking in this 

way, present in 11% (73 instances) of the instances of compositions and structure related 

causality modes, described the reasons for why a synthesis could happen or not as guided 
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by the amounts of materials involved. For these students, if less materials are needed to 

be put together (based on stoichiometry) then that synthesis will be easier or more 

feasible. This mode was similar to a mode described in the energy related causality 

section (Mode A: Investing energy to combine amounts). However, these students did not 

describe these ideas about the effort to combine amounts of materials in terms of energy. 

For example, one student stated:    

I-N Q2: I’m just going to guess CH4 just 

because it has the least amount of 

material there 

In this case the student utilized an intuitive idea to conclude that methane would be easier 

to synthesize because less materials were involved in the synthesis. Another student 

demonstrated a similar idea: 

O-C Q2: It has like the least number of compounds that you would need, 

like you would need less like H2 and CO to actually make those products 

than you would need on the other ones 

Reactions result because of the entropy associated with different amounts of 

components – Only two percent (12 instances) of the instances of composition and 

structure related causality conceptual modes involved students considering the entropy of 

the reaction, based on the amounts of components involved, as allowing for a synthesis to 

occur. Students utilized relationships between various factors (such as # mole of gas) and 

entropy to make predictions of the feasibility of a synthesis. This is related to other 

entropic conceptual modes discussed above and below. However, this mode differs from 

these other modes in the way that the students discussed these entropic ideas. In other 

modes students discussed entropy in terms of energy differences or the arrangement of 

compounds in different possible configurations. Alternatively, in this mode students 
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focused on the amount of materials affecting the entropy in a synthesis and thus the 

easiness or feasibility of a synthesis. The following quotation illustrates this way of 

conceptualizing driving forces:  

C-G Q2: I would say methane 

Interviewer: and why? 

C-G Q2: 4…2… just looking at number 

of moles there’s not as, there’s, on all of 

the reactions there’s more moles on this 

side than this side but here there is a smaller gradient than here  

Interviewer: and then why would the smaller gradient of moles make the 

first reaction easier? 

C-G Q2: um entropy 

Interviewer: ok, can you tell me more about entropy? 

C-G Q2: um as far as for gas it favors going from less moles to more 

moles 

In this case the student utilized academic ideas and rules about how the number of moles 

of gas affects entropy in a reaction. However, with this mode students often 

overgeneralized or inappropriately applied their chemical knowledge to a specific 

synthesis. For example this quotation demonstrates a spurious mode: 

O-C Q3: I think it’s the second law of 

thermodynamics or whatever, having to do with uh if 

you have less moles of stuff it’s more stable than if you 

have more moles of stuff […] I’d start off with like say five moles and 

generate like one mole of LiAlH4 that would probably, you decreased in 

entropy so it would be favorable toward the lithium aluminum hydride 

This student incorrectly recalled rules about how the number of moles of gas affects 

entropy and thought that a decrease in entropy was favorable for a reaction.  

Overall (Error! Reference source not found.) with this sample of students, these 

omponent conceptual modes were discussed relatively less frequently (25%, 159 

instances) than structural conceptual modes (75%, 475 instances), but were the most 

frequent with general chemistry students (Figure 5.20). Across different prompts (Figure 
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5.21) components as driving forces were relatively more prominent in question two. In 

this question students were asked to compare reactions where the number of each type of 

reactant and product changed in the different syntheses. This cued students’ ideas about 

how amounts of components affected why a reaction can occur. 

Of the students who described reactions as caused by components, more students 

focused on the amounts of materials involved (11%, 73 instances) than the composition 

(5%, 35 instances), intensity of a reactive component (6%, 39 instance) or entropy (2%, 

12 instance) (Figure 5.19). Across different educational levels, each of these modes 

decreased in relative frequency with increased training in the discipline except students’ 

ideas about the amounts of material affecting entropy which appeared to increase with 

further training (Figure 5.20). The occurrence of these conceptual modes varied highly 

with each question asked (Figure 5.21). Ideas about composition driving a reaction 

occurred most often in question three. In this question, students often stated that a reason 

why their synthesis was feasible or not was due to the presence or absence of the correct 

number of lithium, aluminum, and hydrogen atoms in the starting material and product. 

Ideas about a reaction being driven by the intensity of a property of a perceived reactive 

component occurred most often in question four. In this question the presence of 

electronegative halogens cued this way of thinking. Ideas about how amount of materials 

affect the easiness of a synthesis or the entropy of a reaction were most prominent in 

question two. In this question increasing stoichiometry of the starting materials cued 

these ways of thinking. 

Additionally, the appropriateness of students’ ideas about how amounts of 

materials affect entropy was categorized as either valid or spurious. The ratio of spurious 
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to valid assumptions alternated between different educational levels (Figure 5.22). This 

may be because of the very few instances these ideas appeared in this sample of students. 

Across different prompts (Figure 5.23) valid assumptions were applied only to question 

two where students were able to apply learned rules about the number of moles of gases 

in these scenarios.  

 

Figure 5.22 Relative frequency of spurious and valid assumptions across different 

educational levels for the mode of entropy - amounts. 

 

Figure 5.23 Relative frequency of spurious and valid assumptions across different 

prompts for the mode of entropy - amounts. 
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With these conceptual modes students described reactions as caused by or 

resulting from various structural features. These structural conceptual modes included 

ideas about the octet rule, bond strength, number of possible configurations, structural 

stability, and structural reactivity. These conceptual modes will be described below. 

Reactions result because of the octet rule – We identified a conceptual mode 

where students focused on the octet rule as a reason for why reactions could happen. This 

mode accounted for seven percent (45 instances) of the instances of composition and 

structure related causality modes. In this mode students made oversimplified arguments 

about the octet rule where atoms wanted or needed a full outer shell of electrons in order 

to become more stable. The following quotation illustrates this way of conceptualizing 

causality: 

C-C Q7: the chlorine is a good leaving group because 

the chloride ion would be fairly stable in solution 

could be fairly well soluble 

Interviewer:  do you know why the chloride is fairly 

stable in solution? 

C-C Q7: because it is one electron away from having a closed shell, so it 

likes to accept another electron 

This student recalled a rule that chloride is a good leaving group and when asked justified 

the stability of this group by considering the number of electrons in the chloride product. 

Another student described the desire to become a Nobel gas as driving the reaction:  

I-I Q9: it might have to deal with how far 

they’re away from, how they’re not, they 

want to be a Nobel gas, or be similar to a 

Nobel gas, they want to be kinda filled, so 

these two would be easier than if it were 

another carbon and another carbon 
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When describing the octet as a cause of reactions students focused on the fact that 

atoms in the product fulfilled the octet rule and ignored the starting materials. For 

example, one student stated: 

I-L Q6: it’s always looking for that [octet], 

so you know, apparently even if it already 

has it 

This student explicitly commented that the octet of the starting material did not matter but 

the octet was a reason for the reaction to happen. 

Reactions result because of bond strength – In this conceptual mode, found in six 

percent (35 instances) of the instances of composition and structure related causality 

modes, students discussed enthalpic concepts, but unlike the energy difference conceptual 

mode where students discussed causality in terms of energy, these students discussed 

their ideas in terms of the strength of bonds. The following quotation is a prototypical 

example of this conceptual mode: 

C-L Q9: We can also see that we have, if 

you add to this you are breaking a carbon-

carbon double bond, carbon-oxygen double 

bond and leaving the carbon-carbon double 

bond but in the other case the carbon 

double bond, cabon-oxygen double bond 

remains intact as you break the carbon-

carbon double bond so maybe going off the strength of the bonds, we can 

say the second reaction favors formation of the more stable product 

This student utilized chemical thinking by deciding to compare the strength of each type 

of bond that was broken or formed in the synthesis, which allowed them to decide which 

product would be more favorable to synthesize. Other students utilized chemical thinking 

but in a spurious way, for example,  
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O-D Q8: this one has two sigma bonds but I 

think that having a pi bond is stronger and it’s 

less um… what am I thinking… I’m not sure 

how to put it, but I just know that, I feel like the 

pi bond is more stable than having two 

hydroxyl groups attached to it 

In this case this student also compared the strength of the 

bonds in the starting material and product but they built inappropriate associations 

between bond types and bond strengths by associating pi bonds with more bond strength. 

Reactions result because of the number of possible configurations and entropy– 

In five percent (32 instances) of the instances of composition and structure related 

causality mode, we identified a conceptual mode where students made predictions about 

entropy by considering the possible number of configurations the entities in a synthesis 

could be arranged. This is similar to other entropic conceptual modes, but in this mode 

students displayed more explanatory depth when discussing entropy in terms of structural 

arrangement. The following quotation illustrates this way of conceptualizing causality: 

G-L Q2: I guess we will think in terms 

of entropy. We’re starting the first one 

you have four moles of gas to one mole 

of gas, the next one you have ten moles 

of gas to one mole of gas and the third 

one you have 18 moles of gas to one mole of gas so you’re losing entropy 

in all of them but you are losing less entropy in the first one so it’s 

probably the easiest  

Interviewer: ok can you explain the, how the, why we are losing entropy in 

this process? 

G-L Q2: because you are decreasing the number of moles so you have less 

degrees of freedom, so less possible states for the gas to be in therefore 

less entropy.  

In this case, the student used chemical thinking by considering the entropy involved in 

the synthesis. While discussing entropy they went into depth about this concept by 
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discussing the possible states these different number of moles of gas could be in. Other 

students discussed entropy in similar ways, for example,  

U-I Q2: I would look for the one that has the highest entropy, so in that 

case I would go with methane as opposed to the other two, the last one 

having two liquids, and the one above that being… what was it, well it’s 

two gases but still you’re going from ten to four instead of from four to 

two […] entropy as far as my understanding of it, it’s the availability of 

accessible states so the higher the entropy essentially the more positions 

available, a lot of the time it has to do with spatial positions, particularly 

with the coordination of molecules among themselves 

The phase of matter and amounts of materials cued ideas about entropy for this student, 

but their discussion of entropy was conceptually more elaborated than other conceptual 

modes about entropy by discussing the availability of accessible states.  

Reactions result because of structural stability – In this mode, accounting for 19% 

(118 instances) of the instances of composition and structure related causality modes, the 

stability of the entities involved was viewed as influencing whether or not a reaction can 

happen. Students focused on the structure of compounds to make judgments about the 

stability of these entities. In this mode students often analyzed the distribution of charge 

to rationalize the stability of a compound. These students did not explicitly state whether 

this stability was due to thermodynamic or kinetic factors. Students often used rules about 

the stability of different types of functional groups. For example, one student made 

decisions about the feasibility of a synthesis based on recalling a rule about the stability 

of a functional group – geminal diols: 

C-M Q8: I’m actually very confused so I know 

it’s hard to form geminal diols, they are not 

stable. They tend to release water and just go 

to the, it’s not easy to form geminal diols 
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In this conceptual mode many students considered the distribution of charge in an 

entity to make judgments about the stability of a compound. The following is a 

representative quotation from an interview: 

C-K Q7: [acyl chlorides] are less stable than amides, 

and that’s usually in part because the amides have a, 

this lone pair on the nitrogen which can donate to the 

system making it very very stable due to resonance and 

even though you can have it in chlorines because they, you can argue that 

they have lone pairs right, their electronegativity, their inductive effect 

wins over this resonance factor 

This student compared the stability of amides and acyl chlorides by thinking about the 

distribution of charge in these functional groups. Additionally, we characterized the 

appropriateness of students’ assumptions about stability. For example, the above 

quotation was coded as a valid assumption whereas sometimes students provided 

spurious reasons for this stability. For example, one student stated: 

G-M Q7: I expect the carbon nitrogen bond to be more stable than the 

carbon oxygen bond just because nitrogen is a little bit smaller than 

oxygen, able to get closer 

This student also compared the stability of different structures, but they incorrectly 

applied chemical knowledge to think about the factors affecting stability.  

Reactions result because of structural reactivity – In this conceptual mode, found 

in 39% (245 instance) of the instances of composition and structure related causality 

modes, instead of comparing the stability of different structures, students compared the 

reactivity of different structures in driving a synthesis. The following quotation illustrates 

this way of conceptualizing structure related causality:  

C-C Q7: I probably definitely would go for the COCl, CH3COCl 

compound because I do know that halogens next to carboxyl groups are 

fairly reactive and I would use ammonia and so… 
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For this student, their choice of reagents was guided by cues about the reactivity of 

carbonyl structures. In this sample of students there were many different types of 

structural features that students discussed as affecting a synthesis. For example, in the 

next quote the student discussed the strain of a ring as influencing the reactivity of a 

synthesis:  

C-K Q8: I will say the last one and the reason 

is because you have a uh cyclopropene type 

system where the carbonyl with those carbon 

atoms and this system has a ring strain by itself 

and it usually wants to be 60 degrees at each 

site but it’s not really that way and now this 

carbonyl is strained even more because sp2 

hybridized carbon wants to be at 120 so you 

are really putting a lot of strain on that cyclopropene system making in 

even more reactive 

The above quotations are examples of valid assumptions about structural reactivity. Other 

students discussed structural reactivity but in spurious ways. For example, in the 

following quotation the student also identified ring strain as playing a role in this 

synthesis but spuriously assumed that the ring would open up: 

U-G Q8: um I don’t think the bottom one would be 

Interviewer: and why? 

U-G Q8: because I think that there’s a lot of ring strain in that, in the 

three membered ring down there and if that water attacked that carbonyl 

the first thing that would happen is that ring would open and it wouldn’t 

go back closed, so the bottom one is out for me 

These conceptual modes of structural reaction causes (75%, 475 instances) were 

more frequently demonstrated throughout this sample of students relative to component 

reaction causes (25%, 159 instances). Across different educational levels these modes 

were relatively less prominent with general chemistry students and increased in 

frequency with training in the discipline (Figure 5.20).  
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These modes were highly cued by all questions except question two (Figure 5.21). 

For example, in question seven students were asked to synthesize an amide and many 

students utilized a common rule introduced in organic chemistry classes that amides are 

more stable than other carboxylic acid derivatives. Students often focused on their 

knowledge of charge distribution in these compounds to reason about stability of these 

structures. However, in question two conceptualizing causality based on structural 

features was less prominent. In this question students were asked about syntheses 

involving different stoichiometric amounts of hydrogen, carbon monoxide, and 

hydrocarbons which tended to cue ideas about components affecting whether or not a 

synthesis can happen.  

Of the students who utilized a structural conceptual mode of chemical causality, 

more students focused on structural reactivity as a cause for the syntheses than the other 

conceptual modes (Figure 5.19). However, general chemistry students utilized the octet 

conceptual mode relatively much more often than other modes (Figure 5.20). 

Additionally the relative frequency of these modes depended on the type of question 

asked (Figure 5.21). In question one general chemistry students tended to focus on the 

octet rule as guiding successful syntheses. Bond strength was cued infrequently in all 

questions but slightly more frequently in questions two, four, eight, and nine. These were 

the questions where students were presented with a list of syntheses and asked to 

compare the easiness of these syntheses. This type of task appeared to cue students to pay 

attention to bond strength. Additionally, conceptualizing entropy in terms of 

configurations appeared relatively most frequently in question two. Often the phase of 

matter and number of moles of each substance cued ideas about entropy in this problem. 
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Structural stability was cued most frequently in question seven (as discussed above) and 

structural reactivity was cued highly in all questions except one and two. In questions 

three through nine students often focused on the structure of these compounds to think 

about how and if they might react.  

The appropriateness of students’ assumptions about structural causality varied 

based on educational level (Figure 5.24) and type of prompt (Figure 5.25). The ratio of 

spurious to valid assumptions was very high with general chemistry students and 

decreased from general to organic chemistry and from first year graduate to PhD 

candidates. This may be because as students began to use these ideas about structural 

reaction causes they might inappropriately apply this terminology and over time use more 

valid assumptions. However, spurious assumptions about structural driving forces 

persisted with PhD candidates.  

