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ABSTRACT 

 

Students experience difficulty learning and understanding chemistry at higher 

levels, often because of cognitive biases stemming from common sense reasoning 

constraints. These constraints can be divided into two categories: assumptions (beliefs 

held about the world around us) and heuristics (the reasoning strategies or rules used to 

build predictions and make decisions). A better understanding and characterization of 

these constraints are of central importance in the development of curriculum and teaching 

strategies that better support student learning in science.  

It was the overall goal of this thesis to investigate student reasoning in chemistry, 

specifically to better understand and characterize the assumptions and heuristics used by 

undergraduate chemistry students. To achieve this, two mixed-methods studies were 

conducted, each with quantitative data collected using a questionnaire and qualitative 

data gathered through semi-structured interviews. The first project investigated the 

reasoning heuristics used when ranking chemical substances based on the relative value 

of a physical or chemical property, while the second study characterized the assumptions 

and heuristics used when making predictions about the relative likelihood of different 

types of chemical processes.  

Our results revealed that heuristics for cue selection and decision-making played a 

significant role in the construction of answers during the interviews. Many study 

participants relied frequently on one or more of the following heuristics to make their 

decisions: recognition, representativeness, one-reason decision-making, and arbitrary 
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trend. These heuristics allowed students to generate answers in the absence of requisite 

knowledge, but often led students astray. When characterizing assumptions, our results 

indicate that students relied on intuitive, spurious, and valid assumptions about the nature 

of chemical substances and processes in building their responses. In particular, many 

interviewees seemed to view chemical reactions as macroscopic reassembling processes 

where favorability was related to the perceived ease with which reactants broke apart or 

products formed. Students also expressed spurious chemical assumptions based on the 

misinterpretation and overgeneralization of periodicity and electronegativity. 

Our findings suggest the need to create more opportunities for college chemistry 

students to monitor their thinking, develop and apply analytical ways of reasoning, and 

evaluate the effectiveness of shortcut reasoning procedures in different contexts. 
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CHAPTER 1: INTRODUCTION 

 

Context and Motivation of the Study 

 There is no question that scientific literacy has become a major goal in science 

education today. Students are expected to become familiar with the natural world, 

understand some of the key concepts and principles of science, and possess the ability to 

use scientific knowledge and critical thinking skills. In addition to scientific literacy for 

personal growth, it is widely acknowledged that a scientifically literate society is 

necessary for national and global progress. Not only are science and technology drivers 

of the U.S. economy, the most serious problems that humans now face, including 

pollution, shrinking rain forests, global warming, and unchecked population growth to 

name just a few, are global concerns to which only science can produce effective 

solutions. If we fail to improve science education, the country simply will not have the 

skilled work force or the scientific breakthroughs that are needed in the years ahead. 

 Unfortunately, national surveys continue to report the rather dismal state of 

science education, noting that our students, from elementary age to those entering college 

and beyond, are simply not science-literate (Grigg, Lauko, & Brockway, 2006; 

Rutherford & Ahlgren, 1990). U.S. students consistently rank below European and Asian 

counterparts in international comparisons of science and mathematics (Gonzales, 

Williams, Jocelyn, Roey, Kastberg, & Brenwald, 2008), and recent studies carried out by 

the National Assessment of Educational Progress found that although slight 

improvements were measured from 2009 to 2011, a majority of eighth grade students 
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continue to perform at or below a “basic” level of science proficiency (National Center 

for Education Statistics, 2012). It is clear that the progress of student performance in 

science is slow, and science education is in need of reform. 

 To improve student performance and science education, it is first necessary to 

understand the reasons behind the poor performance. Science and mathematics are often 

considered difficult subjects, and when considering chemistry specifically, students face 

many learning barriers and often demonstrate a lack of basic understanding. Topics in 

chemistry can often be very complex, requiring the use of analogies and models, making 

it difficult for students to fully grasp concepts. In addition to its complexity, chemistry 

can often be a very abstract subject, and research has shown that because of this, students 

face many learning difficulties (Gabel, 1999).  

Productive chemical thinking relies on the ability to understand and apply 

relationships between the chemical structure of substances, chemical composition, and 

their properties in order to explain and predict behavior. It is also necessary to understand 

structure-property relationships to make decisions in the design of strategies to analyze 

and synthesize new chemical products (National Research Council, 2003). Thus, it is not 

strange that past (National Research Council, 1996) and recent (National Research 

Council, 2012a, 2012b) educational frameworks and standards for the teaching of science 

at different grade levels identify the understanding of the relationships between 

macroscopic properties and molecular composition and structure as a central learning 

goal. 
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Unfortunately, results from research in science and chemical education suggest 

that a large proportion of students at all educational levels struggle to meaningfully 

understand structure-property relationships (Kind, 2004; Nakhleh, 1992; Taber, 2001). 

Matter is often represented on three different levels: symbolic, macroscopic, and 

submicroscopic. Chemists have developed a complex but rather powerful symbolic and 

iconic language that serves as a bridge between the macroscopic and the submicroscopic 

domains (Hoffmann & Laszlo, 1991) and they often represent macroscopic and 

submicroscopic levels using symbols and chemical equations. This symbolic 

representation of the micro- and submacroscopic levels is combined with frequent use of 

mathematical symbols, formulas, and equations to express relationships at these levels, 

making chemistry difficult to learn (Gabel, 1999; Johnstone, 1991). 

Although observations and questions often refer to the macroscopic level, 

instruction is more likely to occur at the submacroscopic and symbolic levels. Making 

connections between the levels is essential to understanding and learning, but it is not 

trivial. Chemical symbols and icons synthesize and convey implicit information that can 

be used to explain and predict the properties of the systems they are built to represent, 

from molecules to actual substances. However, many students fail to extract and properly 

use such information. Several research studies in this area have elicited the many 

challenges students face in moving across the different levels of chemical knowledge 

(Gilbert & Treagust, 2009), as well as in giving meaning to chemical symbols (Cooper, 

Grove, Underwood, & Klymkowsky, 2010; Kozma & Russell, 1997). 
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Along similar lines, many students fail to comprehend that most observed 

macroscopic properties of matter emerge from the random motion and interactions of 

particles that comprise a sample of the material under investigation (Chi, 2005; 

Talanquer, 2006). Instead, novice learners tend build explanations that demonstrate the 

belief that macroscopic and submicroscopic entities share similar attributes (e.g., color, 

density, solidity, boiling point) (Ben-Zvi, Bat-Sheva, & Silberstein, 1986; Taber, 2001; 

Taber & García Franco, 2010). Additionally, the use of complex names and formulas as 

well as other unfamiliar materials by instructors maintains the abstract nature of the 

concepts, and the fact that the scientific meaning of many chemical terms differs from 

their meaning in everyday usage only compounds the problem (Nakhleh, 1992; Phelps, 

1996). 

To address the poor scientific literacy of students and attempt to better understand 

the foundations of learning difficulties in chemistry, the past few decades have seen an 

unprecedented growth of science education research dedicated to understanding students’ 

learning in science, including a greater focus on the conceptual content of students’ ideas 

and their ways of making sense of scientific phenomena. Studies have largely been 

dominated by research in two areas: problem solving and alternative conceptions (Duit, 

2008; Herron & Bunce, 1994; Wandersee, Mintzes, & Novak, 1994). These studies have 

shown that students enter science classes with many preconceived ideas about the 

behavior of the natural world, and these ideas often lead learners to make predictions and 

build explanations different from those derived by currently accepted scientific theories 

and practices.  
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Unfortunately, there are also drawbacks to the research in these areas. Although 

research within the alternative conception framework has produced valuable information 

on student ideas, it often tends to be organized by topic. These topics encompass a wide 

range and include everything from states of matter, elements, compounds, mixtures, 

acids, and bases, to chemical bonding, thermodynamics, and chemical equilibrium (Kind, 

2004). Although beneficial to understanding student ideas, this large catalogue of 

information can be overwhelming and not practical for use by educators. Teachers are 

often unable to identify any consistent patterns in the students’ thinking and thus see the 

vast inventory of students’ alternative conceptions as isolated pieces of information. 

Additionally, it often focuses on the surface level, not considering the underlying 

thinking and reasoning that produce the misconceptions.  

Similarly, there has been an explosion of problem-solving research that has 

ranged from algorithmic problem solving to more conceptual questions (Herron & Bunce, 

1994; Nurrenbern & Pickering, 1987; Pickering, 1990; Sawrey, 1990). A large portion of 

this research has focused on problem solving involving quantitative questions, but studies 

have shown that successful algorithmic problem solving does not necessarily translate to 

understanding (Gabel, Samuel, & Hunn, 1987; Yarroch, 1985). The conceptual problem 

solving research moves slightly away from the quantitative tradition, but generally 

involves the use of pictures rather than numbers. Many of the tasks that students and 

chemists face require making comparisons, drawing inferences, and making qualitative 

predictions about the properties of substances, and neither of the problem solving 

research traditions address these types of tasks.  
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Goals of the Project 

 It is clear that students struggle in chemistry, often demonstrating a lack of 

understanding and producing naïve explanations, and current research in this area has 

mostly focused on identifying misconceptions or investigating problem solving. 

However, research on misconceptions is very topic specific and can often be 

overwhelming for educators trying to improve their teaching. The problem solving 

studies have focused on quantitative problem solving, often overlooking qualitative tasks 

that have become more prevalent in chemistry during recent years. Some research has 

been done on student understanding of structure-property relationships and how students 

build explanations to explain or predict physical properties (Cooper et al., 2010), but 

fewer studies have been conducted to investigate student reasoning when chemical 

properties are involved (Bhattacharyya, 2006).  

In previous work (Talanquer, 2006, 2008), we have argued that core learning 

constraints in a given domain can be thought of as having two components. The first part 

consists of sets of interrelated implicit assumptions about the properties and behavior of 

the relevant entities in the domain, and the second aspect involves the associated 

reasoning strategies or heuristics that are used to build explanations and make predictions 

and decisions with limited time and knowledge. The identification of specific 

assumptions and heuristics can facilitate the analysis of the learning difficulties that 

beginning chemistry students face when trying to reconcile their personal view and the 

scientific view of the world (Talanquer, 2009). Focusing research on student reasoning 
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and the problems stemming from reasoning constraints may also help to explain 

misconceptions and make it easier for teachers to improve their chemistry curricula. 