 

Figure 5.24 Relative frequency of spurious and valid assumptions across different 

educational levels for structural causality conceptual modes. 
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Figure 5.25 Relative frequency of spurious and valid assumptions across different 

prompts for structural causality conceptual modes. 
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Time Related Causality 

In addition to students’ conceptualizations about energy and structure related 

reaction causes, we also uncovered students’ ideas about time related reaction causes. To 

a lesser extent (7.2%, 60 instances) than energy and composition/structure related 

chemical causality, students built explanations of their decisions in these problems based 

on the perceived speed of the chemical reactions involved. We identified different modes 

students used to conceptualize the factors affecting the speed of these reactions (Table 

5.5). In modes with less explanatory depth students considered the amount of material 

(Mode A) or the intensity of a perceived reactive feature such as electronegativity (Mode 

B) as affecting the speed of the reaction. In modes with more explanatory depth students 

utilized micro-energetics (Mode C) and structural features (Mode D) to think about the 

speed of the reaction.  

Table 5.5 Students’ conceptual modes of causality related to time. 

Mode Description 

A Reaction Speed Affected by Amounts 

B Reaction Speed Affected by Intensity of Perceived Reactive Components  

C Reaction Speed Affected by Micro-energetics 

D Reaction Speed Affected by Structural Features 

The distribution of the different conceptual modes of time related causality 

(Figure 5.26) indicated that the participants in this sample focused on structural features 

(67%, 40 instances) more frequently than other time related chemical causality modes. 

Across different educational levels (Figure 5.27) the modes with less explanatory depth 

(A and B) were used mainly by general chemistry students. Whereas in the other 

educational levels, the concepts about structural features and activation energy were more 
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prevalent. Additionally the distribution of these conceptual modes varied by the type of 

question we asked students (Figure 5.28). 

 

Figure 5.26 Relative frequency of time related conceptual modes of chemical 

causality for the whole sample. 

 

Figure 5.27 Relative frequency of time related conceptual modes of chemical 

causality across different educational levels.  
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Figure 5.28 Relative frequency of time related chemical causality conceptual 

modes across different prompts.  
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This student demonstrated an intuitive idea that in this problem methane would be faster 

to form because fewer molecules would have to react. Another student explained: 

O-A Q2: It’s a smaller size and I feel like if you look at one of those 

reaction curves it would go faster just because it’s a smaller molecule that 

you are trying to make […]usually because when I synthesize aspirin that 

was like a two week assignment because you’re trying to put so much 

together into one and if you’re trying to make gas reacting, I mean, it’s 

just a small little gas thing, I mean it’s obviously not that small but it’s just 

a small compound that you’re making  

 

In this case the student utilized academic and intuitive ideas to build hybrid ideas about 

the factors affecting the speed of a reaction. They applied their experience in lab with 

synthesizing aspirin and assumed that the size of the molecule would affect how quickly 

it could be synthesized. 

This conceptual mode was demonstrated very infrequently (6 instances) by this 

sample of students (Figure 5.26) and was relatively more frequent with general and 

organic chemistry students (Figure 5.27). It was cued relatively most frequently by 

question two (Figure 5.28) where a salient feature of the problem was the stoichiometry 

of the starting materials. Students noticed the amounts involved and rationalized their 

decision based on the idea that putting more material together would take more time. The 

reason this mode was so infrequent might be because students who consider the speed of 

a reaction and the idea that something may be happening between the starting material 

and the product might also be able to build upon the main idea in this mode and consider 

more elaborate concepts about activation energy and mechanisms. 

Reaction Speed Affected by Intensity of Perceived Reactive Components. Ten 

percent (6 instances) of the instances of time related causality conceptual modes involved 

students indicating that entities with more of a particular property (such as an atom being 
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more electronegative or having more valence electrons) would react more quickly. The 

following quotation illustrates a student’s idea that compounds with more electronegative 

atoms are able to react more quickly:  

O-B Q4: The fluorine would react first 

[…] it happens faster 

Interviewer: ok, and so you have a 

sense for why it would happen faster? 

O-B Q4: because the electronegativity 

of the fluorine would be more.  

Other students assumed that if there were more of other features (such as charge) the 

reaction would also happen more quickly: 

I-F Q2: I just think that since there are 

more charges involved, more atoms 

involved, so more like speeding up the 

reaction again 

In this sample of students (Figure 5.26), this mode was also infrequent (6 

instances) and was relatively more common with general chemistry students (Figure 

5.27). This mode was cued highly by question four (Figure 5.28) where students latched 

onto the presence of the fluorine atom in hydrogen fluoride and sodium fluoride and 

made decisions about these syntheses based on the electronegativity of fluorine, a 

property that is likely very familiar to these students.  

Reaction Speed Affected by Micro-energetics. Students using this mode, which 

appeared in 13% (8 instances) of the instances of time related causality conceptual modes, 

conceptualized the speed of a reaction or reactivity of a compound based on knowledge 

about activation energy of the reaction. The following quotation illustrates a student’s 

idea about how activation energy affects the speed of a reaction: 
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U-A Q2: a catalyst helps the reaction by 

lowering the activation energy allowing 

for the reaction to occur without a lot of 

energy needing to be put into the system, 

you’d still get the products but you 

would end up getting them faster, easier, yea 

This student described the effect of lowering the activation energy of a reaction on how 

fast the reaction could occur. Students with this mode often utilized structural features to 

make predictions about the activation energy of a reaction. For example, in the following 

case a student considered the effect of steric hindrance on the activation energy and speed 

of reactions  

Interviewer: and then what other factors would be 

important for this reaction to occur? 

O-G Q3: well you’d also take into consideration steric 

hindrance maybe… um energy of activation like how much energy will this 

take, will you add heat in anyway, the bond strength of course […] I know 

that in general if you have something that is really sterically hindered it is 

less likely to be attacked by something for example. So whatever is easier 

to happen is going to happen faster in my opinion 

This way of conceptualizing was also infrequent (8 instances) in this sample of 

students (Figure 5.26). Across educational levels (Figure 5.27) this mode was not 

present with general chemistry students but was present in all other levels. Concepts 

about activation energy were cued most prominently in question two (Figure 5.28). In 

this question students discussed their experiences with carbon monoxide and hydrogen or 

utilized their knowledge about the structure of these compounds to make predictions 

about the activation energy of the reactions in this question. Additionally we found that 

students who discussed activation energy and time tended to do so in a valid way (Figure 

5.29 and Figure 5.30). 
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Figure 5.29 Relative frequency of spurious and valid assumptions across different 

educational levels for the chemical causality mode – microenergetics affect speed. 

 

Figure 5.30 Relative frequency of spurious and valid assumptions across different 

prompts for the chemical causality mode – microenergetics affect speed. 
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discussed structural features when making decisions about chemical reactivity and the 

speed of reactions. The following quotation demonstrates a structural feature triggering 

for a student a rule about functional group reactivity.  

O-E Q5: I don’t know how long that would take, I 

think it would be relatively quick because acid 

chlorides are the most reactive carboxylic acid derivatives 

0

1

0 0 00

3

1 2 1

0%

20%

40%

60%

80%

100%

GCI OCII AdvU 1YG PhDc

%
 R

es
p

o
n

se
s

Appropriateness - Activation Energy

Valid

Spurious

0 0

1

0 0 0 0 0 0

1 3

1

0

1

0 0

1

00%

20%

40%

60%

80%

100%

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9

%
 R

es
p

o
n

se
s

Appropriateness - Activation Energy

Valid

Spurious



138 

 

In this case the student recalled that acid chlorides are reactive and considered how this 

would affect how quickly the reaction could occur. We characterized students’ ideas 

within this mode as either valid or spurious. The above quotation is an example of a valid 

assumption. However, students made spurious assumptions about the structure of 

compounds and the corresponding speed of reactions. For example, the following student 

incorrectly assumed that if an intermediate is identified as more stable than other types of 

intermediates then the reaction will be slower. 

O-B Q6: It is a secondary, it would form a 

secondary carbocation, um it would be more 

ready to happen than if it formed a tertiary 

carbocation where if there were a CH3 

instead of just the hydrogen attached to the carbon because a tertiary 

carbocation is more stable than a secondary carbocation, so it would 

happen faster than that but slower than if it was a primary or a methyl 

Interviewer: ok, so if there was another methyl group there you’d have a 

tertiary carbocation since that would be more stable the reaction would be 

faster? 

O-B Q6: since that would be more stable, the reaction would be slower 

In this sample (Figure 5.26), using structural features to make predictions about 

the speed of a reaction was the most prominent time related conceptual mode and was 

utilized highly at all educational levels except general chemistry (Figure 5.27). It was 

cued prominently in all questions (Figure 5.28) except questions two and four (where the 

composition of the compounds was provided to the students as opposed to the structure). 

In question four, a less elaborate conceptual mode (Mode B) tended to be cued by the 

presence of the highly electronegative F. In question two, the presence of carbon 

monoxide and hydrogen gas tended to cue concepts about activation energy.  

Additionally across different educational levels (Figure 5.31) we found that 

general chemistry students used this structural feature mode in a spurious way, whereas 
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PhD candidates made only valid assumptions. However, spurious assumptions about time 

and structure increased from organic chemistry level students to first year graduate 

students. Spurious assumptions were more relatively prevalent in the question three 

(Figure 5.32) where just the composition of compounds was provided in the problem.   

 

Figure 5.31 Relative frequency of spurious and valid assumptions across different 

educational levels for the chemical causality mode – structural features. 

 

Figure 5.32 Relative frequency of spurious and valid assumptions across different 

prompts for the chemical causality mode – structural features. 
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Chemical Mechanism 

In addition to different chemical causality conceptual modes of why a synthesis 

could happen, our analysis of the data uncovered students’ conceptual modes about how 

these reactions could proceed. Students considered what could happen between the 

starting material and the product during the synthesis in different ways. Based on our 

analysis we identified the following major ways students seemed to approach 

conceptualizing chemical mechanisms: mixing components, non-selective interactions, 

and selective interactions (Table 5.6). These different conceptual modes about how 

reactions could occur ranged from students ideas that did not incorporate specific 

mechanistic details of how entities interact (Mode A) to discussing entities interacting 

non-selectively (Modes B-C) or selectively (Mode D-F).  

Table 5.6 Students’ conceptual modes of chemical mechanism. 

Mode Description 

Mixing Components 

A Mixing Components 

Non-Selective Interactions  

B Structural Non-Selective Interactions 

C Dynamic Non-Selective Interactions 

Selective Interactions 

D Charge Attraction 

E Sequential Story 

F Constrained Sequential Story 

The participants in this study utilized the conceptual modes of selective 

interactions (55%, 401 instances) most frequently (Figure 5.33). We also identified the 

relative frequency that these modes were used by students at different levels of training in 

chemistry (Figure 5.34). From this we identified that the general chemistry students’ 

mechanistic modes involved mainly ideas about mixing and non-selective interactions or 
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that they did not consider the mechanism (NA) while approaching the problem. Whereas 

the other four groups of students utilized mainly selective interactions to describe the 

mechanism of synthetic reactions. Additionally, the type of question we asked affected 

the distribution of these conceptual modes (Figure 5.35). Students did not always 

consider a chemical mechanism (NA) when thinking about these synthesis problems and 

were only asked to explain how the product formed in questions three, five, and seven. 

However, many students considered the chemical mechanism to be a useful tool to solve 

these problems even when they were not explicitly asked to do so (for example, question 

six). 
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Figure 5.33 Relative frequency of conceptual modes of chemical mechanism 

utilized by participants. 
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Figure 5.34 Relative frequency of conceptual modes of chemical mechanism 

across different educational levels. 
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Figure 5.35 Relative frequency of conceptual modes of chemical mechanism 

across different prompts. 

Within these different modes there was variation in the features the students paid 
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focus on the types of atoms involved in the process. Most of the students who 

demonstrated this mode had similar ideas. Here is a prototypical quote from a student 

conceptualizing in this way: 

I-C Q5: heating them up or cooling it down or mixing 

it or mixing certain things first um… but I don’t know 

exactly how it would be with this one that’s just how I 

would think for any of them but I don’t know the specifics of how one 

would become another.  

This student identified that mixing components was involved in the synthesis but the 

details of what happens between the starting material and the final material was unclear 

for them. Another student stated: 

I-K Q3: how would the product form? Hydrogen is 

gas, lithium solid, H2O is liquid… ok what I’m looking 

at is like a math way of doing it like H2 plus H2… Li 

and then H2O from what I know if I have like X to the fourth… 

This student built an intuitive idea about how the process occurs in terms of adding up 

each of the atoms in the materials. 

Although this conceptual mode was utilized less often than other chemical 

mechanism modes by participants in this study (6%, 47 instances) (Figure 5.33), it was 

relatively more prominent with general chemistry students than other educational levels 

(Figure 5.34). This mode was not the most prominent mode in any question (Figure 

5.35). However, questions three, five, and seven tended to cue this mode. These were the 

only questions where students were specifically asked to explain how the product would 

form. Thus, students who did not independently consider the chemical mechanism to 

solve these problems tended to conceptualize chemical mechanisms as mixing.  

Non-selective interactions 
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In 18% (131 instances) of the instances of chemical mechanism conceptual modes 

these students’ ways of conceptualizing how a reaction occurs involved descriptions of 

the mechanism in terms of non-selective interactions. Students indicated general 

interactions could occur during a reaction. With these modes there was more variation in 

students’ ways of conceptualizing, some students described non-selective interactions 

between components or structures whereas others described more dynamic processes.  

Non-Selective Interactions: Structural – Fifteen percent (112 instances) of the 

instances of chemical mechanism conceptual modes involved students describing general 

components or structures interacting in a non-selective way. Students paid attention to 

different features as they described these interactions. For example, some students 

described general interactions between entities (2%, 18 instances), others focused on 

structural features such as bond breaking or forming (8%, 57 instances), structural 

rearrangement (2%, 18 instances), or the exchange of electrons (3%, 19 instances). The 

following quotations illustrate some students’ ideas that general interactions can take 

place between entities during a reaction: 

O-I Q1: and then like you need to know 

reactions that could get you that and then I 

guess just how they… how your reactants 

and the chemicals you’re given interact to 

make what you need in the end 

Interviewer: ok, so what would have to happen 

between the aluminum chloride and the hydrogen gas 

for the aluminum H4 minus to form? 

C-G Q3: it would have to interact with each other 

The first student stated that it is useful to know how chemicals interact and the second 

student stated that during a reaction molecules would interact to form a product. These 
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students have gone into more explanatory depth than students who discussed mechanisms 

just as mixing.  

With this mode, some students paid attention to general ideas about changes in 

structure. For example, the following quotations illustrate students’ mechanistic modes in 

which general bonds are broken and formed during a reaction: 

I-A Q1: Well considering how, you know, compounds are formed by bonds 

of the atoms, I would assume at least that the compounds would need to be 

formed somehow by like possibly heating them up or is it, it might be 

cooling them down to attach them to each other to basically create bonds 

in order for them to stay together 

I-N Q3: I could break apart the covalent bonds so that I don’t really know 

what would happen after they break apart like I don’t know exactly the 

process of why they would come back together, I don’t know why they 

would come back together, why they would be attracted to each other 

The first student mentioned that bonds would need to be formed during the reaction, 

whereas the second student focused on the fact that some bonds would be broken but they 

were unclear as to why new bonds would form. Some students described atoms 

exchanging places in a structure, for example, 

I-C Q6: they switch in the reaction, or 

during the reaction, so I think, I guess I 

think that’s feasible 

O-J Q3: um one of the constituents of one of the 

molecules will get kicked off as the other one replaces 

it  

The first student described entities switching places during the reaction. For the second 

student, the mechanism of the reaction involved undefined groups replacing each other. 