Current research in our group has focused on understanding thinking and 

reasoning in chemistry. By directing our attention to the underlying cognitive elements 

that guide and constrain student reasoning, we can gain insight and better understand and 

perhaps even predict student thinking. Recent studies have included projects with 

qualitative tasks that involve building explanations and making predictions related to 

chemistry phenomena. These projects studied how students classify substances and 

reactions (Stains & Talanquer, 2007; Stains & Talanquer, 2008) or construct mental 

models of acids and acid strength (McClary & Talanquer, 2011). 

 Building on these studies, the work presented here aims to further investigate 

student reasoning in chemistry by continuing to identify some of the specific assumptions 

and heuristics that are used by students when presented with qualitative tasks involving 

structure-property relationships. By presenting tasks that involve making predictions, 

judgments, and decisions between only a few options given limited time, a situation is 

created in which they tend to rely on reasoning that is constrained by specific implicit 

strategies or intuitive heuristics. Specifically, this research was guided by the following 

questions:  

  

~ What heuristic reasoning strategies are used by undergraduate students in 

chemistry when solving qualitative tasks involving the ranking of chemical 

substances with respect to a particular property or phenomena? 
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~ Which heuristics and assumptions do students commonly use when asked to 

rank different sets of chemical reactions based on their thermodynamic 

likelihood or favorability? 

 

 To address these research questions, two mixed-methods studies were conducted. 

By collecting quantitative data with questionnaires and qualitative data in semi-structured 

interviews, the first study identified the heuristics used by students when qualitatively 

ranking chemical substances based on the relative value of different physical and 

chemical properties. The second study employed the qualitative task of ranking the 

favorability of chemical reactions to elaborate and expand the results of the first study. In 

the second project, specific heuristics were investigated, but the particular focus was on 

identifying and categorizing assumptions used by students. The results of both studies 

shed light on major difficulties that college general chemistry students have in identifying 

and applying relevant compositional and structural cues in the prediction of physical 

properties and chemical reactivity. This information is critical in the design of teaching 

strategies that help science and engineering students meaningfully understand structure-

property relationships. Our findings also illustrate the application of a productive 

framework for the analysis of student reasoning in chemistry. 

 

Thesis Organization 

 The theories of knowledge organization and constraints on reasoning are 

presented in the next chapter of this thesis, Chapter 2, where the theoretical background 
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that provides a useful framework for this research is discussed. This is followed in 

Chapter 3 by a brief description of the overall project design, including the setting, 

participants, and the limitations associated with the project. The individual projects 

constituting this study are then broken up in to two chapters. The first, Chapter 4, 

discusses the details of the methodology and findings from the chemical substances 

project, with the methodology and results from the chemical reactions study presented in 

Chapter 5. Finally, conclusions, implications, and future work are presented in Chapter 6. 
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CHAPTER 2: THEORETICAL FRAMEWORK 

 

In this chapter, the idea of constrained reasoning is introduced, and supporting 

theories that serve as a guide for this dissertation research are reviewed. First, the theory 

of domain-specificity is considered as a way in which the human mind organizes 

knowledge. Next, the dual-process model of reasoning provides a basis for exploring how 

the information in the various domains of knowledge is accessed and used. This is also a 

theory that can be useful to explain cognitive constraints. Finally, since there are two 

types of constraints that seem to be characteristic of a common-sense thinker, we will 

lastly review the research on assumptions and heuristics and their application to 

reasoning, decision-making, and misconceptions in chemistry. 

 

Knowledge Organization and Constraints 

Recent work in developmental psychology and cognitive science suggests that the 

human mind operates on the basis of a small number of cognitive constraints that guide 

reasoning and the process of acquiring knowledge in specific areas, or domains 

(Hirschfeld & Gelman, 1994; Samuels, 1998). The origin of the domain-specific 

approach to knowledge acquisition and organization began with Chomsky (Chomsky, 

1980, 1988) and Fodor (Fodor, 1983). Chomsky’s studies of language led him to 

conclude that the mind is modular, consisting of separate systems each having their own 

properties. Fodor reached similar conclusions, arguing that “input systems,” systems 

responsible for perception and language processing, are innate, domain-specific modules. 
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These domain-specific systems of knowledge, originally including the knowledge of 

language, knowledge of physical objects, and knowledge of number, apply to a distinct 

set of entities and phenomena and are organized around a distinct body of core principles 

(Carey & Spelke, 1994; Chomsky, 1980). 

This theory has evolved to suggest that human reasoning is guided by a collection 

of innate domain-specific systems of knowledge. These domains have developed from 

the structure of the specific adaptive problems humans needed to solve over the course of 

evolution (Carey & Spelke, 1994, 1996; Vosniadou, 1994).  Essentially, the mind is a 

collection of independent subsystems that are designed to perform different tasks and 

handle specific types of information, and a cognitive domain consists of a set of 

interconnected principles, the rules of their application and the entities to which they 

apply (Gelman, 2000). The domain-specificity view emphasizes the links between 

cognition, perception, and action, and suggests that these domains guide knowledge 

acquisition and constrain reasoning (Hirschfeld & Gelman, 1994).  

According to research, each system or domain is characterized by a set of core 

principles that define the entities covered by the domain and support reasoning about 

those entities (Carey & Spelke, 1994), and developmental research on specific principles 

has focused on many different domains (Atran, 1989). Several authors have argued that 

knowledge in a given domain is organized in networks or explanatory frameworks which 

are complex systems that include perceptual information, beliefs, presuppositions, and 

mental representations of the entities in the domain (Gopnik & Meltzoff, 1997; 

Vosniadou, 1994).  
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 The nature of the explanatory frameworks that constitute a domain has led 

researchers to view them as being similar to scientific theories, and there is a widespread 

belief that ordinary conceptions of the natural world develop in a similar fashion to 

scientific theories (Atran, 1994). As explained by Hirschfeld and Gelman (Hirschfeld & 

Gelman, 1994), scientific theories are by their very nature domain-specific, and for 

example, a theory of biology cannot necessarily be applied to the phenomena of physics 

or chemistry. Theories make different ontological commitments and put forth domain-

specific causal laws. For example, theories of chemistry are often separate from theories 

in physics or biology, and in this sense, it can be said that scientific theories are organized 

differently for different domains. If everyday human thought is considered analogous to 

scientific theories, than it would make sense for knowledge to be organized separately for 

distinct domains as well. (Gelman, Coley, & Gottfried, 1994; Gopnik & Wellman, 1994; 

Hirschfeld & Gelman, 1994; Vosniadou, 1994). 

On the other hand, there are some differences that set the domain-specific 

knowledge apart from scientific theories. The explanatory frameworks seem to lack the 

coherence and systematic nature typically associated with formal scientific theories 

(Carey, 1985; diSessa, 1988). Even when people have implicit understanding of a 

theoretical principle, they may be poor at stating that principle explicitly, and if a 

hypothesis is strongly held, rigorous or adequate experiments are not often conducted to 

test their hypotheses (Gelman et al., 1994). These differences have led some authors to 

suggest that our intuitive knowledge about the world is not organized in explanatory 

frameworks but is more fragmented. Knowledge, in this view, consists of an unstructured 
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collection of small knowledge elements or phenomenological ideas, commonly referred 

to as p-prims (diSessa, 1988, 1993). 

It has been suggested that each domain seems to be structured by principles or 

presumptions that develop early and are independent from the structuring principles of 

other domains (Boyer, 1994). Also, research conducted with children and infants (Carey 

& Spelke, 1996; Driver, Squires, Rushword, & Wood-Robinson, 1994; Gelman, 2000; 

Vosniadou & Brewer, 1994) described some of the basic principles that seem to guide the 

process of acquiring knowledge about the physical world. Five constraints about the 

behavior of physical objects that have been shown to appear in infants from an early age 

include continuity, solidity, no action at a distance, gravity, and inertia (Carey & Spelke, 

1996). Similarly, Vosniadou (Vosniadou & Brewer, 1994) argued that such constraints, 

or “entrenched presuppositions,” are organized in a global theory of naïve physics which 

constrains the process of acquiring knowledge about the physical world. Recent research 

by Geary supports the idea of “folk theories” and suggests that learners are endowed with 

“intuitive biases” or “folk knowledge” of biology, mathematics, physics, and psychology 

(Geary, 2007, 2008). He argues that folk knowledge of naïve theories forms a basis for 

learning and can facilitate some learning tasks, such as the acquisition of language. 

As presented above, researchers differ in their views about knowledge 

organization, often referring to entrenched presuppositions, core hypotheses, background 

assumptions, p-prims, core intuitions, or conceptual resources. Despite the differences, 

however, all refer to the existence of cognitive elements that, once activated, act as 

constraints on reasoning, and it is generally agreed upon that learning and reasoning are 
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constrained. Although considerable debate remains on the extent to which these types of 

implicit cognitive elements form coherent integrated knowledge systems or more 

fragmented collections of cognitive biases (Brown & Hammer, 2008; Vosniadou, 

Vamvakoussi, & Skopeliti, 2008) this perspective supports the view that learning and 

reasoning are “constrained” (Gelman & Williams, 1998; Keil, 1990). Therefore, 

independent of knowledge organization, we can consider the term “constraint” to refer to 

elements of a knowledge system that guide and facilitate cognitive processes as well as 

restrict their possible range.  