Other students indicated that electrons or ions would be exchanged: 
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I-A Q5: they may have to trade electrons, valence 

electrons to form bonds, they also form the bonds 

when you heat them up  

I-D Q3: I know that has something to do with 

electrons and the number electrons that they have in 

the outer most shell of electrons, so I guess they have 

to have enough open spots for the electrons to bond or mix or whatever 

The first student discussed electrons being traded. The second student combined 

intuitive and academic ideas to create a hybrid idea where electrons were described as 

fitting into open spots.  

Non-selective interactions: dynamic collisions: Some students (three percent of 

the instances of chemical mechanism conceptual modes, 19 instances) described the 

mechanism more dynamically where collisions occurred during the reactions and the ease 

of these dynamic interactions was affected by the amount of material involved. For some 

students, if more materials, atoms, or molecules (based on stoichiometry) were needed to 

make the product then the synthesis was seen as easier due to a perceived increased 

probability of collisions. The following example demonstrates this way of 

conceptualizing: 

I-H Q2: that one [hexane synthesis] 

might be easier because there would be 

more of a probability of them hitting 

each other since atoms are tiny and 

even though it happens all the time the 

probability of it happening is… it happens, so maybe that one might be 

easier to make just because there are more things to throw together and 

hope they stick 

This student utilized an intuitive assumption that if there are larger stoichiometric 

numbers of the reagents then the reaction will be easier due to more possible interactions 
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occurring. Alternatively, for other students a synthesis that required fewer collisions to 

produce the product was perceived as easier: 

O-H Q5: You’re only adding like one, you’re only 

doing one thing at a time you’re not trying to do, 

you’re not trying to react multiple things at once so I 

think that makes the reaction more favorable because then you’re not 

really having to react two things at once rather than three because it’s 

more likely for two things to collide at the right orientation than three or 

four things  

This student utilized an academic idea that if fewer collisions are needed in a reaction 

then the synthesis will be easier.  

These conceptual modes where students discussed non-selective interactions were 

also utilized relatively infrequently (18%, 131 instances) by this sample (Figure 5.33), 

but were the most prominent chemical mechanism conceptual mode for general 

chemistry students (Figure 5.34). Although these conceptual modes were cued 

infrequently by most questions (Figure 5.35), non-selective interactions were the most 

frequently cued modes for question two. In this question students were asked to compare 

the easiness of syntheses of hydrocarbons from carbon monoxide and hydrogen. This 

synthesis is not typically introduced in classes at any level. It is unlikely that students 

would be familiar with specific details about the mechanism of this synthesis but instead 

be able to identify that general interactions might occur. 

Selective interactions 

With these conceptual modes, accounting for 55% (401 instances) of the instances 

of chemical mechanism conceptual modes, students described mechanisms in terms of 

specific selective interactions and attractions between defined entities. Students 

demonstrated many ways of conceptualizing selective interactions including ideas that 
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focused on specific structural features – charge attraction (5%, 37 instances), sequential 

stories (32%, 234 instances), and constrained sequential stories (18%, 130 instances).  

Charge Attraction. Students’ conceptual modes of charge attraction, found in 5% 

(37 instances) of the instances of chemical mechanism conceptual modes, involved 

descriptions of the attraction between a positively charged species (A+) and a negatively 

charged species (B-). For example, one student explained the mechanism for their 

synthesis in question three in terms of the attraction of positively and negatively charged 

species: 

O-G Q3: ok well I know that if something is positively 

charged it’s going to go toward, it’s going to gravitate 

toward something that’s negatively charged […] 

Interviewer: so do you have anything positively or negatively charged 

here? 

O-G Q3: well this lithium is positively charged because it’s an alkaline 

earth metal I think, I think it appears in either the first or second column 

right so aluminum, that’s a metal, chloride’s a halide, so then… or 

halogen I mean, it’s negatively charged, this is positively charged 

Some students discussed this type of attraction but had difficulty correctly identifying the 

charge of each entity involved. For example, in the synthesis of LiAlH4 these students 

tended to choose H2O or HCl as sources of H and tended to assume that “H” was always 

positively charged. The following student utilized this mode in a spurious way: 

Interviewer: so can you tell me a little bit more about how the hydrogens 

from water get to the product? 

O-F Q3: um… if… if like I think aluminum is negatively charged then that 

will be attracted to the positively charged hydrogens 

This student decided to utilize an academic idea that positive and negative charges attract 

but incorrectly identified aluminum as negative and hydrogen as positively charged. 
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Sequential stories. In this mode, accounting for 32% (234 instances) of the 

instances of chemical mechanism conceptual modes, students created sequential stories 

of how a reaction could happen in which they chained together the properties and actions 

of specific entities to build a step-by-step story of the chemical mechanism. In this way of 

conceptualizing chemical mechanisms students discussed specific chemical bonds that 

were broken and made. Additionally, certain learned classes of mechanisms were 

described by these students (for example, a substitution or addition-elimination 

mechanism) where they may have used more advanced language such as nucleophile and 

electrophile. In the following quotation a student described the mechanism for the 

synthesis of acetamide from acetyl chloride and ammonia in question seven as a 

sequential story: 

O-J Q7: So NH3 adds and then the double bond on the 

oxygen goes up and makes um oxygen anion and then 

the Cl is still attached so it’s a tetrahedral 

intermediate and then it goes based on stability… so 

because Cl is the weaker link it’s the one that when the electron pair 

wants to go back down and make a double bond again, Cl will get kicked 

out because NH3 is much more stable 

This student described a process, and then the next process, and then another process – 

they built a story of the sequences of the mechanism.  

With this mode students often overgeneralized or inappropriately applied their 

chemical knowledge to a specific synthesis. The following quotation illustrates a spurious 

sequential story: 

C-G Q7: I think I would use this CH3COCl, and kind of same thing 

chlorine’s a good leaving group, use a um… use a base… I don’t know 

what you would use to get it off but you would use something to get the 

chlorine off […] you could do, what is it, where this [NH3] comes in and 

this [Cl] leaves, I know carbonyls do that, I don’t remember the name for 
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it but um this comes in from one side of it and this leaves from the other 

side simultaneous reaction of it 

This student utilized academic knowledge about chemical mechanism but they 

inappropriately applied a substitution mechanism to question seven. Other students who 

utilized this mode had difficultly correctly identifying electrophiles and nucleophiles in a 

reaction. For example, one student explained: 

O-I Q7: Well if you knock off the chlorine then you’re going to make a 

nucleophile that’s going to go in and attack the NH3 and knock off one of 

the hydrogens and then give the amide  

Interviewer: ok so the chlorine just leaves by itself and then 

O-I Q7: well depending on… you’ll use a solvent that will be the first 

nucleophile that will attack the chlorine and knock it off 

This student described a sequential story but overgeneralized nucleophilic solvent 

participation to this scenario and incorrectly identified the electrophile as the nucleophile. 

Constrained Sequential Stories. In 18% (130 instances) of the instances of 

chemical mechanism conceptual modes students described these sequential stories as 

guided and constrained by certain features such as electron density. In this more nuanced 

way of conceptualizing chemical mechanisms students told sequential stories and 

described the chemical mechanism in terms of selective interactions between particles 

based on differences in electron density. Students made decisions about more or less 

preferred distributions of charge, attractions, repulsions or steric interactions, and 

reactivity. Attraction between areas of lower and higher electron density resulted in the 

movement of electrons through intermediates and/or transition states leading to specific 

bond breaking and forming to produce the product. The following quotation is a 

prototypical example: 
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Interviewer: ok so if you took that acid chloride and 

the NH3 and reacted them together, how would they 

form the product?  

U-E Q7: Because the carbonyl is partially positive at 

the carbon and partially negative here your NH3 with the lone pair would 

attack here at the carbon and then you would get a tertiary intermediate 

with that there and you would have your NH3, your chloride… and then… 

oh and this would be positive missed that, and when this collapses back 

down to the carbonyl the chloride would leave and you would have this 

here and then something would come along and deprotonate the amine… 

or the… NH3 plus here, at least that’s the way I would picture it 

happening with these materials. 

Interviewer: ok and then at the beginning you said that the acid chloride is 

the most reactive of these materials, do you know why the chloride is the 

most reactive? 

U-E Q7: the chloride is the most… it’s able to be a good leaving group 

when you get to this tertiary intermediate and then also because of 

electron withdrawing. This chloride is pulling electron density away from 

this carbon making it even more electropositive or well not electropositive 

but partially positively charged making the attack more likely. 

This student utilized chemical thinking by discussing this sequential story as guided by 

the relative electron density of the molecules involved. Sometimes students struggled 

with correctly analyzing the relative electron density of the entities involved and they 

inappropriately applied their knowledge about the factors affecting electron density. The 

following student’s analysis of the relative partial charge of the entities involved led them 

astray. 

G-I Q9: the first reaction looks like this 

carbon in CN actually have a nucleophilic 

attack to that carbonyl carbon, but that 

carbon in CN is also nucleophilic it’s not… 

it’s electrophilic, it’s not nucleophilic, so 

two positive things won’t attack each other 

[…] 

Interviewer: ok and then you had said that the CN group is electrophilic, 

what makes the CN group electrophilic? 

G-I Q9: oh because N is more electronegative than C, so it makes C 

slightly partially positive so C is electrophilic 
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In this case, the student considered the relative charges of the entities involved but 

inappropriately applied their knowledge about electronegativity to only one part (CN) of 

the compound they were analyzing (NaCN).  

These selective interaction conceptual modes were the most prominent ways of 

conceptualizing chemical mechanism (55%, 401 instances) in this sample (Figure 5.33) 

and were roughly equally prominent with sophomore level organic chemistry students 

through PhD candidates, but were very infrequent with general chemistry students 

(Figure 5.34). These modes were more prominently cued by questions five through nine 

(the types of questions that are typically introduced in a sophomore level organic 

chemistry class) than question two through four (which are more like the types of 

synthesis reactions presented in a general chemistry course) (Figure 5.35).  

Within the modes of selective interactions, students in this sample described 

sequential stories (32%, 234 instances) more often than charge attraction (5%, 37 

instances) and constrained sequential stories (18%, 130 instances). General chemistry 

students who used a selective interaction mode tended to focus more on charge attraction 

(Figure 5.34). Whereas for the other four groups sequential stories were more common 

and constrained sequential stories became more prominent with increasing levels of 

training. Additionally, instances where students did not consider a chemical mechanism 

for a question (NA) decreased from general to organic to advanced undergraduate 

students, but increased with further education in graduate school. During the interview 

these students may have been able to rely of previously knowledge about these syntheses 

and did not make their thinking about chemical mechanisms as explicit. 
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The distribution of the different ways of conceptualizing selective interactions 

was different for each question (Figure 5.35). Ideas about charge attraction were cued 

more often in questions three and four, whereas, constrained sequential stories were the 

most prominent mechanistic mode in question nine. An implicit salient feature of 

questions three and four was the charge of the entities involved. Since these questions 

involved the synthesis of ionic compounds, it is not surprising that discussions of 

attractions between charges were relatively more prominent in these questions than in the 

other questions. Additionally, the appropriateness of students’ selective interaction modes 

(Figure 5.36) increased slightly with further training and depended on the type of 

question asked (Figure 5.37). 

 

Figure 5.36 Appropriateness of students’ selective interaction modes across 

different educational levels. 
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Figure 5.37 Appropriateness of students’ selective interaction modes across 

different prompts. 

Chemical Control 
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The students in these interviews tended to discuss reaction conditions as enablers 

of change more often than as agents of change (Figure 5.38). Additionally they tended to 

discuss the control of a synthesis at a submicroscopic level more often than just at a 

macroscopic level. The relative frequency of these conceptual modes varied based on 

educational level (Figure 5.39) and prompt (Figure 5.40). 

 

Figure 5.38 Relative frequency of conceptual modes of chemical control 

 

 

Figure 5.39 Relative frequency of conceptual modes of chemical control across 
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Figure 5.40 Relative frequency of conceptual modes of chemical control across 

different prompts.  
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Figure 5.41 Relative frequency of discussion of physical or chemical conditions 

across different educational levels. 

 

Figure 5.42 Relative frequency of discussion of physical or chemical conditions 

across different prompts.  
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In these conceptual modes students described the reaction conditions they thought 

were necessary for the synthesis to proceed. However, these external conditions appeared 

to be conceptualized as if they were the main or only agent that caused the synthesis to 

occur. We found students describing these agents as causing change at either a 

macroscopic level or a submicroscopic level as will be described in the following 

sections.  

Synthesis controlled using reaction conditions as Agents of change on a 

macroscopic level – With this mode, found in 17% (69 instances) of the instances of 

chemical control conceptual modes, students described the reaction conditions they 

viewed as necessary for a synthesis to occur and appeared to conceptualize these 

conditions as the agents that caused change to occur on a macroscopic scale. These 

students focused on changing pressure, temperature, and phase of matter to control a 

synthesis. In the following prototypical quotation a student focused on manipulating 

temperature and pressure to control the outcome of their synthesis:  

O-K Q3: I’d say perhaps you’d first want to form the 

lithium, aluminum solid by combining the two 

together as a mixture of solids and melting them, melt 

them together to the appropriate um area where they create one phase and 

are together, mixed… and allow them to cool down to be a single solid in 

a single solid phase, and… perhaps add hydrogen gas into the mixture as 

they’re liquid to pressurize the hydrogen gas into a liquid combination of 

the two metals to create the lithium aluminum hydride and then after that 

of course let them combine and cool down so you have a big solid mix of 

lithium aluminum hydride and stoichiometrically just need two hydrogen 

gases to everyone lithium and one aluminum 

This student assumed that a series of alterations to the phase of the material was needed 

to conduct the synthesis. They focused on the role of physical conditions in altering the 

outcome of the synthesis and thus they held an underlying conceptualization of the 
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reaction conditions as the agent causing the synthesis to occur on a macroscopic scale. 

Within this mode students mainly focused on changing the phase of matter of the 

reagents. Some students expressed the idea that gaseous or liquid materials were easier to 

react than solids, for example, 

I-H Q3: two solids and a gas, how do you get those to come together? I 

just want to squish them on top […] you have two metals coming together, 

I mean hydrogen is like everywhere, I don’t really imagine many lithiums 

coming together because they are less… because they’re metals, I mean, 

unless they are like being melted together, so I don’t think that they would 

just [makes squawking sound] together 

This student utilized an intuitive idea that they needed to manipulate the phase of the 

starting materials by melting them in order for the materials to come together. For this 

student melting appeared to be conceptualized as the agent that could cause these metals 

to be able to react.  

Synthesis controlled using reaction conditions as Agents of change on a 

submicroscopic level – In 17% (69 instances) of the instances of chemical control 

conceptual modes, students controlled a synthesis by using reaction conditions as the 

agents that caused changes in the synthesis on a submicroscopic scale. Some students 

focused on chemical conditions as the active agents that caused reactions to occur. Other 

students focused on heating and cooling in order to change the phase of a material and 

they described this phase change as also changing chemical bonding. Sometimes pressure 

and temperature were used to force chemical bonds to form, as illustrated in the 

following quotation:  

Interviewer: ok and then you were 

talking about forming the carbon-

hydrogen bonds versus forming carbon-

carbon bonds 
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O-K Q2: certainly 

Interviewer: can you tell me a little bit more about? 