 

Reasoning and Decision-Making 

In general, reasoning involves the act of drawing conclusions and making 

inferences or judgments. More specifically, cognitive scientists define reasoning as 

something that happens when select pieces of information are transformed, perhaps along 

with other information, to yield different representations of information about the same 

situation (Leighton, 2004; Stenning & Monaghan, 2004). For example, reasoning occurs 

if we see the sun rise each morning and conclude that it will rise every morning or if we 

hypothesize that the electrons spinning around a nucleus are like planets orbiting around 

the sun and conclude that atoms are larger than their nuclei. We are constantly learning, 

analyzing, inferring, and evaluating, all processes that require drawing conclusions from 

information and our beliefs, and essentially, all of our judgments and decisions rest on the 

way we see and interpret the world (Gilovich, Griffin, & Kahneman, 2002; Leighton, 

2004). 
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One branch of research into the nature of reasoning involves a dual process view 

of judgment and decision-making, and the idea that prior knowledge acts as a bias in 

reasoning is also best understood by the proposal of this dual process theory of reasoning. 

This theory suggests that there are two distinct cognitive systems underlying reasoning, 

making a distinction between cognitive processes that are fast, automatic, and 

unconscious and those that are slow, deliberative, and conscious. This theory, 

summarized in Table 2.1, is variously described as implicit and explicit (Evans, 2007, 

2008), associative and rule-based (Sloman, 1996), or generically as System 1 and System 

2 (Stanovich, 1999). Evans (2003) explains the dual-process theory as essentially two 

minds existing in one brain which compete for control of our behavior, inferences, and 

actions.  

Table 2.1 Common names and properties of the dual process theories of reasoning. 
System Names Characteristics 

System 1 

Implicit Cognition 
Associative 

Heuristic Processing 
Tacit Thought Processes 

Experiential System 

Shared with animals, automatic, uses prior 
knowledge and beliefs, associative, 

holistic, contextualized, relatively fast and 
independent of working memory. 

System 2 

Explicit Learning 
Rule-Based 

Analytic Processing 
Explicit Thought Processes 

Rational System 

Uniquely human, slow and sequential, 
enables abstract reasoning, rule-based, 
analytic, controlled and demanding of 

working memory and cognitive capacity. 

  

System 1 is mainly characterized by processes that are automatic, associative, and 

pragmatic. Stanovich and colleagues suggest that it is not actually a single system, but 

rather a set of sub-systems that operate with some autonomy (Stanovich, 2004; Stanovich 
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& West, 2003). System 1 is a form of universal cognition that is shared with other 

animals and occurs mainly in the unconscious with only the final product being posted in 

the consciousness. When using system 1, attention is generally focused on selective 

aspects of presented information. Short cuts are taken to process information quickly with 

the rapid retrieval and application of prior knowledge and beliefs (Evans & Over, 1996). 

As such, this system is considered to be primary, relatively undemanding of 

computational capacity, and independent of general intelligences (Stanovich & West, 

2000). The System 1 processes that are most often described are those that are formed by 

associative learning processes of the kind produced by neural networks (McLeod, 

Plunkett, & Rolls, 1998), and the autonomy of such systems reflects the domain-specific 

nature of the learning (Almor, 2003).  

 In contrast, System 2 is slow, sequential, and explicit. This system of reasoning is 

believed to be related to general intelligence due to the fact that it is limited by working 

memory capacity and permits abstract reasoning that cannot be achieved by System 1. 

Unique to humans and having evolved more recently, reasoning using this system allows 

for the deliberate processing of information and occurs with a slower speed of operation. 

This controlled process includes the processes of analytic intelligence that previously 

been studied by information-processing theorists researching the computational 

components underlying intelligence (Stanovich & West, 2000). 

It is suggested that this dual process model of reasoning is a theory that 

accommodates the views of both evolutionary psychologists and researchers in the 

heuristics and biases tradition. System 1 acknowledges the domain specificity of certain 
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modular processes emphasized by the evolutionary psychologists, whereas System 2 

provides a way to override these automatic responses using interactive, non-autonomous 

abstract reasoning. In this regard, reasoning about an entity or phenomenon seems to 

frequently involve the automatic activation of a spectrum of implicit cognitive 

constraints, from domain-general to domain-specific, from task-general to task-specific, 

from highly integrated to more isolated. These cognitive elements give rise to dynamic 

but constrained knowledge systems whose goal is not necessarily to achieve global 

conceptual coherence, but rather local explanatory coherence and efficient inference and 

decision-making as we work through a specific task in a determined context (Brown & 

Hammer, 2008; Sloman, 1996).  

The idea of a dual process system of reasoning has been applied to related fields, 

including judgment and decision making (Gilovich & Griffin, 2002), and provides a 

platform for understanding the use of heuristics by offering insight to the what and when 

of heuristic processing (Chaiken, 1980; Ratneshwar & Chaiken, 1991; Shah & 

Oppenheimer, 2008). It allows us to consider the cognitive constraints that guide and 

support, but also constrict reasoning. These constraints help us make decisions about 

what behaviors are possible or not and about what variables are most relevant in 

determining behavior. They include the assumptions that people make about the 

properties and behaviors of things and support the development or application of decision 

rules and heuristics to make predictions about how the object will behave when involved 

in different processes or events. In the next subsection, these two main cognitive 

constraints, assumptions and heuristics, are discussed in more detail. 
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Assumptions and Heuristics 

What are Assumptions and Heuristics? 

Research findings in cognitive and developmental psychology indicate that when 

people interact with an object or event, prior knowledge together with perceptual and 

language cues are used to build mental representations that facilitate recognition, 

categorization, and decision-making (Gelman, 2009). These mental constructs, in 

conjunction with associative thinking, analogical reasoning, and metaphorical linking 

help us classify the entity or phenomenon as belonging to a certain category (Bowdle & 

Gentner, 2005; Vosniadou & Ortony, 1989). For example, we may identify an unknown 

object lying on the ground as a “solid entity” because it feels rigid or it looks like glass. 

Our categorizations of entities and phenomena have a crucial impact on how we reason 

with and about them (Chi, 2008). In general, we tend to assume that the properties of 

entities and phenomena are determined by the underlying properties that define the 

category to which they belong. Categories capture causal patterns and support, but also 

constrain our reasoning about what is possible. 

To illustrate these ideas, let us imagine that we ask a young child to explain the 

presence of small droplets of water on the exterior of a glass jar full of water just taken 

out of the refrigerator. Based on prior experiences, it is likely that the child will think of 

the phenomenon as a “causal” process, that is, he or she will assume the existence of an 

active agent responsible for the event (Andersson, 1986). Depending on the context, 

existing prior knowledge, as well as perceptual and language cues, the child may decide 

that this is a “transfer” event and propose, for example, that someone with wet hands 
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touched the glass. However, in the process of building the explanation, the child may 

remember seeing water filtering through paper or ceramic vases. Thus, he or she may 

chose to suddenly look at the phenomenon as a “passing through” event in which water 

from the inside sifted through the glass. 

One can expect different children confronted with the previous task to follow 

different explanatory paths, paying attention to different cues and settling on different 

event categorizations. However, although the final explanation that is produced may be 

sensitive to personal and contextual factors, research suggests that the range of 

possibilities will be constrained by the application of common reasoning strategies to 

search for relevant cues, make judgments, and map knowledge within and across 

domains. Reasoning will also be guided and constrained by underlying assumptions about 

the properties and behaviors of different categories of entities and phenomena in our 

world. For example, we can expect associative thinking to help children identify a likely 

cause for the event based on spatial (e.g., the water nearby) or temporal (e.g., the person 

who took the glass out of the refrigerator) proximity. Analogical reasoning or 

metaphorical linking will help them relate the event to particular past experiences (e.g., 

water sifting through paper) or events in different domains (e.g., human sweating). 

Categorization will trigger the deployment of prior implicit or explicit knowledge about 

the properties of general types of objects and processes (e.g., liquids stick to solids). 

The term “assumptions” is used to refer to beliefs or ideas students have about the 

properties and behavior of chemical entities or processes. These assumptions may go 

from being tacit, intuitive presuppositions to learned principles or relationships. Their 
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deployment will depend on implicit or explicit categorization decisions about the nature 

of the objects and phenomena under analysis. These cognitive elements are likely to 

influence student reasoning via top-down mechanisms (Osman & Stavy, 2006). 

In addition to the implicit assumptions, the second type of constraint on human 

reasoning that we consider is heuristics. The study of heuristics and biases is an important 

research tradition in the cognitive psychology of reasoning. Research on human 

reasoning has shown that people make inferences about the world using processes that 

are relatively simple to apply. These shortcut reasoning procedures, also called heuristics, 

replace complex algorithms and therefore reduce the amount of information to be 

processed (Newell & Simon, 1972; Shah & Oppenheimer, 2008). Heuristics are not 

necessarily logical or coherent, rather their function is to make reasonable inferences 

about the world given limited time and knowledge. They are composed of mechanisms 

that operate quickly and are often fast and frugal procedures that take little time to apply 

and use only a small amount of the available information (Geary, 2005).  

Another study of heuristics detailed by Shah and Opperheimer (2008) formalizes 

this idea of heuristics as methods of effort reduction. Because individuals do not have an 

unlimited processing capacity, cognition must operate within the constraints imposed by 

both their cognitive resources and the task environment. As the demands on cognitive 

resources increase, methods or strategies that reduce the information-processing load are 

used. The effort reduction methods of heuristics outlined in their research are:  

• Examining fewer cues; 

• Reducing the difficulty associated with retrieving and storing cue values; 
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• Simplifying the weighting principles for cues; 

• Integrating less information; 

• Examining fewer alternatives. 

By defining heuristics as methods of effort-reduction and not simply as a 

“suboptimal choice”, Shah and Oppenheimer challenge new studies and further research 

to be more rigorous in identifying when individuals use heuristics, how people respond to 

various tasks, and the reasons for cue selection.  In this respect, the use of heuristics as a 

reasoning strategy can be considered, along with one’s implicit assumptions, to be a type 

of constraint.  

 

Common Heuristics 

 The study of heuristics began almost forty years ago with the work done by 

Tversky and Kahneman (Tversky & Kahneman, 1974). They demonstrated how cognitive 

biases often result in systematic errors in judgment and revolutionized the research into 

human judgment under uncertainty. Their research, coined the “heuristic and biases 

approach,” suggested that judgment under uncertainty often rested on a limited number of 

simplifying heuristics rather than extensive algorithmic processing and that the use of 

heuristics often resulted from how a problem was framed or how the events were 

described (Gilovich & Griffin, 2002; Tversky & Kahneman, 1974). 

The initial research by Tversky and Kahneman depicted three general purpose 

heuristics: availability, representativeness, and anchoring and adjustment. The 

availability heuristic describes the frequency with which something can be brought to 
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mind where as representativeness suggests that something specific is more likely than the 

general because it is more representative of how we view particular events. Lastly, 

anchoring and adjustment is the insufficient adjustment up or down from an original 

starting value, or anchor.  

More recent studies of heuristics conducted by Gigerenzer and Todd have led to 

the development of “fast and frugal” heuristics (Gigerenzer, Todd, & ABC Research 

Group, 1999). This research has also suggested the existence of an “adaptive toolbox” 

which contains the heuristics, their building blocks, and the evolved capacities exploited 

by the building blocks (Gigerenzer, 2004; Gigerenzer & Todd, 1999). Some common fast 

and frugal heuristics including recognition, fluency, and take-the-best are presented and 

defined in Table 2.2 (Gigerenzer, 2008). 

Table 2.2 Some examples of heuristics in the “adaptive toolbox.” 
Heuristic Definition 

Recognition heuristic 
(Goldstein & Gigerenzer, 2002) 

If one of two alternatives is recognized, infer that it 
has the higher value on the criterion. 

Fluency heuristic 
(Schooler & Hertwig, 2005) 

If one alternative is recognized faster than another, 
infer that it has the higher value on the criterion. 

Take the best 
(Gigerenzer & Goldstein, 1996) 

Infer which alternative has the higher value by a) 
searching through cues in order of validity; b) 
stopping the search as soon as a cue discriminates; 
c) choosing the alternative this cue favors. 

Tallying 
(Dawes, 1979) 

To estimate a criterion, do not estimate weights but 
simply count the number of favoring cues. 

Satisficing 
(Todd & Miller, 1999) 

Search through alternatives, and choose the first one 
that exceeds your aspiration level. 
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The Use of Heuristics 

 The dual process model of cognition presented earlier provides a useful 

framework to consider the research done on the types of heuristics used. Tversky and 

Kahneman noted that biases occur because people tend to draw inferences and make 

decisions based on their intuitive understanding of the situation and typically disregard 

statistical or other relevant information, reasoning that is typical of a System 1 process. 

For example, use of the availability heuristic leads to error whenever memory retrieval is 

a biased cue to the actual frequency of something (Gilovich & Griffin, 2002). 

The research on heuristics in judgment and decision-making has provided 

empirical evidence in support of the theory that their use often leads to near optimal 

answers or decisions in many real-world situations, however, there are instances when the 

application of heuristics leads to severe and systematic biases (Czerlinski, Gigerenzer, & 

Goldstein, 1999; Geary, 2005; Gilovich et al., 2002; Plous, 1993). In general, the use of 

heuristics proves to be quite helpful and provides answers with little effort that are a close 

approximation, but Geary (Geary, 2008), for example, notes that folk heuristics can often 

include explicit inferential and attributional biases, and attributions about causality in the 

physical world have been studied (Viennot, 2001; Vosniadou & Brewer, 1994). This 

research has shown that children and adults have naïve presuppositions about motion and 

other physical phenomena, and although these biases often provide explanations that 

suffice for common, everyday situations, this does not mean the explanations are 

necessarily accurate from a scientific perspective. The descriptions of scientific 

phenomena that people use are often correct (Wellman & Gelman, 1992), but as Geary 
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(Geary, 2008) observes, “many of the explicit explanations and attributional biases 

regarding the causes of these phenomena are objectively and scientifically inaccurate.”  

In general, research indicates that people select different heuristics depending on 

the task environments, and there are multiple selection rules that contribute to heuristic 

selection (Gigerenzer, 2008; Hutchinson & Gigerenzer, 2005). For example, when testing 

the use of the recognition heuristic, Pohl (Pohl, 2006) found that as the recognition 

validity in a study increased, so did the proportion of participants who followed the 

recognition heuristic. Another study (Rieskamp & Otto, 2006) found that if there was a 

large variability in cue validities, then more participants used the take-the-best heuristic. 

When applying heuristics to different situations, it is helpful to think of heuristics 

as the combination of several building blocks (Geary, 2008; Hutchinson & Gigerenzer, 

2005). By adjusting one or more of the building blocks, a single heuristic can be applied 

to new situations. As an example, the take-the-best heuristic has three building blocks 

(Gigerenzer & Goldstein, 1996): the search rule, the stopping rule, and the decision rule. 

These three building blocks allow one to look up cues in order of validity, stop the search 

after the first cue discriminates between alternatives, and choose the alternative that this 

cue favors. Although the take-the-best heuristic is generally used to facilitate a choice 

between two alternatives, the building blocks can be adjusted for situations in which there 

are more alternatives or a particular alternative can be assigned to more than one class.  

As mentioned above, people often reduce and simplify tasks by relying on 

heuristics when presented with a complicated judgment or decision. There are, however, 

several things to additionally mention regarding heuristics. First, more often than not, the 
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shortcuts used produce very close approximations to the “optimal” answers (Gigerenzer, 

2008; Gilovich et al., 2002; Tversky & Kahneman, 1974). Heuristics are sensible 

estimation procedures that are not necessarily irrational. Second, although heuristics yield 

“quick and dirty” solutions, they draw on underlying processes, such as feature matching 

and memory retrieval, that are highly sophisticated. Lastly, heuristic processes are not 

always exceptional responses to problems that are overly complex or require an excess of 

information. Oftentimes, heuristics are normal intuitive responses to even the simplest 

questions. Several common misconceptions held about heuristics are summarized in 

Table 2.3 (Gigerenzer, 2008). 

Table 2.3 Common misconceptions regarding heuristics. 
Misconception Clarification 

Heuristics produce second-best results 
or optimization is always better. 

In many situations, optimization is impossible 
or less accurate because of estimation errors. 

Our minds rely on heuristics only 
because of our cognitive limitations. 

Characteristics of the task environment also 
play a role in the use of heuristics. 

People rely on heuristics only in 
routine decisions of little importance. 

Heuristics are relied on for decisions of both 
low and high importance. 

More information or computation is 
always better. 

Good decisions in an uncertain world require 
ignoring part of the available information. 

Those with higher cognitive capacities 
use complex methods, and those with 
lesser capacities use simple heuristics. 

Cognitive capacities seem to be linked to the 
selection of heuristics rather than the 
execution of a heuristic. 

 

 

Summary 

Common-sense reasoning is generally defined as reasoning that is grounded in a 

set of presuppositions about the physical world, our surroundings, and the nature of 
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things, and relies on mental strategies or heuristics to make decisions and build inferences 

based on information that is easily accessible. A common-sense approach to decision-

making can also be characterized by the use of patterns of reasoning that are 

unconsciously followed and applied without hesitating or considering other alternatives. 

Research in cognition and science education over the past several decades has given rise 

to a large body of empirical and theoretical results about students’ ideas of the physical 

world and shows that students who follow their common-sense often produce quick 

explanations of natural phenomena based on intuition and broad generalizations, without 

the use of reflection. This dissertation research is based on the hypothesis that the 

conceptual difficulties of most science learners result from this type of constrained 

reasoning, and the identification of specific constraints that are employed can help us to 

understand and explain many of the learning difficulties that beginning chemistry 

students face. 

Analysis of the research literature on students’ alternative conceptions in 

chemistry, together with the results of our own prior research studies, suggest that many 

relevant cognitive constraints seem to fall into two major groups (Talanquer, 2006): a) 

Presuppositions about the properties and behavior of the entities and phenomena in the 

domain (assumptions), and b) Reasoning strategies to make judgments and decisions 

under conditions of limited time and knowledge (heuristics). These types of cognitive 

elements are triggered when students face a task, they may be activated in intuitive or 

deliberate ways, and their activation depends on personal factors, such as prior 
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knowledge, experience, and motivation, as well as on contextual issues, such as cue 

saliency and processing time. 

In recent years, we have focused our research efforts on the identification of the 

constraints used by chemistry students, and the work presented here continues this 

research with the identification of specific assumptions and heuristics. By choosing tasks 

with limited responses, we are able to control the task environment and better understand 

the methods used to solve each question. This includes the quantity and frequency of 

heuristics and assumptions selected or employed, the identification of cues to which 

students focus their attention, the number and features of those cues, and the overall 

relation, if any, between heuristic choices and task performance.  
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CHAPTER 3: PROJECT DESIGN 

  

 The main goal of this thesis research was to investigate student reasoning and 

further understand and identify the heuristics used and assumptions made by general 

chemistry students. Our two-part investigation was guided by the following overarching 

research question: 

~ When solving qualitative chemistry tasks, what are the heuristics used and the 

assumptions made by students?  

To address this research question, two mixed-methods studies were conducted. 

Within each study, two main phases of data collection, a questionnaire and individual 

interviews, were completed. The first study investigated the strategies used by students 

when qualitatively ranking chemical substances, and the second study followed up and 

expanded the results of the first by focusing on the arrangement of chemical reactions. In 

this chapter, the setting and participants are first discussed, followed by limitations of the 

studies. Although similar methodologies were employed, there are slight differences 

within each project, so a more detailed description of each methodology and data analysis 

are presented in Chapters 4 and 5. 

 

Setting and Participants 

 This study was conducted at the University of Arizona, a public Research I 

institution in the southwestern United States. The total enrollment of undergraduate 

students during the 2007-2008 academic year was over 29,000, with another 7,600 
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graduate and professional students. The student body is approximately 53% female and 

47% male, with an ethnic diversity that includes 62% Caucasian, 15% Hispanic, 17% 

other minorities, and 6% unknown.  