O-K Q2: the carbon hydrogen bonds are weaker and therefore less 

difficult to get to form using temperatures and pressures you need to force 

the gases into each other so that they will react and reactions will occur 

where the carbon-carbon bonds being much stronger bonds will be more 

difficult, the conditions would need to be more difficult, strenuous I 

suppose 

Interviewer: ok, so a stronger bond 

O-K Q2: would be more difficult to form 

This student expressed the idea that bond formation was a difficult process that 

necessitated an outside agent (pressure and temperature) to force the process. Thus this 

student was characterized as conceptualizing reaction conditions as agents of change on a 

sub-microscopic scale. Other students focused on chemical conditions in this way of 

conceptualizing chemical control. For example, 

I-N Q3: HCl is an acid, and acids have a tendency to 

break things down, so maybe the HCl works better at 

breaking apart the covalent bonds so that you just 

separate what you need.  

For this student the chemical conditions of their reaction needed to include an acid 

because they conceptualized acids as entities that made bonds break in chemical reactions. 

Other students conceptualized reaction conditions as agents in similar ways, for example: 

G-G Q3: aluminum trichloride, sounds more or less ionic to me, so does 

the lithium hydride […] well if they’re not in aqueous solution there’s no 

real reason for them to break apart 

This student focused on the aqueous solution as the only entity that could make their 

reaction between aluminum trichloride and lithium hydride occur. 

Overall (Figure 5.38) these conceptual modes of reaction conditions as agents 

were utilized less frequently than enablers of change. However, they were the most 

prominent chemical control conceptual mode for general chemistry students (Figure 5.39) 
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and were relatively prominent in questions two and three (Figure 5.40). For example, the 

following quotation illustrates a student conceptualizing in this way on a macroscopic 

scale: 

I-O Q2: I guess to a liquid to me would 

maybe be a little bit more difficult 

because you would have to, I think, 

lower pressure or raise pressure […]I 

would just say a gas to a gas might be a 

little bit easier 

For this student the starting materials needed to be in the same phase as the product in 

order for a reaction to occur. Here the student implied an idea that the phase of matter 

was the agent that caused or prevented the synthesis to occur. 

Reaction Conditions as Enablers of Change 

Other students described the reaction conditions they thought were necessarily for 

a synthesis to occur but described these conditions as if they were enablers of the 

synthesis instead of the main agent that caused the synthesis. Sometimes these enablers 

were described as causing change on a macroscopic scale and sometimes on a 

submicroscopic scale as will be elaborated in the following sections. 

Synthesis controlled using reaction conditions as Enablers of change on a 

macroscopic level – In this conceptual mode, which appeared in 17% (67 instance) of the 

instances of chemical control conceptual modes, students conceptualized reaction 

conditions as enabling or facilitating change in a synthesis on a macroscopic scale. The 

following quotation illustrates this way of conceptualizing chemical control:  

C-E Q2: let’s see… so from my perspective I would think a more stable 

compound would be easier to synthesize because from the energy diagram, 

so you always, it’s always favorable to go from a higher energy compound 

or higher energy state to a lower energy state, but I don’t know for sure 
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the energy state of these three compounds or which one is more stable, for 

me I would like to choose the last one because it’s liquid 

Interviewer: ok 

C-E Q2: but I would think this all depend on what kind of condition you 

are choosing like temperature or catalyst 

For this student the outcome of the synthesis was governed by the stability or energy of 

the compounds involved but facilitated by the reaction conditions. The student described 

that the reaction conditions (unspecified) were necessary for the synthesis to occur, but 

they were not the only entity that affected the outcome of the synthesis; the energy 

differences between starting material and product also played a role. In this case the 

student’s descriptions stayed at a macroscopic level. Other students also conceptualized 

reaction conditions as aiding a synthesis, for example,  

C-N Q9: some heat and some things like 

that, but I suppose it could happen  

Interviewer: ok and then do you know why 

heat would be needed? 

C-N Q9: so if there is like an activation 

energy then heat helps provide that 

This student described the role of heat in helping a reaction occur. Thus we characterized 

this student as conceptualizing reaction conditions as enablers of change on a 

macroscopic level. 

Synthesis controlled using reaction conditions as Enablers of change on a 

submicroscopic level– In this mode, accounting for 49% (194 instances) of the instances 

of chemical control conceptual modes, students conceptualized reaction conditions as 

enablers of change on a submicroscopic level. They tended to focus on internal aspects of 

the syntheses (structure of the starting material) in controlling the synthesis but made 
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simple statements about the reaction conditions they perceived as enabling or aiding the 

synthesis of their product. For example a student stated: 

C-F Q5: NH2 that’s electron donating making this 

one not quite electrophilic… but the H minus… how 

likely?… I think the reaction could be easy, maybe 

use LAH [LiAlH4] that would be a low temperature [reaction] and I think 

that’s easy to do because the H minus attack here should be very easy 

This student focused on the structure of the compounds in controlling the outcome of the 

synthesis but also specified the physical conditions necessary for the synthesis to occur. 

In this case the temperature of the reaction facilitated the synthesis but was not the only 

entity involved in causing the reaction. Other students described the role chemical 

reaction conditions played in facilitating a synthesis. For example one student explained: 

O-L Q6: ok um cause SN1 one creates a 

carbocation, so polar protic solvents help 

the carbocation be stable through, because 

of the dipoles 

This student specified they type of solvent they would use (polar protic) for a particular 

type of reaction (SN1). By stating that the dipole of the solvent would help stabilize an 

intermediate in the mechanism, this student described how the solvent could help 

facilitate the synthesis. 

Overall (Figure 5.38) reaction conditions as enablers of change were the most 

prominent chemical control conceptual modes in this sample of students. However, they 

were utilized infrequently by the general chemistry students but increased in prevalence 

for the other educational levels (Figure 5.39). They were the most prominent chemical 

control conceptual modes for all questions except two and three (Figure 5.40). Questions 

two and three tended to elicit ideas of reaction conditions as agents of change, and were 
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more like the types of syntheses presented in a general chemistry class, whereas question 

five through nine were more like the types of syntheses presented in an organic chemistry 

course. In question one students tended to make general statements on a macroscopic 

scale about how the reactions conditions would be important in helping or facilitating a 

successful synthesis, for example, one student responded:  

Interviewer: The first question is you want 

to synthesize a compound, what factors are 

important in a successful synthesis? 

I-M Q1: […] any sort of like outlying 

factors like temperature, pressure, volume, all of those things that could 

help you synthesize it 

Additionally, we characterized whether these students mentioned these enabling 

reaction conditions in a way that would be valid or spurious for their synthetic scenario. 

In this sample, students utilized reaction conditions in valid ways (71.5%, 198 instances) 

more often than spurious ways (21.5%, 79 instance). Across different educational levels 

(Figure 5.43) the frequency of spurious and valid assumptions were relatively steady. 

However, spurious assumptions tended to be elicited most often by question three 

(Figure 5.44). In question three many students decided that they would use aqueous HCl 

or water to synthesize lithium aluminum hydride, which would not be feasible. The 

following quotation is an example of this spurious use of reaction conditions: 

Interviewer: ok, cool and then you mentioned the 

acidic conditions, what would the role of the acidic 

conditions be?  

G-M Q3: well let’s see… so I was thinking that the acidic conditions might 

help the chlorines to dissociate from the aluminum at little bit better 
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Figure 5.43 Appropriateness of students’ chemical control conceptual modes, of 

reaction conditions as enablers of change, across different educational levels. 

 

Figure 5.44 Appropriateness of students’ chemical control conceptual modes, of 

reaction conditions as enablers of change, across different prompts. 
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Modes of Reasoning 

Through our analysis of these interviews we realized that students’ conceptual 

modes were insufficient to characterize student thinking about synthesis. We observed 

students with similar conceptual modes to be reasoning in very different ways, thus we 

separately characterized students’ modes of reasoning. These different domain general 

ways of reasoning that were uncovered from our analysis (Table 5.8) ranged from 

unconscious heuristics to more conscious analytical reasoning and included descriptive 

reasoning, relational reasoning, linear causal reasoning, and multicomponent reasoning. 

The presentation of these modes of reasoning was not intended to imply a priority in one 

way of reasoning – depending on the scenario there could be more than one modes of 

reasoning that were appropriate. 

Table 5.8 Students’ modes of reasoning.  

Mode of Reasoning 

Domain General Description  

Chemistry Specific Applications 

Descriptive 

Re-described question. 

Explicit features: Focused mainly on explicit salient 

features of the problem (e.g. symbolic 

representation of substances, H2O).  

Substance Familiarity: Recalled a substance (or 

part of a substance) and based decisions on 

familiarity of the substance (or part).  

Restatement or Tautology: End states were viewed 

as explanation of a phenomenon (e.g. a synthesis 

can happen because it happens). 

Relational 

Built relations or unexplained 

rules. 

 

 

 
Multi-Relational 
Used multiple relations to build 

explanations and make decisions. 

Explicit or Implicit features: Described explicit 

(e.g. symbols, HF) or implicit (e.g. 

electronegativity) salient features of the problem. 

Substances and Properties: In addition to recalling 

familiar entities, mainly identified substances (or 

parts of substances) and their properties to reason 

about the relationships between these substances 

and their reactivity patterns. 
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Linear Causal 

Built a sequential chain of 

events with causes and effects 

– mechanistic reasoning. 
 

 

Linear Causal Multi-Relational 
Used linear causal reasoning 

along with multiple relations to 

build explanations and make 

decisions. 

Explicit and Implicit features: Described both 

explicit and implicit salient features of the 

problem. 

Actions and Interactions: In addition to identifying 

substances (or parts of substances) and their 

properties, identified the actions or interactions 

of these substances or entities. Identified an 

entity that acted as an agent and the activities of 

this agent in order to reason about these 

syntheses. 

Multi-Component 

Built multiple linear-causal 

elements or causal networks 

and provided a more complete 

story.  

Explicit and Implicit features: Described both 

explicit and implicit salient features of the 

problem. 

 

Isolated 
Separate exploration of 

multiple linear causal elements 

Complex Agents: Separately described the actions 

of multiple substances or entities acting as agents 

and the properties, actions, or interactions of 

these substances and entities to reason about 

these syntheses. Outcome of a synthesis 

appeared to be an additive result of the actions of 

multiple agents. 
Integrated 
Interwoven exploration of 

multiple causal networks 

Connections: Described connections between the 

actions of multiple substances or entities acting 

as agents and the properties and interactions of 

these substances and entities. Outcome of a 

synthesis emerged from the actions of multiple 

agents. 

Based on the distribution of these students’ overall modes of reasoning to each 

prompt, students in this sample tended to use overall a linear causal mode of reasoning 

(Figure 5.45). The relative frequency of these modes of reasoning varied based on the 

educational level of the students (Figure 5.46) and the context of the prompt (Figure 

5.47).  
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Figure 5.45 Relative frequency of modes of reasoning. 

 

 

Figure 5.46 Relative frequency of students’ modes of reasoning across different 

educational levels.  
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Figure 5.47 Relative frequency of students’ modes of reasoning across different 

prompts.  

The different ways that students put their ideas together – their modes of 
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[…] ok um because… I’m guessing that’s why, that’s why, because I’m 

guessing and I just like hydrogen and chlorine 

Interviewer: ok so you like the HCl more than you like the others 

I-B Q4: yea that’s just it because I really have no idea 

Interviewer: do you know why you like HCl more? 

I-B Q4: because I’m used to it, like I don’t see fluoride as much or 

whatever it is, I see hydrogen and chlorine more often, that’s why I like 

them 

When asked to compare syntheses, this student justified their choice by simply stating 

that they made the particular choice because they made that choice. Additionally, they 

focused on an explicit salient feature of the problem (names of atoms: hydrogen and 

chlorine) and explained that the choice was more familiar to them. Thus we characterized 

this student as demonstrating descriptive reasoning in this question while utilizing 

explicit features, atom familiarity, and tautology. Other students demonstrated similar 

reasoning strategies, for example,  

Interviewer: ok, how likely do you think 

this reaction is? 

U-D Q2: fairly unlikely 

Interviewer:  and why? 

U-D Q2: I don’t know it just seems like 

carbon monoxide, I don’t think… it’s pretty stable, that’s why I think it 

would be hard […] 

Interviewer: how do you know that carbon monoxide is so stable? 

U-D Q2: I think like just generally being told  

This student’s justification of why carbon monoxide was stable was because they were 

told it was stable. For this student the phenomenon (carbon monoxide stability) was seen 

as sufficient explanation of the phenomenon. This student exhibited familiarity with a 

substance and restatement of the question and was characterized as building descriptive 

reasoning in this case.  
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The descriptive mode of reasoning occurred relatively infrequently (4%, 25 

instances as an overall mode to a prompt) with this sample of students during these 

interviews. One reason for this may have been the structure of the interview where the 

interviewer often asked students why they thought something or to tell more about what 

they were thinking. However, this mode occurred primarily with general chemistry 

students (Figure 5.46) and was cued most often by question four (Figure 5.47). Question 

four involved substances common in daily life (NaCl) and many of the general chemistry 

students who used this mode of reasoning were familiar with this substance. For example,  

Interviewer: Here are three reactions 

using a similar process which one of 

these three compounds, sodium 

fluoride, chloride, or bromide would be 

easier to synthesize? 

I-E Q4: I want to say, the sodium chloride only because I’m familiar with 

sodium chloride 

Interviewer: ok so the sodium chloride reaction being easiest, is there 

anything other than its familiarity, you’ve seen it much more, that would 

make that reaction easier? 

I-E Q4: not that I know of 

This student demonstrated descriptive reasoning by focusing on an explicit feature of the 

problem (name of a substance, sodium chloride) and the familiarity of this substance as 

the sole reason for their choice of the easiest synthesis.  

Relational 

From analysis of these interviews we uncovered a more complex mode of 

reasoning where students built relations or used rules to explain or justify their decisions 

(26% of overall responses to prompts, 146 instances). In this relational mode students 

described either explicit (e.g. symbolic representation of substances, HF) or implicit (e.g. 
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electronegativity) salient features while building these unexplained correlations. In 

addition to recalling familiar substances, students described these substances and their 

properties to reason about the relationships between these substances and their reactivity 

patterns. These students often reduced the number of variables they paid attention to and 

based their justifications on a single entity or property. However, sometimes students 

utilized multiple relations to reason through these synthesis problems (multi-relational 

mode of reasoning). Additionally, reasoning in this mode was often constrained by 

overgeneralizations. With the following quotation we will explore this mode of reasoning:  

Interviewer: how likely do you think this 

reaction is? 

I-J Q2: very likely compared to these 

other two 

Interviewer: ok, because? 

I-J Q2: because it’s like CH4 instead of like, I feel like I see this a lot more 

in chemistry than any of these other molecules […] 

Interviewer: ok cool, is there anything else that makes this reaction easier 

than the other two reactions? 

I-J Q2: because, or actually does it have anything to do with like… are 

these balanced already? 

Interviewer: they’re already balanced 

I-J Q2: oh ok, because there’s less of it so there’s not as much 

concentration I guess that you have to deal with, like when you have to do 

with like 3H2 and one CO it’s not as much as having to like completely 

synthesize like 7H2 and 3 CO 

This student noticed an explicit salient feature (CH4) and reasoned that this compound 

would be easier to synthesize because they had seen it a lot more than the others. Thus, 

this student displayed descriptive reasoning where they focused on explicit features and 

substance familiarity. When prompted they then built upon this descriptive reasoning by 

building a relationship between the amounts of materials (or “concentration”) and the 

easiness of a synthesis. Since this student identified substances (CH4, H2, CO) and a 
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corresponding property (amount/concentration of these substances) to reason about which 

synthesis would be easier, we characterized the complexity of this students reasoning as 

relational for this question. 

Some students used rules that they may have learned in their chemistry courses, 

but overgeneralized these rules to a particular scenario, for example:  

Interviewer: and then how likely do you think 

that first reaction is? 