The chemistry department at this university offers general chemistry courses to 

over 1,500 students each semester. The main two-semester general chemistry curriculum 

consists of General Chemistry I and General Chemistry II. This sequence is offered to 

several sections of students each semester, with enrollments in each section varying from 

as few as 100 students to more than 250. Most of these students are in their first or 

second year of study, with an ethnic and gender makeup similar to that of the entire 

university. Students taking these courses typically have a wide range of majors from 

various natural and social sciences to engineering. 

 All of the students participating in this study were enrolled in the second semester 

of the traditional general chemistry curriculum (GCII). This course covers essential 

chemistry concepts and problem-solving techniques, with emphasis on equilibrium, 

chemical kinetics and thermodynamics, and acid/base chemistry. Participants in this 

study were drawn from eight different sections of GCII over the course of three 

semesters, taught by a total of five different professors. Three of these five professors 

taught two sections during those three semesters, and those were the six sections (three 

sections for each of the two projects) in which the questionnaire was administered. The 

recruitment letter to all GCII professors can be found in Appendix A. Students for the 

individual interviews were recruited during the administration of the questionnaire as 



 42 

well as through laboratory sections, and the recruitment letter to the teaching assistants 

and students and the interview sign up form can be found in Appendix A. 

 

Research Methods 

As mentioned above, both questionnaires and individual interviews were utilized 

for each project. This mixed-methods approach in which both qualitative and quantitative 

research instruments were used (Greene, Caracelli, & Graham, 1989) was chosen for 

several reasons. This design is widely used in science education research and offers 

several key advantages from which this study could benefit. Not only does a mixed 

method design increase the interpretability and meaningfulness of the findings, it also 

increases the validity of the study through triangulation, which helps overcoming the 

biases and limitations associated with each individual research method (Greene et al., 

1989). Accordingly, both quantitative and qualitative instruments were employed so that 

the results obtained from the analysis of one instrument would clarify and enrich the 

results of the analysis of the other. 

 

Data Collection 

All of the interviews and questionnaires for both the substances and reactions 

projects were administered near the end of the semester, at which time the underlying 

concepts related to the properties and phenomena presented in the questions had been 

introduced and discussed. 
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For the questionnaires, we visited each class at the end of lecture during one of 

the last two weeks of the semester. The students were presented with each question one at 

a time and given approximately thirty to sixty seconds to derive an answer. The specific 

slides with the substances and reactions questions that were shown to the students are in 

Appendix B. Students also had access to a large periodic table that was displayed on the 

wall of the classroom. For the substances questions, each question listed the property to 

be used and presented the three or four compounds in a random order. The reactions 

questions listed the type of reaction at the top of the slide and then listed the three 

reactions to be ordered below. The student responses were recorded on an answer sheet 

that was provided for them, also shown in Appendix B, and collected immediately 

following the completion of the survey.  

During the semi-structured interviews, students were shown the same slides that 

were used in the questionnaires. The students were also provided with the same answer 

sheet and a periodic table to be used if needed. After being instructed that their thought 

process rather than the correctness of their answer was our focus, each student was asked 

to write down an answer while verbally describing their thinking. Although no specific 

questions other than the qualitative tasks were posed to the students, questions were 

asked during the interviews when necessary to clarify their thinking or illicit the reasons 

behind their decisions. Each interview was audio-recorded and summarized or 

transcribed, and examples of interview transcripts are shown in Appendix C. 
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Limitations of the Study 

 A large portion of this study is qualitative in nature, and qualitative research 

methods have many strengths. Qualitative studies are flexible and often provide a “thick-

description” of the issues under investigation, providing more detail and depth than 

typically allowed by a quantitative study. This makes qualitative studies very useful in 

elaborating on and explaining results obtained from quantitative studies (Miles & 

Huberman, 1994). There are, however, limitations that are inherent in qualitative 

research, and there are some aspects of this study that potentially constrain the 

generalizability of the findings.  

First, data was collected from a limited number of individuals at a single 

institution, which may prevent the findings from being generalized to a larger population. 

It is not necessarily true, however, that students at this institution are dramatically 

different from students nationwide in terms of their demographics or level of college 

preparations. Additionally, there is no reason to believe that individual attitudes or 

motivation toward general chemistry is any higher or lower among the students at the 

University of Arizona, and testing this claim was beyond the scope of this study. 

 A second limitation of the study involves the lack of compensation offered to the 

participants. Because there was no reward for their time or effort, the students 

participated on a voluntary basis, and this introduces a self-selection effect that may 

potentially introduce a bias in the data (Seidman, 2006). Along the same lines, we 

recognize that the low-stake nature of our research tasks may have negatively affected 

students’ motivation to invest time and cognitive effort in answering the questions. 



 45 

Although this may cause the results to misrepresent the actual level of chemical 

knowledge or understanding among the students, the main goal of identifying 

assumptions and heuristics is still achieved. Unfortunately, these limitations were 

unavoidable in this study, and no further testing was done to investigate this issue. 

 The third limitation of this study that may influence the generalizability relates to 

the particular professor a participant may have had in their GCII course. Although the 

course material was generally the same across sections, different professors may have 

stressed one topic over another, and this may influence how the students answer the 

questions. To account for these differences as much as possible, students were recruited 

from several difference sections of the course and asked to identify their section prior to 

beginning the interview. 

 Lastly, the final limitation of this study involves the level of preparation and prior 

knowledge of the individual participants. It has been shown that prior knowledge plays a 

role in the strategies that students use to solve qualitative tasks similar to those used in 

this study (Stavy & Tirosh, 2000). Although all attempts were made to recruit students of 

many different backgrounds and experiences, it was impossible to ensure a truly random 

sample. To account for specific differences, students were asked in the beginning of the 

interviews for more information about their background, level of high school preparation, 

their current section and lecture professor, and grade in the lecture course.  
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CHAPTER 4: RANKING CHEMICAL SUBSTANCES 

 

Methodology 

 The main goal of this part of the study was to identify and further investigate the 

intuitive heuristics used by general chemistry undergraduate students when solving 

ranking tasks. Our investigation was guided by the following research question: 

 

~ What heuristic reasoning strategies are used by undergraduate students in 

chemistry when solving qualitative tasks involving the ranking of chemical 

substances with respect to a particular property or phenomena? 

 

To address this research question, a mixed-methods study was conducted that 

included two phases of data collection, a questionnaire and individual interviews. In the 

following subsections, we will present the details of the methodology and discuss the 

research findings and their implications. The core results of this study have been 

published in Science Education (Maeyer & Talanquer, 2010). 

 

Participants 

All of the study participants were enrolled in and nearing the end of the second 

semester of the general chemistry sequence (GCII) at the college level. As mentioned, 

this course covers essential chemistry concepts and problem-solving techniques, with 

emphasis on equilibrium, chemical kinetics and thermodynamics, and acid/base 
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chemistry. Thus, they could be expected to recognize the submicroscopic factors that 

affect and determine the nature of chemical bonding and intermolecular forces in 

different types of substances and materials (e.g., ionic, covalent, metallic, aqueous 

solutions), as well as the impact of those factors on macroscopic physical properties. 

Two main phases of data collection, a ranking-task questionnaire and individual 

interviews, were completed. The questionnaire was answered by students enrolled in 

three GCII groups (n1=215, n2=114, n3=85) offered during two different spring semesters. 

These sections had similar student populations, and each section was taught by a different 

lecture professor. The interviews were conducted with 34 volunteers (22 females and 12 

males) from these three (N=15) GCII sections before the questionnaire was administered 

in their class. Interview participants were also drawn from two other equivalent GCII 

groups (N=19) that were not asked to complete the questionnaire in class; thus, the 

interview participants had not seen the questions prior to the interview.   

 

Instruments and Data Collection 

A set of six questions was designed and used for both the questionnaire and 

interviews, summarized in Table 4.1, with the actual slides shown to all participants 

given in Appendix B. In general, the students were asked to place three or four chemical 

compounds in order of increasing rank with respect to acid strength, base strength, 

melting point, boiling point, or solubility.  

 

 



 48 

Table 4.1 Summary of questions used in the substances questionnaire and interviews. 
Questiona Property Chemical Compounds 

1 Acid Strength H2S, HCl, HI 
2 Boiling Point HCl, HI, NaI, NaCl 
3 Base Strength Mg(OH)2, Ca(OH)2, KOH 
4 Melting Point HCl, HBr, NaI, NaBr 
5 Boiling Point PH3, H2S, H2Se 
6 Water Solubility MgO, BaO, NaCl, NaBr 

In each case, the substances have been arranged in the correct order.  
aCommon prompt: Arrange the following chemical compounds in order of increasing… 
 

These questions were designed to create a qualitative task that may be similar to 

something encountered when learning to think like a chemist. In a laboratory situation, 

for example, a chemist may be discussing different types of acids and their strengths 

when deciding what to use for a particular experiment. Additionally, it was the goal to 

create a task environment that may trigger the use of heuristics. For example, as 

discussed in Chapter 2, different cues within a particular task environment have been 

shown to guide thinking and result in the use of heuristics to make a decision. For this 

reason, substances with various external or surface features were utilized, such as H2S 

and HCl with different numbers of hydrogen atoms. Additionally, these are all properties 

or phenomena that students would be exposed to during the course of their first year of 

general chemistry studies. The particular substances that were chosen are simple ionic or 

covalent compounds similar to those that students would encounter during the course of 

the general chemistry lectures and laboratory experiments.  

All of the interviews and the questionnaire were completed near the end of the 

academic semester, when the concepts and ideas needed for successful completion of the 

ranking tasks had been already introduced. For the questionnaire, data were collected in 
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the actual classrooms according to the following procedure. Students were told that they 

were expected to individually answer six questions requiring them to arrange substances 

represented by their chemical formula in order of increasing value of a given property. 

The common prompt for all of the questions (see note in Table 4.1) was presented on a 

PowerPoint slide and explained in general terms. Students were told they would have 60 

seconds to answer each question and asked to record their responses on the answer sheet. 