C-G Q8: um it doesn’t seem very likely to me  

Interviewer: and why? 

C-G Q8: um because you are just using water 

to create a carbon-oxygen bond that doesn’t 

seem favorable to me 

Interviewer: and why not? 

C-G Q8: I feel like carbonyl is more stable than COH 

Interviewer: ok cool, and then do you know why the carbonyl is more 

stable than the COH? 

C-G Q8: double bond as opposed to single bond 

This student noticed a part of the substances (types of bonds involved) and a property of 

these parts (stability). They then applied a general rule (that double bonds are more stable 

than single bonds) but overgeneralized this rule to this situation. Since this student 

applied a rule about bonds and their stability to justify their choice we characterized this 

student’s mode of reasoning as relational in this case.  

The modes of reasoning identified through our analysis were meant to 

characterize the complexity of students reasoning. However, complexity does not 

inherently characterize how productive or unproductive that reasoning was. A less 

complex mode of reasoning was not necessarily less productive than a more complex 

mode of reasoning. For a given problem many different modes of reasoning could be 

productive (or unproductive) in reasoning through a problem. The above example (C-G 
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Q8) was an example of an unproductive use of relational reasoning since the student 

overgeneralized a rule in order to explain the relative stability of the starting materials to 

the products in the synthesis. Alternatively, the following is an example of a student 

using a relational mode of reasoning in a productive way: 

G-G Q6: it looks like he’s going just 

nucleophilic substitution and if it’s SN2 it’s 

sort of iffy on a secondary, so it could work I 

think  

Interviewer: ok why would it be iffy on a secondary? 

G-G Q6: just some sort of steric reasons, I don’t remember, if it’s tertiary 

it wouldn’t work by SN2, secondary I’m not sure, primary it probably 

would work 

This student reasoned through this problem by using a series of rules about the chemical 

mechanism of this synthesis without any explicit domain general mechanistic reasoning. 

They identified the name of the chemical mechanism and built a relationship between the 

structure (primary, secondary, tertiary) and the probability that the synthesis would work. 

Although this student used a less complex mode of reasoning (relative to linear causal or 

multicomponent) this was still a productive way to reason through this problem because 

the student was able to describe a synthesis that would work more feasibly (with primary 

structure) than the proposed synthesis they were evaluating.  

Additionally, students in this sample utilized relational modes of reasoning along 

with many different types of conceptual modes. The examples provided above in this 

section of relational reasoning all involve very different types of conceptual modes 

including different concepts about chemical causality and chemical mechanism. 

Relational modes of reasoning occurred less often than linear causal reasoning 

(Figure 5.45) but were the second most frequent modes in this sample of students 
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(relational: 18%, 99 instances as an overall mode to a prompt; multi-relational: 8%, 47 

instances as an overall mode to a prompt). Across different educational levels (Figure 

5.46) relational reasoning was the most prominent type of reasoning used by general 

chemistry students and decreased in relative frequency for the other educational levels.  

Across different prompts (Figure 5.47) relational reasoning was the most 

prominent mode of reasoning only in question two. In question two students were asked 

to compare syntheses that were likely unfamiliar which may have reduced the complexity 

of students reasoning about these syntheses. Additionally, this mode of reasoning may 

have been more prevalent in the beginning of the interview because as the students were 

continually asked questions throughout the interview they may have gone into more 

detail in subsequent problems. The following is a prototypical quotation of a general 

chemistry student building a relation for question two: 

I-B Q2: If I had to guess, I would say 

the first one, the CH4, just because it 

looks like there’s less numbers so it 

looks like it would be easier 

Interviewer: ok, so there are less 

numbers going in so it looks like it would be easier, can you tell me a little 

bit more about that? 

I-B Q2: I just think if there’s less components the easier it would be, that’s 

how everything is, usually is 

This student built a relationship between the numbers in the problem and the easiness of a 

synthesis to justify their choice. They identified a substance (CH4) and an extensive 

property (amount of components) to reason about which synthesis would be easier. Thus, 

we characterized the complexity of this student’s reasoning in this question as relational 

where they identified substances and properties while reasoning through the problem. 

Additionally, it is important to point out that students used many different types of 
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reasoning strategies throughout their interview; in the previous section a quotation from 

this same student (I-B) was used to illustrate overall descriptive reasoning. 

Linear Causal 

From our analysis of these interviews emerged a linear causal mode of reasoning 

(49% of overall responses to prompts, 280 instances) where students described a 

sequential chain of events with causes and effects. These students utilized domain general 

mechanistic reasoning or described the reasons and causes of rules they used. They 

identified entities, with a particular spatial or temporal organization, that were engaged in 

particular activities. Additionally, they described an agent that initiated the sequence of 

events and the activities of this agent in order to reason about a synthesis. 

In addition to identifying substances (or parts of substances) and their properties, 

these students identified the actions or interactions of these substances or entities. In their 

descriptions they focused on a main substance or entity as if it were the major agent. The 

actions of this agent and interactions with other substances or entities were described as a 

sequence of events unfolded (“A causes B causes C”) in the synthesis. The actions of the 

agent caused an event which in turn caused other entities to partake in activities resulting 

in events. These agents were either described as acting with a particular purpose or 

intention (teleological reasoning) or described in a non-intentional way. 

The agents and entities involved were described at either a macro or particulate 

level. Additionally, students focused on both explicit and implicit salient features while 

reasoning through these problems. In this mode some students described many salient 

features but often reduced the number of variables they paid attention to in making their 
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decision. Some students utilized linear causal reasoning combined with multiple 

instances of relational reasoning (linear causal multi-relational mode of reasoning). We 

will explore this linear causal mode of reasoning with the following quotations:  

O-J Q7: Acyl chloride, right right this is an acyl 

transfer reaction or something like that, which was 

also on the last test, and then NH3, because NH3 will 

form a base [amide] and that’s more stable than the 

acyl chloride is 

Interviewer: ok so the NH3 will form a base um can you describe to me 

what that base is that you’re talking about? 

O-J Q7: I don’t know what it is called… an amide  

Interviewer: […] what happens to form the product? 

O-J Q7: So NH3 adds and then the double bond on the oxygen goes up and 

makes um oxygen anion and then the Cl is still attached so it’s a 

tetrahedral intermediate and then it goes based on stability… so because 

Cl is the weaker link it’s the one that when the electron pair wants to go 

back down and make a double bond again, Cl will get kicked out because 

NH3 is much more stable 

Interviewer: ok so the reaction proceeds because the Cl is the weaker link 

you said 

O-J Q7: yea 

Interviewer: and so the NH is more stable  

O-J Q7: right because the Cl is the weaker base 

This student began by recognizing a type of reaction (acyl transfer reaction) they recalled 

from a recent test which they could apply to this synthesis. They demonstrated 

descriptive reasoning but then built upon this by using a rule (an amide is more stable 

than an acyl chloride) to justify their choice of reagents. When prompted, the student then 

described the actions (adding) of an agent (NH3) which initiated a sequence of events on 

a submicroscopic level. During this sequence of events different parts of the substances 

interacted resulting in a particular effect (synthesis of the amide product). Additionally 

the student used a rule to justify what happened in their story (Cl is the weaker link 

because it is a weaker base). Since this student discussed the actions and interactions of 
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substances in a linear sequence of events along with the use of multiple relations 

throughout their answer we characterized this student’s mode of reasoning for this 

question as linear causal multi-relational. 

Additionally, in the above example the student described one of the entities in the 

sequence of events as acting intentionally or with a particular purpose (the electron pair 

wants to go back down). Other students utilized linear causal reasoning but described the 

entities involved as acting in a non-intentional way, for example,  

C-H Q7: the electrons from the nitrogen would attack the carbonyl carbon 

displacing the electrons on the carbon oxygen bond and then the um… 

electrons from the oxygen would kick back down, and the chlorine would 

leave um leaving this NH3 amide species and then the chlorine atom 

comes in and takes the extra hydrogen off of the nitrogen and you’re left 

with just the amide 

This student also described a sequence of events where an agent (electrons) was involved 

in a series of activities (attacking, displacing, kicking). The student described interactions 

between substances that resulted in a particular effect (synthesis of the amide product). 

Thus, we characterized this student’s mode of reasoning as linear causal.  

These students’ modes of reasoning could be separately analyzed from their 

conceptual modes. For example, the following student utilized a very different conceptual 

mode than the previous student but still used a linear causal mode of reasoning: 

I-A Q5: If you were to heat it up the liquid would 

evaporate and form into a gas and that would take 

the two hydrogen gas elements and form a complete 

gas which is what the end product is  

Interviewer: ok so you would have to do something to the liquid um 

heating it up to be able to get the gas product 

I-A Q5: possibly combining them if you were to heat up the substance 

entirely, then I think if you heat it up enough the liquid CH3CN to where it 

would turn into a gas and because everything would be a gas, I think it 

would be more likely like that 
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This student described a sequential chain of events on a macroscopic level where an 

agent (you) was involved in activities (heating, combining) that caused a particular result 

(end product). This chain of events was the heating of a liquid which resulted in 

evaporation and the formation of a gas followed by a combination with another gas 

resulting in the end product of the synthesis. This student described the actions of a 

human and how the human interacted with the substances involved to produce the 

product. Thus, we characterized this student’s mode of reasoning as linear causal in this 

case.  

The results in this section were not meant to characterize students’ ideas about 

chemical mechanism; instead with this mode of reasoning we have uncovered these 

students’ domain general mechanistic reasoning in these questions and how these 

students’ reasoning strategies were applied in the context of synthesis.  

Linear causal reasoning was the most frequent mode of reasoning used by this 

sample of students (linear causal: 33%, 187 instances as an overall mode to a prompt; 

linear causal with multiple relations: 16%, 93 instances as an overall mode to a prompt). 

The style of the interview likely cued this type of reasoning because students were often 

ask how these syntheses happened. Across different educational levels (Figure 5.46), this 

mode of reasoning was demonstrated infrequently by general chemistry students, but was 

the most frequent mode of reasoning for all other groups. Across different prompts 

(Figure 5.47) linear causal reasoning was most prominent in every question except 

question two where relational reasoning was most prominent. In this question students 

were not asked to explain how the syntheses could or could not happen.  
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Multicomponent 

From our analysis of the interviews we identified that some students, 21% of 

overall responses to prompts (116 instances), used multiple distinct linear-causal 

elements or causal networks and provided a more complete story. Similarly to the linear 

causal mode of reasoning, these students described events with causes and effects and 

utilized domain general mechanistic reasoning. However, while making decisions about 

these syntheses they explored and weighed the effects of the activities of multiple salient 

features. These causes and effects were described either as linear-chains of events or 

networks of events. We characterized this as multicomponent reasoning and we identified 

two types: isolated and integrated. These multiple causal elements were either considered 

separately or in an interwoven manner. 

Multicomponent isolated – In this mode, found in 18% (99 instances) of students’ 

overall responses to prompts, students reasoned through the synthesis problems by 

considering the effects of the actions of multiple salient entities separately. Students 

described multiple substances or entities independently acting as agents in initiating 

events in a synthesis along with the properties and interactions of these substances and 

entities. The outcome of a synthesis appeared to be an additive result of the actions of 

these multiple agents. With the following quotation we will explore this mode of 

reasoning:  

U-B Q8: I think the first would be easiest to 

synthesize, the third reaction I could see that 

first compound being really reactive because 

it’s got the I don’t know why I can’t, the three 

membered ring um which to me is really really 

unstable because you have this really tight 

bond angles so I could see that being really 
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reactive but not in the way that’s shown there where is keeps that three 

membered ring, I’d think that you would have something where the water 

would attack to break open that ring or somehow it would split open 

[…] 

Interviewer: Is there anything else that makes the top reaction easier than 

the bottom two? 

U-B Q8: I don’t know how big of an effect they are but carbons are 

somewhat electron donating so you may have the, it would make the 

carbonyl carbon less electropositive, and less vulnerable to attack from 

the water than the upper compound where you don’t have any real 

electron with, or donating effects 

As this student justified their decision they utilized multiple linear casual elements but 

discussed them separately. At the beginning of their answer to this prompt they discussed 

the possibility of an alternative reaction by describing an agent (water) that would cause 

that event to result (ring splitting open). They identified parts of a substance (three 

membered ring, tight bond angles) and how they thought this substance would interact 

with another substance (water). Toward the end of their response they separately 

discussed the effects of a different agent (electron donating carbons) and described how 

this feature of the structure would affect the interaction between the substances. Thus, we 

characterized this student as using multicomponent reasoning in an isolated way in this 

question. 

The students in this sample utilized multicomponent reasoning in many different 

ways. Here is another example of a student with multicomponent reasoning:  

C-K Q2: four moles of gases… you have 

more entropy going that way in that last 

one at least so it should go that way [to 

reagents], um you have four moles of 

gas on that side, one mole of gas on this 

side, so I guess the first one just by entropy arguments here, you have four 

moles of gas and you only have one mole being produced, you have seven 

moles total of gas, one mole being produced so I guess you want to go that 

way, so the first or second one are going to be the easier ones […]the 
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entropy is just the organization of the system so, it’s just an overall energy 

of the system related to uh the degrees of freedom of it etcetera etcetera, 

as far as randomness and how much freedom moieties have to rotate […] 

Interviewer: ok are there any other reasons why this happens other than 

you know it happens? 

C-K Q2: well just from the enthalpy now, going back again, you have the 

same argument we were discussing before, you have four CH bonds which 

and two waters being formed which you have to take into account also for 

your overall delta H so you have three bonds of hydrogen which should be 

weaker than the CH bonds so you are forming stronger bonds as your 

products formed so that should drive the reaction to your products 

At the beginning of the interview this student built a relationship between the number of 

moles of gas and the entropy for each reaction. They then went into more complex detail 

explaining this rule where they described the number of moles of gas affecting the 

entropy of the system or the perceived freedom of moieties to rotate and thus the easiness 

of the synthesis. Here the agent was the number of moles of gas, which affected entropy, 

acting on the freedom of moieties to rotate. Toward the end of their response they 

separately considered another salient feature (bond strength) affecting the outcome of the 

synthesis. They identified parts of the substances (the different bonds) and their 

properties (the strength of the bonds). They described the action of the formation of these 

stronger bonds as the agent driving the reaction. We characterized this student’s mode of 

reasoning as multicomponent isolated since they separately considered the actions of 

more than one agent. 

Multicomponent integrated – Other students reasoned through these problems by 

building together a network of multiple interconnected causal elements that described the 

effects of the activities of multiple agents (3% of students’ overall responses to prompts, 

17 instances). In this mode students provided more thorough and complex descriptions of 

their decisions in the syntheses. They described the connections between the actions of 
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multiple substances or entities acting as agents along with the properties and interactions 

of these substances and entities. The outcome of a synthesis emerged from the actions of 

multiple agents. The following quotation illustrates this mode of reasoning:  

G-M Q2: I would, and this might be 

completely wrong, but I would probably 

say that the first one would be easiest to 

synthesize since you’re decreasing 

entropy the least since you are going 

from four gas molecules to four gas molecules as opposed to the others 

which are going from a lot more gas molecules, the last one you’re going 

to two liquids but that results in even less entropy than a gas and a liquid, 

so yea I would go with the first one 

Interviewer: ok can you tell me a little bit more about entropy?  

G-M Q2: sure, I don’t remember exactly which law it is which is kinda sad 

uh the disorder in a system never decreases, it increases or stays the same 

so if you’re going to decrease the entropy of a system you have to increase 

the entropy of somewhere else and so generally when I’m looking at these 

reaction systems I think either there is going to be, likely be some heat 

released in these reactions which is of course going to increase the 

entropy of the atmosphere still balancing it out but I still would probably 

say the first one is going to be the easiest to do 

Interviewer: ok can you tell me a little bit more about the heat changing 

the entropy of the atmosphere? 