The different questions were presented one by one on individual slides that included the 

specific question prompt and the chemical formulas of the substances to arrange. For 

each question, students had to decide where to place each substance in a row of empty 

boxes included in the answer sheet given to them (Appendix B). Given that research 

shows that formal reasoning and mathematics skills have a strong impact on students’ 

understanding and success in solving chemistry problems (Lewis & Lewis, 2007; Tai, 

Sadler, & Loehr, 2005), a visual aid was included in the answer sheet to indicate where to 

place those substances with the lowest and highest values. All of the students had visual 

access to a large periodic table present in the classroom, and their answer sheets were 

collected immediately following the completion of the survey.  

Since the goal of our investigation was to explore students’ heuristic reasoning, 

we decided to constrain the time allotted to answer each question. Research on people’s 

cognitive biases, first interpretations, and intuitive reasoning often relies on results from 

tasks completed under speeded conditions (Kelemen & Rosset, 2009; Rosset, 2008); it is 

expected that time limits will impair or constrain the action of control and monitoring 

mechanisms associated with analytical reasoning. The 60-second limit used in our study 
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was selected based on our analysis of the results from 12 semi-structured interviews 

completed before the application of the questionnaire in the large classes. Our analysis of 

these interviews revealed that none of the participants took less than 30 seconds to 

generate an answer, even in those cases in which the interviewees explicitly stated that 

they were guessing. Most students who provided some explanation to their answers took 

between 15 and 30 seconds to identify a relevant feature on which to base their decision. 

Most interviewees who used this initially identified feature to build an answer completed 

the task in 30–60 seconds. Students who reconsidered their answers while working in the 

task took more than 90 seconds to finish. Thus, we chose 60 seconds as a reasonable time 

limit given the stated goals of our investigation.  

All of the interviews in our study were conducted using a format similar to that of 

the questionnaire, although in this case participants were instructed to think out loud as 

they answered each of the questions. In addition, no explicit time limit was imposed on 

students’ responses and probing questions were asked by the interviewer when needed to 

clarify an answer or better elicit student reasoning. Interviewees had access to a periodic 

table and recorded their actual rankings on an answer sheet. Each of the interviews was 

audio-recorded and later transcribed and summarized. 

For reference and privacy purposes, a code was created to label each of the 

interviewees. The assigned label is based on the alphabetical order of the interviewee’s 

last name. Once all interviews for a particular project were completed, the participants 

were listed alphabetically by last name and assigned a number. For example, the third 
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student on the list of participants was assigned the code S3. This labeling system has been 

used throughout the presentation of our results.  

 

Data Analysis 

The questionnaires were collected immediately after their completion by the 

students and answers were analyzed to quantify the frequency of different substance 

arrangements (A, B C; A, C, B; and so forth) proposed by the students in each of the six 

questions. Each possible answer for each question was assigned a number, and then each 

answer sheet was tallied based on the answer given. This allowed us to determine the 

percentage of correct responses (see Table 4.1), the total frequency of each answer, and 

the most preferred rankings for each set of substances. 

It was the general goal of this project to explore and identify heuristics that were 

used by students in qualitative chemistry tasks. Since there is limited research on specific 

heuristics used in the physical sciences, this study was exploratory in nature. Grounded 

theory has been suggested to be one of the most suitable data analysis methods for this 

type of research (Charmaz, 2008) and was thus used in this study to analyze the interview 

transcripts and other forms of qualitative data. This method, based on constant 

comparisons of emerging categories, is an iterative, non-linear analysis in which common 

ideas and reasoning strategies were identified.  

Interview tapes and transcripts were reviewed and summarized on an individual 

question basis. The interviews were then reviewed a second time, and the summaries 

were edited and supplemented as necessary. The summaries were arranged according to 
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the answer given for each question (specific ranking order), and the frequencies of 

specific answers were compared to those for the class questionnaires. All of the 

individual answer summaries were then analyzed using an iterative, nonlinear constant 

comparison method of analysis in which common ideas and reasoning strategies were 

identified within each answer type (Charmaz, 2006). During the analysis, particular 

attention was paid to things that the student said or did to make their decisions when 

ranking the substances in each set. Different patterns of reasoning were identified and 

coded within each answer group and then compared to the patterns of reasoning used by 

students who generated different answers for a given question. 

To ensure inter-rater reliability, eight student answers for each of the six 

questions were transcribed for a total of 48 transcripts (24% of the total), with each 

student represented at least once. Initially, 8 of the transcripts were individually coded by 

two researchers and the results were compared and discussed with the coding system 

revised during the process. Next, another set of transcripts was coded by both 

researchers, and the results were compared and discussed. This process was repeated 

until achieving over 90% agreement in two consecutive sets of answers. The resulting 

coding system and methodology was then applied to analyze the totality of the answers. 

Eventually four main heuristics (recognition, representativeness, one-reason 

decision making, and arbitrary trends) were identified, and an overall summary of the 

interviews was developed that listed the type of heuristic used by each student on each 

individual question. Lastly, the interviews were arranged according to the answer given 
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for each question (specific ranking order), and the frequencies of specific answers were 

compared to the class questionnaires.  

 

Results and Findings 

To facilitate the presentation, interpretation, and discussion of our results, we will 

use students’ answers to one of the six questions in our research instrument (solubility 

comparison; Question 6 in Table 4.1) as a primary reference to introduce our major 

claims, using the answers to the other ranking tasks as supporting evidence. Students’ 

reasoning patterns during this particular task are illustrative of the major findings across 

the study. However, before analyzing the nature of the heuristics that we uncovered, it is 

useful to recognize the type of analytical reasoning that would be needed to provide a 

satisfactory answer to this reference question. 

 

The Optimal Response 

Research on judgment and decision-making suggests that the search for optimal 

decisions may be modeled using the weighted additive rule (Shah & Oppenheimer, 

2008). According to this model, analytical decision makers consider all of the available 

alternatives and cues for each alternative. For example, in completing the task “Arrange 

the following chemical compounds in order of increasing solubility in water: NaCl, NaBr, 

MgO, BaO,” the model suggests that finding the correct answer requires investing effort 

on five basic tasks: 

 



 54 

1. Identifying all relevant cues (e.g., recognizing that all of these compounds are 

ionic and that their physical properties are thus largely determined by the charge 

and size of their ions); 

2. Recalling and storing cue values (e.g., Na+, Cl−, and Br− are univalent ions; Mg2+, 

Ba2+, and O2− are divalent ions; ion size increases as we move down a family in 

the periodic table); 

3. Assessing the weight of each cue (e.g., for most ionic compounds consisting of 

monoatomic ions, solubility in water is larger when interactions among ions are 

weaker; interaction strength among ions is determined by Coulomb’s law; the 

smaller the ion charge, the weaker the interaction; the larger the ion size, the 

weaker the interaction; ion charge differences have a larger impact than ion size 

differences on the relative values of physical properties); 

4. Integrating information for all alternatives (e.g., interactions among ions in NaCl 

and NaBr are weaker than those in MgO and BaO; interactions among ions in 

NaBr are weaker than those in NaCl; interactions among ions in BaO are weaker 

than those in MgO. Although O2− ions will react with water and form OH−, this 

fact is not likely to alter the rankings); 

5. Comparing different alternatives and making a decision (e.g., solubility in water 

likely increases from MgO to BaO to NaCl to NaBr). 

 

This type of reasoning is likely to demand a great cognitive effort from novice 

chemistry students. This may explain why only 5.4% of the surveyed students and 11.8% 
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of the interviewees were able to generate a satisfactory answer (see Question 6 in Table 

4.2 below), despite their course training in the application of this type of reasoning.  

Table 4.2 Percentage of students choosing the correct rankings in the substance 
questionnaires and interviews. 

 
 

Four Main Heuristics 

Our results indicate that many interview participants relied on heuristics that 

facilitated the completion of the task, but frequently led them in a wrong direction. As 

suggested by the weighted additive model for optimal decision making (Shah & 

Oppenheimer, 2008), the types of reasoning strategies used by the students tended to 

involve one or several of the following effort-reduction methods: examining fewer cues, 

reducing the difficulty associated with retrieving cue values, simplifying the weighting 

principles for cues, integrating less information, or examining fewer alternatives. By 

looking at how the students solved this and the other five problems, we were able to 

identify the common heuristics that guided their thinking and reasoning and resulted in 

such a large percentage of incorrect responses. Our analysis of the questionnaire and 

interview data revealed that many study participants relied frequently on one or more of 

the following heuristics to make their decisions during the ranking tasks: recognition, 

Question Correct Ranking Questionnaire Interview 
(N=34) 

1 H2S, HCl, HI 24.9% (n=413) 20.6% 
2 HCl, HI, NaI, NaCl 9.6% (n=384) 5.9% 
3 Mg(OH)2, Ca(OH)2, KOH 36.0% (n=408) 20.6% 
4 HCl, HBr, NaI, NaBr 12.3% (n=391) 8.8% 
5 PH3, H2S, H2Se 23.1% (n=402) 20.6% 
6 MgO, BaO, NaCl, NaBr 5.4% (n=405) 11.8% 
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representativeness, one-reason decision making (ORDM), and arbitrary trend. The first 

three of these strategies can be considered domain-general as they have been identified in 

many other areas of human decision-making (Gilovich et al., 2002), whereas the fourth 

heuristic is particular to chemistry. We will describe and discuss each of these strategies 

in detail in the following subsections, with an overall summarization presented below.  

In general, ORDM was the most frequently used type of heuristic, representing 

47% of all the strategies used. However, for questions that included common substances, 

such as NaCl and HCl, the use of the recognition heuristic was predominant, being used a 

total of 27%, with representativeness and periodic trend last with 13% each. For 

reference purposes, we present a summary in Table 4.3 of the percentage of interviewees 

who used these different heuristics in completing each of the six tasks described in Table 

4.1.) 

Table 4.3 Percentage of interviewees (N=34) using a given heuristic at least once when 
solving each of the six substance ranking tasks. 
 Substance Ranking Tasks 
Heuristic 1 2 3 4 5 6 
Recognition 79.4% 52.9% 35.3% 26.5% 14.7% 73.5% 

One-Reason Decision Making 50.0% 70.6% 67.6% 82.4% 73.5% 52.9% 

Representativeness 8.8% 38.2% 5.9% 23.5% 17.6% 52.9% 

Periodic Trends 11.8% 14.7% 41.2% 11.8% 44.1% 29.4% 
 

In general, each student used between one and three strategies to answer each 

question, with the largest percentages attributed to ORDM and recognition depending on 

the question. On questions two and six, the students seemed to require more strategies 

than on the others, with the average per student on those questions above two. 
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Interestingly, the percentages of the total of each of the four heuristics are more spread 

out on those questions, with representativeness used more often on those questions than 

the others. Graphical summaries of the strategies used on each question and per student 

are shown in Figures 4.1 and 4.2, respectively.  

 

Figure 4.1 The four heuristics used by interviewees (N=34) on each individual substance-
ranking question as a percentage of the total occurrences. 
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Figure 4.2 Graphical representation of individual interviewees’ (N=34) use of each 
heuristic when ranking substances. 
 

 As discussed above, our analysis of the interview data suggests that there are four 

main heuristics used by the students to reason and make decisions: recognition, 

representativeness, one-reason decision-making (ORDM), and arbitrary trend. In the 

following subsections, each of the four heuristics is presented in more detail. Examples 

from the transcripts and a more in-depth description provide a more thorough picture of 

each strategy. 
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Recognition Heuristic 

Consider the students’ responses to the “solubility in water” ranking task as 

summarized in Figure 4.3, for both the questionnaire and the interview data. In this case, 

the two top proposed arrangements are characterized by the selection of NaCl as the most 

soluble substance; in fact, over 73% of the students who answered the questionnaire or 

completed the interview made this choice. The following interview excerpts illustrate the 

type of reasoning used by interviewees to justify their selection of NaCl as the most 

soluble compound:   

“Ok, um, NaCl is soluble, um, NaBr...hmm. NaCl and NaBr. I think NaCl is more 
soluble just because of experience with it.” (S20)  
“… I'm going to put NaCl first, just because it's salt.” (S28)  
“Um, I know NaCl is soluble, it is just from knowing….. So, I would think NaCl 
is the most soluble.” (S31)  
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Figure 4.3 Most common ranking orders proposed by students from both the 
questionnaire (n=405) and the interviews (N=34) for the solubility of chemical 
compounds in water. 
 

 Students’ recognition or familiarity with NaCl as a soluble substance played a 

central role on their decision making in this particular task and, as we will illustrate later, 

it served as an anchor from which many of the subsequent judgments and decisions were 

made. Our results suggest that students’ selection of NaCl as the most soluble compound 

was likely based on a recognition heuristic of the form: “If one of several objects is 

recognized and the others are not, then infer that the recognized object has the higher 

value with respect to the criterion” (Goldstein & Gigerenzer, 2002). In general, this 

heuristic tends to be applied using recognition as the single decision cue, particularly 

when there is a perceived strong correlation between recognizing an object or event and 
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having higher values on a given criterion (e.g. solubility in water). This correlation is 

established and reinforced by prior knowledge and experience. The recognition heuristic 

is closely related to other heuristics, such as availability and familiarity (Gilovich et al., 

2002), that rely on information that is recognized, is familiar, or is easily processed to 

make decisions or build inferences. These types of effort-reduction strategies help 

diminish the number of cues that are considered when making a decision, and lessen the 

difficulty associated with retrieving, storing, and weighting cue values. 

 The use of the recognition heuristic helps explain the large frequency of incorrect 

responses in questions 1, 2, and 6 in which compounds that one can expect the majority 

of the students to recognize (NaCl and HCl) were assigned the highest value in the 

ranking sequences (Figures 4.3, 4.4 and 4.5) 

 



 62 

 

Figure 4.4 Ranking orders proposed by students from both the questionnaire (n=413) and 
the interviews (N=34) for the strength of acidic substances. 
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Figure 4.5 Most commonly proposed ranking orders by students from both the 
questionnaire (n=384) and the interviews (N=34) for the task involving boiling points of 
ionic and molecular substances. 
 

In fact, our results indicate that in questions in which there was a perceived strong 

correlation between the recognized substance and the ranked property (e.g., NaCl and 

solubility in question 6, HCl and acid strength in question 1), the recognition heuristic 

was the primary strategy used by most interviewees to start building their rankings. So, in 

question 1 for example, 23 of the 34 interview participants (67.6%) recognized HCl as a 

strong acid and assumed that it was the compound with the highest acid strength. 

Consider these typical justifications: 

“So I know from experience, I guess from lab, that HCl is potent. So I guess that 
is the most…I recognize that as one of the strong ones.” (S24) 
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“Ok, I know hydrochloric acid is a strong acid. It’s a very strong acid, so I will 
put that there.” (S33)  
 
Given these results, one may suspect that a large fraction of the students who 

placed HCl as the strongest acid in the questionnaire (59.6% of n = 413) relied on the 

recognition heuristic to generate their answer. Moreover, results from the interviews, in 

which over 79% of all the participants used the recognition heuristic in one form or 

another to answer question 1, suggest that even some students who chose to rank H2S 

(62.2% questionnaire; 52.9% interviews) or HCl (6.3% questionnaire; 5.9% interviews) 

as the weakest acids in the series, may have used recognition and familiarity (or lack of) 

as a reasoning strategy: 

S34: “Well, just because I know that HCl is a strong acid. I recognize that as a 
strong acid, and I guess I’ve never even used H2S before.” 
Interviewer: “Ok, so H2S is more of a default lowest.” 
S34: “Yeah, not like knowing.” 
 
S4: “I’d start with what I know is not really a strong acid, so I’d start with HCl 
because I don’t think it is a strong acid. “ 
Interviewer: “So you don’t think HCl is a strong acid. What makes you think 
that?” 
S4: “Um, from lab, I know I’ve dropped that, and I know it didn’t burn.” 
 
Although less frequently, the recognition heuristic was also used by a significant 

proportion of the interviewees in those questions in which familiar compounds were 

included but the correlation between recognition and criterion was not strong. For 

example, in question 2 both HCl and NaCl have to be ranked according to their boiling 

points (in this case, NaCl is in fact the compound with the highest boiling temperature). 

During the interviews, recognition of the substance, or the substance’s known properties 
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(e.g., high solubility, high acid strength), were commonly mentioned as a justification for 

their ranking: 

“Ok, I’ve seen sodium chloride before, so I don’t know what that [NaI] would be 
at room temperature. I would say the sodium chloride would have the highest 
boiling point, just because I’ve seen it before…And HCl I said was the strongest 
acid [in question one], so I would put that as the lowest boiling point.” (S24) 
“That’s just salt (pause). I’m gonna do the sodium chloride first [lowest]…cause I 
guess you are supposed to put it in water when you are cooking to make it boil 
faster. So it decreases the point at which, like you also put it on ice.” (S8) 
 
It is difficult to establish to what extent this type of reasoning influenced students’ 

answers to task 2 in the questionnaire, given that NaCl was actually the substance with 

the highest boiling point and that additional results from our study suggests that other 

heuristics may have also played a role on students’ decisions. However, we should point 

out that NaCl (40.4% of n = 384) and HCl (21.9%) were the two substances most 

commonly selected as having the highest boiling point in the questionnaire answers, far 

above the 9.6% of correct rankings. Similar results were found for question 4 in which 

HCl was included in the task. For this question, we found 20.0% (of n = 391) of the 

questionnaire participants and 32.4% of the interviewees selected HCl as the substance 

with the highest melting point, based on justifications, in this latter case, of the type “…I 

always hear more about HCl than I do the bromide, so I will put the HCl at the top” 

(S27). 

Research has shown that the extent to which the recognition heuristic is used 

depends heavily on task features (Newell & Shanks, 2004); the results of our study 

support this finding. As shown in Table 2 for questions 1 and 6, the stronger the 

correlation between recognition and criterion, the heavier the reliance on this heuristic to 
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make decisions. However, our study suggests that the use of this heuristic in our ranking 

tasks extended beyond the recognition of a particular substance; some students also used 

this strategy based on the recognition of the individual elements present in a given 

substance. Consider these justifications for selecting NaCl as the most soluble compound 

in task 1 and choosing Ca(OH)2 as a stronger base in task 3: 

“I know that salt is soluble in water, so I am going to go with the sodium as the 
last two, the ones that are the most soluble in water…. Um, I know that chlorine 
readily dissolves in our [pool] water as well because I've watched it, so I am 
going to say that NaCl is most soluble.” (S11) 
 “I think that calcium is going to be the strongest base now, and I only think that 
because it is in milk, and I know that milk is very basic.” (S11) 
 
Recognition was often used by our interviewees as the first step in generating 

their rankings and as a fall back strategy when other attempts to differentiate substances 

failed. In most cases, it was used to place substances at the top, and occasionally at the 

bottom, of the rankings, which created an anchor for subsequent decisions. 

 

Representativeness Heuristic 

If we go back to the analysis of students’ answers to question 6 as summarized in 

Figure 4.3, we can notice that the two most frequent rankings place NaBr as the next 

most soluble substance after NaCl. Let us now analyze common student justifications for 

this placement: 

“I guess I would just put, I mean, without knowing any of the rules, I would put 
NaBr lower than NaCl because it is related to sodium.” (S28) 
“Um, NaBr? Well because I kind of just thought since those are very similar, 
NaCl just from experience I think that that would be more soluble so NaBr would 
be the next thing that is soluble.” (S20) 
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“…so I am going to say that NaCl is most soluble and then since I stuck with the 
sodium definitely be really soluble, I'm going to say that bromine goes next.” 
(S11) 
 
These excerpts illustrate the application of another common reasoning strategy 

used by our study participants that can be identified as the representativeness heuristic. 

This effort-reduction strategy is based on assuming commonalities between objects of 

similar appearance (Gilovich et al., 2002), and it helps people lower the number of cues 

to consider in making decisions (e.g., ignore ion size and ion charge), reduce the 

difficulty associated with retrieving cue values (e.g., avoid comparing ion sizes for Cl- 

and Br-), and integrate less information (e.g., avoid comparing NaBr to MgO and BaO). 