G-M Q2: sure just in terms of if you’re adding more heat to the 

atmosphere you are increasing the kinetic energy of the molecules you’re 

moving around more, they’re having more collisions in general creating 

more disorder, I would like to go into the actual statistical meaning of 

disorder but I can’t remember it right now 

Interviewer: ok and how do you know that this reaction will give off heat? 

G-M Q2: um so what I’m comparing it to in my mind is the reaction of 

hydrogen with oxygen to produce water, you know generally you’re going 

to have to give it some sort of ignition source to get it started but when 

that reaction goes it’s violent and releases energy in all types of forms, 

explosion, so some light, and some heat, some sound, so that’s kind of 

what I am basing it off of 

Interviewer: and this looks similar as 

G-M Q2: as producing water from hydrogen and oxygen 

Interviewer: cool, what else makes this reaction easier than the other two 

reactions? 

G-M Q2: hmm… let’s see… I’m not sure  

Interviewer: how likely do you think this reaction would be? 
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G-M Q2: spontaneously just by itself? I don’t think it would be too likely, 

similar to having hydrogen and oxygen floating around in the air I 

wouldn’t expect those things to react unless they were in really 

concentrated amounts and probably had some source of energy input 

whether that be a flame or something like that  

Interviewer: ok, so there… under certain conditions it wouldn’t be 

possible but under other conditions it would be possible… so some sort of 

flame 

G-M Q2: some source of ignition combined with higher concentration  

Interviewer: ok and then can you tell me anything about why those things 

would make this reaction 

G-M Q2: go? 

Interviewer: yea more feasible? 

G-M Q2: so um as I look at those, you have carbon oxygen bond in carbon 

monoxide, triple bond and so you will have to overcome the strength of 

those bonds the stability of them to break them and form new bonds, the 

fact that the reaction would go, those new bonds that are produced are in 

the end will be lower in energy but you have to add some energy to the 

system at first to essential break whatever bonds are there and then reform 

the more stable ones 

Through this interview this student built an interconnected description of how multiple 

salient entities affected the various events and outcome of the syntheses. They described 

the actions of many entities (released heat affecting entropy, ignition source to start the 

reaction, formation of lowered energy stable bonds) to reason through the problem. 

Although this student did not intertwine every casual action they discussed, they did build 

a thorough explanation of how multiple agents were connected. Because of this, we 

characterized their mode of reasoning as multicomponent integrated. Here is another 

example of a student utilizing multicomponent reasoning:  

Interviewer: ok so we have the same starting 

materials for both of these reactions just two 

different products, so which of these two 

products would be easier to synthesize?  

C-M Q9: it depends on what temperature 

you’re doing it as a first thing 

Interviewer: ok cool so what temperatures 

might favor one of these products over the other? 
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C-M Q9: so if you do it at a really high temperature you would favor the 

second one, so between a carbon double bond O and a carbon-carbon 

double bond, carbon carbonyl is more reactive than a carbon-carbon 

double bond so you’d probably react there and form the cyanohydrin but 

in 1,4 systems if you heat, I don’t remember there are, there are other 

factors too but if you heat it then you do form the 1,4 addition product 

Interviewer: ok and then you were talking about the carbonyl versus the 

carbon-carbon double bond that the carbonyl would be more reactive 

C-M Q9: yea 

Interviewer: do you know why that carbonyl is more reactive? 

C-M Q9: it’s more electrophilic 

Interviewer: and why is it more electrophilic? 

C-M Q9: because it has oxygen bonded to it which is more electronegative, 

pulls the electron density toward the more electronegative atom making 

the carbon more electron deficient  

Interviewer: ok cool so you are telling me that at higher temperature we 

would get 

C-M Q9: the 1,4 product 

Interviewer: because of the, yea so the 1,4 why is that favored at higher 

temperatures? 

C-M Q9: I think it equilibrates and forms the 1,4 product as the major one 

because of… um… so the first product that you form is the kinetic product 

when you form the cyanohydrin but even though the carbonyl carbon is 

more reactive if you compare bond strength the carbon-oxygen bond 

strength is much higher than a carbon-carbon bond strength if you go 

through the thermodynamic product then you would form the other one 

which is, which retains the carbon-oxygen double bond which is the 

stronger bond 

In this student’s response, they began by identifying an agent (temperature) and described 

how this agent would affect where the reaction occurred (based on the different 

reactivities of the different structures). When prompted they explained this differential 

reactivity using causal reasoning where they described an agent (oxygen) and its actions 

(pulling electron density). Then they considered the temporal arrangement of the actions 

of the agents along with additional reagents to more fully explain the syntheses when 

asked. With prompting, this student built an interconnected explanation of their decisions 

where multiple agents (temperature, structure, electrophilicity, kinetics, bond strength, 
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thermodynamics) were discussed. Thus this student’s mode of reasoning was 

characterized as multicomponent integrated for this question.  

Overall (Figure 5.45) multicomponent modes of reasoning were used relatively 

less frequently by this sample of students (isolated: 18%, 99 instances as an overall mode 

to a prompt; integrated: 3%, 17 instances as an overall mode to a prompt). Across 

different educational levels (Figure 5.46) the relative frequency of this mode increased 

from general chemistry to advanced undergraduates and then decreased for graduate 

students. This may be because the advanced undergraduate students may have felt the 

need to provide more complex details (multicomponent reasoning) while solving these 

problems, whereas the graduate students more often deployed well learned heuristics that 

allowed them to quickly answer questions. Additionally, the relative frequency of 

multicomponent reasoning tended to increase across the interview (Figure 5.47). This 

may have been due to the nature of the interview where students were continually asked 

to tell more about what they were thinking.  

Modes of Reasoning for Individual Participants 

In the previous section we described students’ modes of reasoning that we 

identified in our analysis. In this section we will describe how these modes played out 

across an interview for individual participants through our characterization of how 

consistently a student applied a mode of reasoning to these questions and whether or not 

a student utilized different overall modes of reasoning to answer these questions. We 

identified a spread in the different reasoning strategies individual students applied across 

their interview.  
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Based on analysis of these students’ modes of reasoning  (Figure 5.48) we found 

that these students applied the same mode of reasoning in only a limited number of 

prompts. No student used the same mode of reasoning for every question, only a few 

students (nine) used the same mode of reasoning in three-quarters of the questions (6 out 

of 8 questions), but more than half of the students (46 students) used the same mode of 

reasoning for at least half of the questions (4 out of 8 questions). Across different 

educational levels (Figure 5.49) the percentage of students who applied the same mode 

of reasoning to a larger number of the questions appeared to increase from general 

chemistry to advanced undergraduates and then decrease for graduate students who 

tended to apply the same mode of reasoning to fewer questions. 

 

Figure 5.48 Number of participants (N=71) who utilized the same overall mode 

of reasoning across multiple questions and in how many questions their most-used mode 

of reasoning was applied.  
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Figure 5.49 Relative frequency across educational levels for the number of 

participants (N=71) who utilized the same overall mode of reasoning across multiple 

questions and in how many questions their most-used mode of reasoning was applied. 

Additionally, we found that most students approached these questions by using 

three to four different overall modes of reasoning across the interview (Figure 5.50). 

Only four students used two modes of reasoning and few students (10) used most of the 

modes of reasoning we identified. Thus, these students were not necessarily consistent 

and tended to apply different modes of reasoning across the interview.  

 

Figure 5.50 Number of students (N=71) who utilized two, three, four, five, six, or 

seven different overall modes of reasoning in an interview. 
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Across different educational levels (Figure 5.51) these trends played out in 

similar ways. However, first year graduate students and PhD candidates tended to utilize 

slightly more different modes of reasoning across their interviews. 

 

Figure 5.51 Relative frequency across educational levels for the number of 

students (N=71) who utilized two, three, four, five, or six different overall modes of 

reasoning in an interview. 
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relatively evenly across many of the different modes of reasoning (Figure 5.52). This 

trend played out somewhat equally across different educational levels (Figure 5.53) with 

graduate students appearing to have more spread in the different types of modes of 

reasoning they used.  

 

Figure 5.52 Characteristics of individual student’s modes of reasoning across 

their interview (N=71). 

 

Figure 5.53 Characteristics of individual student’s modes of reasoning across 

their interview for different educational levels (N=71). 
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with one main mode there appeared to be a dramatic switch from mainly relational 
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reasoning for general chemistry students to mainly linear causal reasoning with organic 

chemistry students followed by a gradual increase in multicomponent reasoning with 

advanced undergraduates, but then a decrease in prominence of multicomponent 

reasoning with graduate students. This is a trend similar to the overall modes of reasoning 

across different educational levels described in Figure 5.46. 

 

Figure 5.54 Main mode of reasoning for students who utilized the same mode of 

reasoning in at least four questions or more.  

We noticed that these organic chemistry students and PhD candidates who used 

one main mode tended to use similar types of modes of reasoning (Figure 5.54). 

Although they were using similar reasoning strategies they were not necessarily thinking 

in the same way. Instead we found that these students’ conceptual modes appeared to be 

different; the PhD candidates tended to use conceptual modes with more explanatory 

depth. Below are two examples of this – students’ ideas about the agents involved in 

causality and their ideas about the causes of reactions related to energy (Figure 5.55). In 

both these cases conceptual modes with more explanatory depth (internal causal agents 

and energy differences as reaction causes) appeared to be relatively more prevalent with 
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the PhD candidates than the organic chemistry students. Thus, these students used similar 

reasoning strategies but different conceptual assumptions about causality.  

 

Figure 5.55 Relative frequency of causal agent conceptual modes (left) and 

energy related conceptual modes of causality (right) for the organic chemistry students 

and PhD candidates who used one main mode of reasoning.  

In summary, although these students were found to use linear causal reasoning 

most often there was variability in the modes of reasoning an individual student used 

across their interview.  
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6. CHAPTER 6: CONCLUSIONS 

In this chapter we will outline the major insights resulting from this research, the 

limitations of this type of research, and the implications we drew from our analysis of the 

assumptions and reasoning strategies of these students when thinking about chemical 

synthesis. 

Major Insights  

In this study our main goal was to uncover students’ underlying conceptual 

assumptions and reasoning strategies while solving synthesis problems. We have outlined 

the major conceptual modes and modes of reasoning that emerged from our analysis. Our 

results revealed a great variability in the cognitive resources used by students to make 

decisions about synthesis. The specific nature of the task had a strong influence on the 

conceptual modes and modes of reasoning that students exhibited. Nevertheless, our data 

analysis allowed us to identify common modes of reasoning and assumptions that seem to 

guide students’ thinking about synthesis at different levels in their training. 

Conceptual Modes 

We explored students’ ideas about four crosscutting questions in chemistry 

(Table 6.1). In these interviews students expressed ideas related to how to identify 

compounds (chemical identity), what causes a synthesis to occur (chemical causality), 

how a synthesis happens (chemical mechanism), and how reactions conditions can be 

used to control a synthesis (chemical control). Of these four crosscutting concepts, there 

was more talk about the concept of causality related to composition or structure and the 

least amount of talk in these interviews about causality related to time. Within each 
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crosscutting concept we identified different conceptual modes with different degrees of 

explanatory depth. 

Table 6.1 Students’ conceptual modes while thinking about synthesis 

Crosscutting Concept 
Conceptual Mode 

Increasing Explanatory Depth  

Chemical Identity 

Recognizing Substances Recognizing Classes How do we identify chemical 

substance? 

Chemical Causality 

Why do chemical 

processes occur? 

Agency 

External 

Agent – 

Macro 

External 

Agent – 

Sub-micro 

Internal 

Agent – 

Teleological 

Internal 

Agent – 

Causal 

Energy 
Reactions Result from 

Energy Investment 

Reactions Result from 

Energy Differences 

Composition  

& Structure 

Reactions Result from 

Amount or Nature of 

Components 

 Reactions Result from 

Nature of Structures 

Time 

Speed of 

Reaction 

Affected by 

Amounts 

Speed of Reaction 

Affected by 

Intensity of 

Perceived  

Reactive  

Components 

Speed of 

Reaction 

Affected by 

Structures or 

Activation 

Energy 

Chemical Mechanism Mixing 

Components 

Non-Selective 

Interactions 

Selective 

Interactions How do chemical processes occur? 

Chemical Control 
Reaction Conditions as 

Agents of Change 

Reaction Conditions as 

Enablers of Change 
How can we control chemical 

processes? 

 

Chemical identity. “How do we identify chemical substances?” We identified two 

major ways students talked about chemical identity in these interviews; students either 

differentiated substances based on their familiarity with a particular substance or 

identified compounds as belonging to certain classes. Previous research on students 

understanding of chemical identity has not highlighted this difference (Ngai, et al., 2014). 

Chemical causality. “Why do chemical processes occur?” The students in these 

interviews approached the question of why synthesis reactions happen by discussing the 
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agents involved in causality and ideas related to energy, composition & structure, and 

time. Our results reinforce finding from previous research, for example, Andersson 

(1986b) found that students often describe changes as being the result of the actions of an 

agent on an object (Andersson, 1986b). Additionally, other researchers have described 

students use of teleological explanations when thinking about why processes occur 

(Taber, 2013; Talanquer, 2013b). However, from our analysis we identified four main 

underlying assumptions students made about the agents involved in causality. They were 

either described as external agents that caused reactions on a macroscopic scale or sub-

microscopic scale, or as internal agents that drove reactions teleologically or causally. 

When conceptualizing energy related causality students either described energy as if it 

were an external agent that must be invested in the synthesis to produce change or 

students talked about energy as if it were an internal property of the system that was a 

driver of change. When thinking about the role of composition and structure in causing 

reactions students talked about the amounts of components or the nature of structures in 

causing a synthesis. Finally, the very few students who considered how time factored into 

synthesis reactions either focused on the amounts of materials, the intensity of a 

perceived reactive component, the chemical structure, or activation energy as affecting 

the speed of the reaction. 

Chemical mechanism. “How do chemical processes occur?” As similarly 

indicated by previous research (Andersson, 1986a, 1990; Hesse & Anderson, 1992), our 

results showed that the more novice students tended to view chemical reactions as 

occurring through the simple mixing of chemical components without a detailed model of 

what could be occurring during the reaction. However, our study revealed other ways of 
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conceptualizing chemical mechanism where students thought about the interactions of 

components in either a non-selective or selective manner. 

Chemical control. “How can we control chemical processes?” During these 

interviews students demonstrated two main underlying assumptions about how synthesis 

reactions can be controlled using reaction conditions. They either talked about the 

reaction conditions as if they were the agents that caused the synthesis to occur or as if 

they enabled the synthesis to happen.  

The more common ideas of less explanatory depth with this sample of students 

were the assumptions that the amount of components affected causality and that reaction 

conditions were the agents that caused a synthesis to happen. Teleological explanations 

of the agents of causality were the most common ideas of intermediate explanatory depth. 

The more common conceptual modes of more explanatory depth expressed by these 

students were the assumptions that the nature of the structure of materials would affect 

causality and that the mechanism of a reaction can be thought of as occurring through 

selective interactions of these structures.  

Within each crosscutting concept the modes with the most explanatory depth 

tended to be more common with this sample of students than modes with less explanatory 

depth. However, this varied based on level of education of the student and the type of 

question asked. As would be expected, introductory students tended to mainly use 

conceptual modes of less explanatory depth whereas with increased training in the 

discipline conceptual modes with more explanatory depth tended to be used more 

prominently. However, our results were not this simplistic; higher levels of education did 
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not always mean that students used conceptual modes with more explanatory depth and 

the use of different conceptual modes was context dependent.  

For some crosscutting concepts there was a gradual increase across educational 

levels of conceptual modes with more explanatory depth. For example, across these 

educational levels students’ assumptions about the agents involved in causality tended to 

gradually switch from external agents to internal agents that acted in a teleological way to 

internal agents that acted causally. With other crosscutting concepts, such as chemical 

mechanism, there was a drastic switch from ideas of mixing or non-selective interactions 

with general chemistry students to ideas of selective interactions with organic chemistry 

students and then a plateau across the remaining educational levels. In these cases there 

was not necessarily increased explanatory depth from organic chemistry students to PhD 

candidates but instead there was more appropriate application of knowledge (more valid 

than spurious assumptions). However, it is important to note that there was still a 

substantial amount of spurious ideas retained in advanced students. In other cases, 

students provided more explanatory depth but were not necessarily able to identify 

appropriate applications of their knowledge. 

We found that the relative frequency of different conceptual modes within this 

sample depended on the type of question asked. For example, for the crosscutting concept 

of energy related causality, questions that asked students to propose a synthesis tended to 

elicit more ideas about energy investment relative to energy differences whereas 

questions that asked students to compare syntheses elicited more talked about energy 

differences. 
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Modes of Reasoning 

In addition to uncovering students underlying assumptions we also separately 

analyzed their reasoning strategies. Similarly to von Aufschnaiter and von Aufschnaiter 

(2003) we have added to the research literature by separately analyzing students’ 

concepts and their reasoning, but in the context of synthesis. We uncovered many 

different reasoning strategies including descriptive, relational, linear causal, and 

multicomponent reasoning (Figure 6.1).  

 

Figure 6.1 Students’ modes of reasoning. 

The most common mode of reasoning with this sample of students was linear 

causal reasoning. With this mode of reasoning students built a sequential chain of events 

with causes and effects or utilized domain general mechanistic reasoning. These students 

tended to notice both explicit and implicit salient features of the problem. In addition to 

identifying substances and their properties, they identified the actions or interactions of 

these substances or entities. While reasoning about synthesis these students identified an 

entity that acted as an agent and described the activities of this agent. This domain 

general mechanistic reasoning is similar to children’s mechanistic reasoning 

characterized by Russ et al. (2008). Less often in these interviews we found students 

simply re-describing the problem (descriptive reasoning), building relations or 
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unexplained rules (relational reasoning), or building multiple linear causal elements or 

causal networks either in an isolated or integrated way (multi-component).  

Overall, we found a prevalence of one reason decision making since descriptive, 

relational, and linear causal reasoning were all based on this reasoning strategy. This 

reinforces the results of other studies where students struggled with multi-variate thinking 

(Bhattacharyya, 2014; Maeyer & Talanquer, 2013). Although one reason decision 

making can be a quick and productive strategy to solve problems we were surprised at 

how prevalent this strategy was because of the way the interviews were set up may have 

lead students to go into more detail than they would without the interviewer present. 

During the interviews students were continually asked to go into more detail (“You said 

____, can you tell me more about that?”) and were asked to provide many factors that 

might affect their synthesis (“What other factors influence the feasibility of this 

reaction?”, see chapter 4). 

Although linear causal reasoning was most prevalent in these interviews there was 

variability in the modes of reasoning an individual student used across their interview. 

We found that students tended to use many different types of reasoning strategies across 

the interview, but more than half of the students used one mode of reasoning in at least 

half of the questions. The most advanced students tended to use more variety in their 

modes of reasoning across the interview. In this case students were able to approach 

problems in different ways depending on the problem. 

Interestingly, across educational levels, there was a gradual increase in the 

complexity of students’ modes of reasoning up to advanced undergraduates and then a 

decrease with further training. This may be because the advanced undergraduate students 
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may have felt the need to provide more complex details (multicomponent reasoning) 

while solving these problems, whereas the graduate students more often deployed 

appropriate heuristics that allowed them to quickly answer questions. This might have 

been different if we had asked the graduate students to discuss their research projects as 

we may have found more complex modes of reasoning with these more advanced 

problems. It is important for students to at some point in their education learn to be able 

to consider and talk about many factors when thoroughly reasoning through a problem 

but also to be able to quickly reason through problems.  

The type of question that was asked also influenced the modes of reasoning used 

by the students. For example, a question about common acid base reactions (Question 4) 

tended to cue more descriptive reasoning than other problems and a question early in the 

interview (Question 2) tended to cue more relational reasoning than other problems. 

There was a general trend across the interview for students to utilize more complex 

reasoning strategies as the interview progressed. This may have been due to the nature of 

the interview where students were continually asked to tell more about what they were 

thinking. 

Limitations 

In this qualitative study we used a think-aloud interview protocol and analyzed 

interview transcripts to characterize student thinking. This approach to analyzing 

cognitive processes in a deep and detailed manner allows for rich descriptions. However, 

this method of research has limitations.  
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Our research captured student thinking through an analysis of these students’ 

answers which were created on the spot in a relatively small (but not explicitly restricted) 

time frame. Thus our results do not reflect students’ deep thoughtful beliefs, instead our 

data represents what students were able to generate from salient contextual cues and 

available cognitive resources at the time and in the context of the interview.  

Additionally, we analyzed student talk and writing to characterize their 

underlying assumptions and reasoning. Thus, we cannot claim that we have characterized 

their full thinking process, instead we have interpreted their thinking process through 

their talk and writing. These expressed ideas and reasoning strategies reflect ideas that 

students did express which may reflect underlying thought processes. However, this 

approach does not make it possible to capture all ways of thinking for people in general 

or even just these students. 

Additionally during the interview students were prompted to clarify statements or 

prompted to elaborate on their thinking. Thus we may have pressed students to explain 

more deeply than they would have otherwise. It is important to keep in mind that this 

interview process was not like a normal classroom test, instead the goal was to uncover 

underlying thought processes and thus additional prompting was necessary to clarify 

student statements and interpret their thinking. Students were continually asked why a 

reaction was the easiest or (un)feasible and how these processes could happen. This 

prompted students to think about chemical causality which they might not consider when 

not prompted. However, the question of how was not asked in every question and we 

found students considering how these processes happened even when they were not 

prompted to do so.  
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An expert answer to these questions could involve less complex reasoning, but we 

might expect more complex thinking to be elicited due to the nature of this interview 

process of a participant continually being asked to elaborate their thinking. For example, 

a common rule used by students was that Cl- is a good leaving group, this is a rule that 

we would expect an expert to be able to express. However, when prompted we would 

also expect an expert to be able to explain why Cl is a good leaving group, perhaps 

resulting in more complex overall reasoning. Since this additional prompting was made 

during these interviews our results may represent more complex reasoning than a typical 

approach to solving a problem with no prompting.  

The think aloud protocol is very different from testing scenarios that students 

often encounter in coursework. Although this process allows students to make their 

thinking more explicit to the researcher, students were able to pause and process 

questions as they liked and thus may not have made every aspect their thinking or even 

their first immediate response to a problem explicit to us as researchers. Students may 

view this process as low stakes and may have had decreased motivation or cognitive 

effort while approaching these problems. 

The nature of qualitative research necessitates small sample sizes which are not 

necessarily representative of the population. There are limitations of the generalizability 

of the findings of this study to other students due to these small sample sizes. 

Additionally, there is limited generalizability of this study since this study was based on 

the work of volunteers that were not provided grade or monetary compensation.  This 

approach may bias the findings to students who self-select to participate in the study 

(Seidman, 2006). Although we recruited students from many different backgrounds it 
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was not possible to obtain a random sample of students and thus our results inherently 

lack robust generalizability. We still took efforts to represent a varied sample of students. 

The students who participated in this study came from many different backgrounds and 

classes. When possible we pulled students from many different sections of a course in 

order to capture a range of students with different professors at a particular educational 

level. Beyond the classes that students were recruited from the demographics, level of 

preparation, individual attitudes or motivation of these students were not tested for in this 

study because generalizability was not a goal of this study.  

Based on all the features discussed above our results may misrepresent students’ 

thinking in other contexts than this interview with these students at the time they took the 

interview. However, generalizing the findings of this research was outside the scope of 

this project. Instead, our main goal was to uncover and characterize underlying 

assumptions and reasoning strategies that may guide but also constrain student thinking. 

Implications 

This research has implications in two areas: to advance chemistry education 

research and to improve teaching. Due to the nature of this type of research the 

implications for advancing research are more immediate than for teaching and will be 

discussed first. 

Traditionally, chemistry education research focused on identifying 

misconceptions or alternative conceptions students hold in fundamental topics in 

chemistry (Duit, 2009). Through our research we have followed a call from the chemistry 

education research community to better understand students’ underlying assumptions in 
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chemistry (Taber, 2014). We have focused on major practices of chemical synthesis and 

crosscutting concepts in chemistry (NRC, 2013). We designed the interview to not only 

have students participate in the major chemistry practices of predicting and evaluating 

chemical phenomenon but also to design chemical syntheses. Through analysis of student 

interviews and the research literature we organized our analysis around the crosscutting 

concepts of chemical identity, causality, mechanism, and control. This advances research 

by switching the focus from topics in chemistry to crosscutting concepts. Additionally, 

this study advances research through the use of a framework of separately analyzing 

underlying assumptions and reasoning strategies (Sevian & Talanquer, 2014). Based on 

each of these features, this research could serve as an alternative framework for analyzing 

student thinking in chemistry or even other disciplines. 

The main goal of this study was to map student thinking about chemical synthesis. 

This research has contributed to a fundamental understanding about the cognitive 

elements students use when solving chemistry problems, specifically chemical synthesis. 

This type of research is a foundation that can help support the development of learning 

progressions that emphasize authentic practices, crosscutting concepts, and chemical 

thinking. We think that this knowledge is extremely useful to start thinking about how to 

re-conceptualize curricula, instruction, and assessment at different educational levels in 

such a way that helps students build coherent knowledge, skills, and thinking about 

chemistry. 

Since the main goal of this study was to map student thinking about chemical 

synthesis, the immediate implications of this research for teachers are rather limited. 

However, some suggestions could be made for how teachers could use this research to 
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change their teaching practices, specifically in what they decide to teach. Often in 

chemistry, curricula are organized around isolated topics with little indication of the 

connections between major areas in chemistry. Our type of research may help motivate 

the process of reorganizing the chemistry curriculum in a way that better represents 

authentic practices in chemistry (such as design) and highlight the connected nature of 

various topics through crosscutting concepts in chemistry. Teachers should emphasize in 

their classes relationships between concepts and identify core crosscutting concepts to 

help students integrate their knowledge.  

Additionally in assessing students there is often a focus on identifying whether 

students are right or wrong or what misconceptions they have. Our research may get 

teachers to further consider how these misconceptions could result from underlying 

assumptions that are important stepping stones to more expert ways of thinking. This may 

call awareness to the power of underlying cognitive elements that result in 

misconceptions in chemistry. 

In this research we have separately investigated students’ conceptual modes and 

modes of reasoning. For teachers it is important to pay attention to both students’ 

conceptual understanding and their reasoning strategies. Students need to learn when a 

simple rule can be used to answer a question or if a more complex reasoning strategy is 

needed. For example, it may be appropriate to use descriptive or relational reasoning 

when asked to predict the feasibility of a chemical synthesis, but when asked to explain 

why a reaction can happen or when asked to explain a heuristic students should be able to 

use more complex reasoning strategies. As evidenced by the different conceptual modes 

we uncovered and the literature on the illusion of explanatory depth it is important for 
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students to understand that they can conceptually explain a phenomenon in many 

different ways and that some ways may be more appropriate in different scenarios. 

Teachers should review their classroom assessments and consider to what extent they are 

testing both students’ concepts and reasoning strategies.  

Although an expert answer to these questions could involve less complex 

reasoning, in the nature of this interview process of continually being asked why and to 

elaborate their thinking, more complex thinking may have been elicited during these 

interviews. We are not advocating for getting students to always have the most depth or 

complexity in thinking but instead when to appropriately apply different ideas. Teachers 

should be attentive to appropriate applications and assess students in ways that allow 

them to develop skills for more sophisticated ways of conceptualizing or more complex 

reasoning. 

Due to the nature of this type of research it may be inappropriate to provide 

specific examples of what teachers should do in the classroom, as any suggested 

approach will not have been tested. The suggestions we have provided in this section are 

just implication of the research and not direct results. However, for teachers to gain a 

better understanding of students’ underlying thinking they could have students in the 

classroom talk through problems or show in writing their thinking process. Through this 

process teachers could work on their metacognitive awareness of the underlying 

cognitive elements that guide and constrain thinking. Although there are many barriers to 

gaining a more thorough understanding of student thinking in the classroom (such as 

class size, time commitments, ease of grading, etc…) this research could be a starting 

point to consider how we could begin to focus more, even within these constraints, on 
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how students are thinking instead of just on whether they are able to arrive at the correct 

answer. By uncovering students’ underlying assumptions and reasoning strategies more 

robust approaches can be made to help students develop more expert ways of solving 

problems. 
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7. APPENDIX A: PROTOTYPICAL INTERVIEW TRANSCRIPT 

I = Interviewer 

P = Participant U-D, advanced undergraduate student 

 

Q1 

I: The first question is you want to synthesize a compound, what factors are important in 

a successful synthesis? 

P: I guess like solvent and… the acid or base… the reagents, the amounts… I can’t really 

think about anything else 

I: is there anything else that you would like to add? 

P: no I think that’s it, safety I guess, and equipment, reflux condenser, that’s about it I 

guess 

I: ok 

 

Q2 

I: Here are three reactions, using a similar process, which one of these three compounds, 

methane, propane, or hexane would be easier to synthesize? 

P: I guess they would, hold on… so I would say it’s the bottom one because you’ve got 

the, your product would be a liquid which would be easier to handle but then they all look 

quite difficult because they’re all, you’re reagents or starting materials are gases, I’ve 

never used gases to react so 

I: ok so handling the material the liquids would be easier to handle than the gases would 

P: definitely yea 

I: ok what other factors might make one of these reactions easier or harder than another? 

P: I don’t think, nothing else really, the whole like gas, reagents being gases is probably 

the most difficult thing 

I: ok, how likely do you think this reaction is? 

P: fairly unlikely 

I: and why? 

P: I don’t know it just seems like carbon monoxide, I don’t think… it’s pretty stable, 

that’s why I think it would be hard 

I: ok so you know that carbon monoxide is pretty stable so this reaction might not work 

so well 

P: um hmm 

I: how do you know that carbon monoxide is so stable? 

P: I think like just generally being told I guess 

I: ok, so you’ve been told that it’s stable 

P: yea 

I: ok, what else might make this reaction not very likely? 

P: I’m not sure I don’t know 

I: and is there anything else that makes this reaction easier than the other two reactions? 

P: not really, I don’t think so 

I: ok  
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Q3 

I: here you’ve been asked to synthesize lithium aluminum hydride, so you go into a lab 

and available are these elements and compounds to use and any laboratory equipment 

that you might need, if there is anything else that you would like to use that’s not here 

just let me know. 

P: ok… this is like really hard because I have no idea how to make it, I guess lithium, 

aluminum, and hydrogen gas 

I: ok so if you took the hydrogen gas, the lithium, and the aluminum and you reacted 

those together, how do they form the product? 

P: actually I really don’t know 

I: um… how, so if you had to guess as to how they would form the product what would 

you say? 

P: no I really don’t know, this one is really hard, I’ve never learned how to make lithium 

aluminum hydride  

I: ok do you think this would be a likely or unlikely reaction? 

P: again I really don’t know 

I: ok, maybe we’ll come back to this one 

P: ok 

 

Back to Q3 at the end of interview 

I: so let’s go back to the lithium aluminum hydride now that you’ve had more time to 

look at the all these elements and compounds that you have available, what again would 

you use to make the lithium aluminum hydride? 

P: maybe use that, whatever that’s called 

I: the lithium hydride  

P: yea and that 

I: the aluminum chloride, ok so if you took the aluminum chloride and the lithium 

hydride and reacted them together, how would they form the product? 

P: I don’t know 

I: ok so what would have to happen between them in order for a product to form? 

P: so they would have to make some sort of bond between each other but again I really 

don’t know, this one’s like really hard 

I: so some sort of bond would have to be made between these two products for, is there 

anything else that would have to happen between these two products for the product to 

form? 

P: I don’t know maybe you would need to heat them, melt them, because they are both 

solids  

I: ok 

P: but yea I absolutely don’t know how you would make this… you’d need to like worry 

about the solvent and stuff, well it would need to be dry first to make it because I know 

that lithium aluminum hydride is reactive, reacts with water 

I: ok 

P: so you’d need it to be dry, I guess you’d need a lot of heating because it’s like a 

reactive reducing agent, but yea I don’t know other than those things  

I: ok so you’d want to make sure that there is no water around 
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P: yea 

I: cool, how likely do you think this reaction is? 

P: well I don’t even know if you could even make this using those things but I would say 

that it’s really unlikely without a lot of heating maybe 

I: and why so? 

P: because so like that [LiAlH4] thing’s quite reactive so you would need to put a lot of 

energy into it to make it 

I: ok, so if something is very reactive making that material you’d need a lot of energy to 

make it  

P: yea 

I: what else can you tell me about the feasibility of this reaction? 

P: so again it’s unfeasible because it’s so reactive, you’d need to put a lot of energy into it 

and you’d need really reactive things, like even more reactive than lithium aluminum 

hydride 

I: ok cool and then for the mechanism of how the reaction happens, you told me that you 

would need to form a bond because those 

P: yea 

I: can you tell me anything else about, or can you tell me more about that mechanism or 

why that would happen? 

P: no don’t know 

I: is there any sort of hypothesis that you could come up with? 

P: no, I don’t know 

I: ok cool 

 

Q4  

I: Here are three reactions, using a similar process, which one of these three compounds, 

sodium fluoride, chloride, or bromide would be easier to synthesize? 

P: I’m not sure I would have thought they’d have been as equally as easy, as easy as all of 

them, maybe like the hydrochloric acid and the sodium hydroxide would be the easiest 

because it think the HCl is the most acidic but I’d imagine that they’d be, but um I guess 

like, no I’m not sure probably the HCl because that’s the most acidic of the three of them 

I think 

I: ok and then how do you know that the HCl is the most acidic? 

P: again I’ve just like always known that the HCl is the most acidic and then like I think 

it was… HF is not as acidic yea that’s just basically known  

I: ok so since HCl you know is the most acidic here this reaction would be the easiest 

P: yea I’m guessing this reaction would be the best 

I: how likely do you think this reaction is? 

P: so really likely because it’s just an acid base reaction 

I: ok can you tell me more about that? 

P: not really I don’t think so just that it’s an acid base and I’ve kind of done it several 

times before  

I: ok so you’ve done acid base reactions before 

P: yea 

I: you can categorize this as an acid base reaction 
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P: yea 

I: so it’s a likely reaction, is there anything else that you can tell me about this reaction? 

P: this particular reaction? 

I: yea 

P: no not really, I don’t think so  

I: ok and you said the HCl is more acidic than the HF and the HBr, what else makes this 

reaction easier than the other two reactions? 

P: I think HF is fairly dangerous, so I guess that would make it [HCl] easier, I haven’t 

actually seen HBr being used so I would imagine that would be more difficult to get, to 

make 

I: ok so you haven’t seen HBr, maybe you see HCl more often, so it’s probably an easier 

reaction if you’ve see it 

P: yea definitely, I’ve never used HF or HBr before so 

I: ok, is there anything that you’d like to add? 

P: no not really  

 

Q5 

I: Here is another compound to synthesize and again you have the same elements and 

compounds to use as before, if there’s anything else that you would like to use that’s not 

here just let me know 

P: I guess you might want to use that one the cyanide thing and then maybe you’d… 

would you reduce it? I think something like that maybe 

I: ok so the acetonitrile and you would reduce it, what would you use to reduce it? And 

you’re not limited to just this 

P: maybe I would use lithium aluminum hydride as a reducing agent 

I: ok cool, so if you take the lithium aluminum hydride and this compound here and 

reacted them together, how would they form the product? 

P: um well I know that … 

I: do you want to write? 

P: yea, so again I’m not 100% sure about this so like lithium aluminum hydride is the 

source of H minus so I guess it would be something like that and you just add them on 

and then I can’t really think of a good reason  

I: ok could you tell me more about that 

mechanism? 

P: I don’t, I’m not sure really, I, I don’t know… 

and then would like… I guess you’d…. do 

something like that maybe… I don’t know I’m just 

guessing that like you’d add some hydrogens onto 

it, that’s it 

I: so you’ve drawn a mechanism here, can you 

describe to me what everything on there means, so 

what do those arrows mean? 

P: so the arrows are like the direction that the 

electrons are going, yea that’s it 
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I: ok so it just tells you what the electrons are doing cool, um, how likely do you think 

this reaction is? 

P: I guess it would be fairly likely, I’m not sure again, this is really hard 

I: yea asking you to say what’s in your head, I understand, that’s a hard thing to do… so 

it’s a likely reaction, what would make it a likely reaction? 

P: I know that the reducing agent lithium aluminum hydride is quite reactive so I guess it 

should work because it’s reactive  

I: ok so you know that the lithium aluminum hydride is reactive so any reaction that it’s 

in should work 

P: yea 

I: do you know why the lithium aluminum hydride is very reactive? 

P: um… not really I just know that like if you, it’s quite dangerous so that’s why I would 

think it would be quite reactive, yea I’ve seen it like people like put it on water and can 

set it on fire so it’s reactive  

I: ok and so you’ve drawn a mechanism here, can you tell me why this reaction would 

happen in this way? 

P: um this I’m just like guessing 

I: ok 

P: so I’m just guessing like you’d probably like add them on that’s it 

I: ok and then what else might make this a likely reaction? 

P: so I’m not sure I only know that probably the reducing agent is reactive so  

I: ok  

 

Q6 

I: A student has proposed the 

following synthesis where they take 

isopropyl bromide react it with 

sodium hydroxide to get the 

isopropyl alcohol, can you please 

evaluate the feasibility of this 

synthesis? 

P: yea it looks reasonable I think, 

looks reasonable from that I’d say… 

yup bromine is a pretty good 

leaving group so that would be like… I guess 

it would be like an SN2 or an SN1… where 

you’d have the hydroxide attacking and then 

the bromine leaving group, or the bromine 

leaves and the hydroxide adds onto it  

I: ok so you said that the bromine is a good 

leaving group so this would be a feasible 

reaction and then you had two different types 

of mechanisms that might be possible that 

you’re recalling 

P: yea 
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I: of those two mechanism what do you think would be more favorable? 

P: well I’m not sure because this was like, I thought this was like the in-between [hard to 

hear 12:43] where it’s like, this is like a secondary alkane I think it’s in-between so I 

think it is either or SN1 or SN2 

I: ok so you have the good leaving group, you have the type of mechanism um what else 

makes this a feasible reaction? 

P: so I think the other by-product is sodium bromide and that’s like a salt so I guess that’s 

quite stable so that would be like a driving force for the energy stuff like that 

I: ok can you tell me more about that? 

P: about the energy? 

I: yea 

P: so… so like the more stable the products are the more likely it’s going to… it’s going 

to form, yea that’s it  

I: ok and then do you think that this reaction would be high yielding? 

P: yea I would think so  

I: ok cool, and then you had these two mechanisms, can you tell me more about the 

mechanisms? 

P: so SN1 is like what happens is the bromine… the bromine like just leaves and then 

you’re left with like a carbocation and then the hydroxide would… add onto it and then 

you’d get your product 

I: ok 

P: and then with the SN1 it’s, I mean SN2 it’s… hydroxide adds onto it whilst the bromine 

leaves at the same time and then you get your product  

I: ok cool, is there anything else that you can tell me about those mechanisms? 

P: no not really I think for SN1, SN1 is favored for like tertiary and SN2 is primary and this 

is like an in-between where it’s like a secondary 

I: do you know why those are favored in those scenarios? 

P: for the SN1 it’s favored because of the stabilization of the carbocation and then SN2 it 

had to do with sterics where the attack of the… nucleophile is blocked by the big groups   

I: ok cool, is there anything else that you would like to add about this reaction? 

P: no I don’t think so  

 

Q7 

I: Here is another compound to synthesize and again you have the same elements and 

compounds if there is anything else that you would like to use just let me know 

P: so I would use the acyl chloride and this amine 

I: ok 

P: is that an amine? 

I: the amine, ammonia 

P: yea 

I: so if we took the ammonia and reacted it with acyl chloride, how would the product 

form? 

P: oh no and I would probably also get the, the ammonia and water so that it would 

dissolve 



216 

 

I: ok so in order to dissolve the ammonia and the acyl chloride you’d want water as the 

solvent  

P: yea 

I: so if we took those dissolved in water, how do they form the product? 

P: so… I think it’s… so you will have the um the ammonia like attack this position on the 

carbon and it forms like an intermediate… and… and then you… you’d um push this 

electron back down and make chlorine leave and then… it’s got this… and then your 

chlorine will take off one of the protons, and then you will have your product 

 
I: cool is there anything else you can tell me about why this mechanism happens in this 

way? 

P: it’s because the… this carbon is slightly positive so the electrons can attack it from the 

nitrogen and then you form this intermediate and then the electrons that were pushed up 

to the, push back down and make chlorine leave and then you get your product 

I: how likely do you think this reaction is? 

P: yea again fairly reactive because the acyl chloride’s quite reactive 

I: and then do you know why the acyl chloride is reactive? 

P: um it’s to do with the electron withdrawing effects of the chlorine next to the 

electropositive carbon  

I: can you tell me more about that? 

P: other than the C is positive because of the electron withdrawing effects of the chlorine 

and the oxygen and then the… the electrons are pushed because of the pi bonds I think 

and that’s all that I can think of  

I: what else makes this reaction favorable? 

P: I don’t think anything else, mostly the reactivity of the acyl chloride 

I: ok cool, so the reactivity of the acyl chloride is what makes this a likely reaction 

P: yea 

I: and then can you tell me a little bit more about the role of the water? 

P: um well I think I’ve always had ammonia, because ammonia is a gas at the moment 

I’ve always seen it in water so it’s just usually like a bottle you have so I guess that I need 

to dissolve it in water 

I: ok so you’re used to seeing ammonia dissolved in water so that’s probably how you 

could buy it from the store 

P: yup 

I: ok cool, is there anything else that you would like to say about this reaction? 

P: yea for like the laboratory equipment I have absolutely no idea  

I: ok  

P: so I guess you just like, perhaps you could do it in like a round bottom flask other than 

that I don’t think you would need any heating because it’s reactive and that’s about it  
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I: ok cool is there anything else that you would like to add? 

P: no that’s about it 

 

Q8 

I: Here are three reactions, using a similar process, which one of these three compounds 

would be easier to synthesize? 

P: maybe the bottom one 

I: and why? 

P: because like it’s, it’s like a three membered ring so that’s like quite strained whilst I 

think these two are quite stable I think 

I: ok so in the bottom one you have a strained three membered ring 

P: yup  

I: so that’s much less stable than the other reaction’s starting materials are more stable, 

can you tell me a little bit more about why this is less stable than the other two? 

P: well um… the three membered ring is really strained, quite hard to get, to make the 

triangle because um for like the bond angles they prefer to be much bigger than that of a 

three membered ring  

I: ok 

P: and then um… so I learned about like that would have less strained because that’s sp3 

and bond angles a bigger in sp3 carbons and this one’s just an sp2 carbon and sp2 carbons 

prefer to have bigger angles  

I: ok so you have some of this strain because of the bond angles but in the product there 

less of that strain because you are able to have the larger bond angles with this than with 

the double bond 

P: yup 

I: um what else makes this an easier reaction than the other two? 

P: um… I’m just guessing that like these are more stable than the bottom one and that’s 

about it  

I: ok and then how likely do you think this reaction is? 

P: um… I think it would be like… I’m not sure… it would probably be like average I’d 

say 

I: ok um… can you tell me anything else about why this would be likely reaction? 

P: um no, I kind of like guessed so 

I: ok, so if you were to guess you would assume that it’s likely 

P: the bottom one 

I: what lead you to that guess? 

P: um… just mainly, only like, entirely the whole strain thing 

I: ok so thinking about strain there’s relief of strain cool, is there anything else that you 

would like to add? 

P: no that’s ok  

 

 

Q9 

I: Here are two reactions, in this case we have the same starting materials, just different 

products, so which of these two products would be easier to synthesize? 
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P: I think it’s the top one maybe… it just seems… so I think one of the main things that I 

remembered was like the cyanide can attack the carbonyl and yea that, yea, so I think it 

would be that way rather than attacking the double bond 

I: and then why would it attack the carbonyl versus the double bond? 

P: it just looks more right 

I: ok so it looks more right, maybe more familiar to what you’ve seen in the past? 

P: yea definitely looks more familiar  

I: ok, do you know, can you hypothesize as to why that its reacting with the double bond, 

I’m sorry, the double bond with the oxygen is preferred then the double bond with the 

carbon? 

P: I would probably guess that the… oh yea yea this is a hard nucleophile so carbons here 

are like hard positions, something like that, so the cyanide will prefer to attack those 

positions than the um carbon with the double bond 

I: ok 

P: so they’re like places where soft nucleophiles attack  

I: ok, can you tell me a little bit more about what hard and soft means? 

P: so when I think of like hard nucleophiles I think of like quite reactive nucleophiles and 

then soft nucleophile are like not as reactive yea that’s basically what I think 

I: how likely do you think this reaction would be? 

P: yea I think it would be fairly likely because I think cyanide is fairly reactive  

I: ok, um and then do you know why cyanide is fairly reactive? 

P: no I just know it’s dangerous  

I: ok, so you know that it’s dangerous, not good for us so it must be highly reactive ok 

um… what else makes this a feasible reaction? 

P: I don’t know I’m not sure, I just know that I’ve seen cyanides attack carbonyls before 

I: ok so you said that the top reaction is easier than the bottom reaction and that the top 

reaction is feasible, can you tell me about the feasibility of the bottom reaction? 

P: the bottom one looks pretty much the same but like because cyanide is a hard 

nucleophile probably won’t attack that double bond, it will prefer to attack the carbonyl 

I: ok so would you say that the bottom reaction isn’t possible? 

P:  I probably would say it was possible but that it’s unlikely 

I: ok so it’s possible but just not as likely as the top 

P: yea 

I: ok what sorts of factors might affect the… so if the bottom reaction is possible but not 

as likely we’d probably expect that there’s a mixture of these 

P: yea yea 

I: what would affect the, what sorts of things would affect that mixture of the two 

products? 

P: so I guess how long you heat it for maybe and yea probably like, thermodynamic how 

long you heat it and all that kind of stuff 

I: ok so how would the amount of time that you heat it, how would that change the ratios 

that you get out? 

P: well I’m not sure because I think I would need to know how stable each of the two are  

I: ok 

P: so it would depend on which one is the thermodynamic and kinetic product 
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I: ok and how would you go about determining which one is the kinetic and 

thermodynamic product? 

P: I don’t know I’d have to ask someone 

I: ok, so it’s something that would have to get data about 

P: yea 

I: would you be able to hypothesize about which one is kinetic and which one’s 

thermodynamic? 

P: no 

I: is there anything else that you would like to add about these reactions? 

P: not really  
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