 As was the case for the recognition heuristic, the use of the representativeness 

heuristic was task dependent. This strategy was most commonly used in tasks involving 

substances with common composition or surface structural features as revealed by their 

chemical formula (questions 2, 4, and 6 in Table 4.1). The heuristic helped interviewees 

arrange chemical compounds in subgroups (e.g. NaCl, and NaI, or NaCl and HCl, 

depending on whether the presence of Na or Cl was considered most relevant) and make 

decisions based on comparisons between members within a group or across groups. 

However, the strategy was always used in conjunction with other methods, frequently 

recognition, that allowed students to first rank one of the substances and then use it as an 

anchor from which to base other decisions.  

To illustrate these ideas, let us analyze the type of heuristic reasoning that led 

some interviewees to propose the arrangement: HI, HCl, NaI, NaCl for the substances in 

question 2 (increasing boiling point), which was the most frequent ranking for this task 
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(22.4% of n = 384 questionnaires; 26.5% interview), as shown in Figure 4.5. To start the 

task, the intuitive student could use recognition, or other strategies, as the basis for 

selecting NaCl as the substance with the highest boiling point. Then, representativeness 

would be applied to explicitly or implicitly group compounds into two sets, NaCl and 

NaI, and HI and HCl. Comparisons within groups would help place NaI next to NaCl, 

while comparison across groups would lead students to assume that given that NaCl had a 

higher boiling point than NaI, the boiling temperature of the compound most similar to 

NaCl, HCl, would be higher than that of HI.  

Similar types of reasoning were displayed by interview participants in answering 

question 4. Consider, for example, this justification for proposing the ranking: NaI, NaBr, 

HBr, HCl as the arrangement of these substances in order of increasing melting points: 

“Um, I wanted to put HCl first and then I just thought I would keep it the same by 
putting the hydrogens before the sodiums.” (S6) 
 
Given that the final outcome of this line of reasoning depends on both what 

substance is used as an anchor as well as what groups are formed, and considering the 

arbitrariness of many of our interviewees’ choices, it is not surprising that questionnaire 

responses to questions 2 and 4 were spread among many options (over 10 different major 

rankings, none of them proposed by more than 30% of the questionnaire or interview 

participants), as shown in figures 4.5 and 4.6, respectively. 
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Figure 4.6 Most commonly proposed ranking orders by students from both the 
questionnaire (n=391) and the interviews (N=34) for the task involving melting point of 
ionic and molecular substances. 
 

One-Reason Decision Making (ORDM) Heuristic. 

The analysis of the students’ rankings for the solubility of the compounds in 

question 6 (see Figure 4.3) reveals that the arrangement: BaO, MgO, NaBr, NaCl was 

clearly preferred by a majority of our study participants. After our previous discussion we 

may have a better understanding of why NaCl and NaBr were so frequently placed in the 

top positions. However, what type of reasoning could lead students to think that MgO is 

more soluble than BaO? Consider the following interview excerpts: 

“….After that, magnesium oxide and barium oxide. Hum. They are over here [on 
the periodic table]. For solubility in water, I'll say that magnesium will be the next 
because it is lighter and I think that it is closest to oxygen and hydrogen, which is 
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what water's made of so it might be more soluble, it might fit in better with 
water.” (S11) 
“….Then, MgO and BaO. Um, I think MgO would be more soluble because it's 
smaller atoms and I don't know if that has anything to do with solubility but, 
um….It would just be able to bond with hydrogen...like with the H2O molecules 
more. And I think BaO would just, I don't know, be more OK if it's by itself. Like, 
um, I don't know. I can't think of a different reason really besides Mg and Ba are 
pretty far apart on the group, so that's a big difference in size, and size would 
affect whether a water molecule could dissociate it.” (S20) 
 
In these two cases, students made their decision based on the identification of a 

single differentiating characteristic between substances that allowed them to somehow 

predict different behaviors with respect to the relevant criterion (in this case, solubility in 

water). For this particular task, size, weight, or electronegativity of the Mg and Ba atoms 

were frequently cited by the interviewees as single differentiating factors, with a strong 

tendency to associate low solubility with large atomic size and weight, and low 

electronegativity. 

These results illustrate the application of the heuristic that we found to be the 

most pervasive (see Table 4.3) in students’ reasoning across tasks: One-reason decision-

making (ORDM), an effort-reduction strategy that helps people select between options 

based on the first cue found that favors one alternative over the others (Todd & 

Gigerenzer, 2000). This heuristic reduces the number of cues and alternatives that need to 

be considered in making a decision. ORDM is often used in conjunction with simple 

stopping rules that help determine when to stop the search and how to make a final 

decision. In our study, most of the interviewees who used this heuristic stopped the 

search when they identified a cue that they could plausibly associate to the relevant 

ranking property (e.g. solubility, boiling point), either based on prior knowledge, 
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experience, or intuition. If the cue that they selected only helped them differentiate 

between two substances and not all of them, then they would start the search again, find a 

different cue, and use it to rank the remaining compounds. 

Interview participants used a variety of explicit and implicit features as single 

cues to make their decisions. Common explicit features were the number and types of 

atoms in the chemical formula; on the other hand, atomic size, mass, and 

electronegativity were the most referenced implicit cues. Consider the following 

transcript excerpt from an interviewee’s justification for his proposed ranking: PH3, H2S, 

H2Se, for boiling points in question 5: 

Interviewer: “What is your first thought about this question?” 
S7: “Um, whether the amount of hydrogens have an effect on boiling point.” 
Interviewer: “Ok” 
S7: “I am going to say that they do, so that would make the PH3 boil first, and 
then I am going to use the weight of the S and the Se to determine which one will 
boil first. So, the Se is heavier, so I am going to say that boils last. So then, PH3, 
H2S, and H2Se.” 
Interviewer: “Ok, so you listed PH3 first.” 
S7: “Yeah, it will boil first.” 
Interviewer: “Ok, why?” 
S7: “Just because it has the most hydrogens so I figured, I don't know. I am just 
going with the more hydrogen will boil easier.” 
 
This excerpt illustrates how some students selected and used different explicit and 

implicit cues that were applied independently of each other, and frequently in 

idiosyncratic ways, to rank substances in a given task. It also exemplifies what we found 

to be a common pattern for most interviewees: their reliance on atomic properties, either 

explicit or implicit, to make judgments about a compound’s properties, rather than 

considering molecular properties such as geometry, polarity, or polarizability (e.g., only 3 

out of 34 interviewees used these latter types of cues in answering question 5). 
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The frequency of use of different types of cues was task-dependent. For example, 

questions 1, 3, and 5 included compounds that differed in the number of common types 

of atoms or ions. Summaries of student answers for these tasks are shown in Figures 4.4, 

4.7, and 4.8 respectively. These questions triggered ORDM heuristic responses based on 

this explicit feature:  

“….I think that [H2S] has more H’s in it so it would be a little bit stronger than the 
HI.” (S4 in question 1) 
“…there’s two OH’s in the Mg and Ca, so that just makes me think it is a stronger 
base.” (S5 in question 3) 
 

 

Figure 4.7 Most commonly proposed ranking orders by students from both the 
questionnaire (n=408) and the interviews (N=34) for the task involving base strength. 
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Figure 4.8 Most commonly proposed ranking orders by students from both the 
questionnaire (n=402) and the interviews (N=34) for the task involving boiling point of 
molecular substances in task 5. 
 

 On the other hand, the application of the ORDM heuristic in questions 2, 4, and 6 

tended to rely mostly on implicit features (e.g. atomic size, mass, electronegativity, acid 

strength): 

“Because I just assumed that the strength of the acids…I would just say that the 
acids have a higher boiling point than a base or a non-acid.” (S24 in question 2) 
“…and then they are both attached to sodium, this is a lighter element, so it is 
probably going to take less to melt it.” (S9 in question 4) 
 
As can be seen in all of these examples, interview participants who used the 

ORDM heuristic to make decisions often applied other heuristics, such as “More A-More 
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B” or “Same A-Same B” (Stavy & Tirosh, 2000), to build associations between the 

selected cue and the ranked property. 

It should be noted that expert chemists actually rely on a variety of associative 

rules to make plausible predictions; these associations link the structural features of 

substances to their physical and chemical properties. For example, the more polar or 

polarizable molecules are, the higher the boiling and melting points of the substance; the 

larger the ion charge in an ionic compound, the higher its expected melting point. What 

our study revealed is that although interviewed students also used associative rules as a 

basic strategy to rank chemical substances, they often either built wrong associations or 

used them incorrectly. This claim is based on our quantitative analysis of the number of 

correct (the selected cue was actually related to the ranked property and it was used in a 

proper way), appropriate (the selected cue was actually related to the ranked property but 

was used incorrectly), or incorrect (the selected cue was not related to the ranked 

property) associations made by the interviewees. The results of this analysis are depicted 

in Figure 4.9, where we show the total number of correct, appropriate, and incorrect 

associations built by the interviewees in each of the ranking tasks. 
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Figure 4.9 Percentage of correct, appropriate, and incorrect associations made by the 
interviewed students in each of the ranking tasks. 
 

Overall, of the 194 associations built by the 34 interviewed students across all 

ranking tasks, only 61 (31.4%) were correct, with 16 (8.2%) appropriate identifications, 

and 117 (60.3%) incorrect uses. Even more troubling is the fact that out of the 62 correct 

usages, 42 (67.7%) were attributed to only five students; 16 of the 34 interviewees 

(47.0%) built associations that were incorrect in all occasions. Associations were more 

commonly used in questions 2 through 4, and it is also in these instances that more 

incorrect relationships were made. Question 5 was particularly problematic in this 

respect, likely due to students’ lack of familiarity with the substances that they were 

asked to rank. 
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Arbitrary or Periodic Trend Heuristic 

Let us consider again the most common ranking arrangement for the solubility in 

water of the substances in question 6, BaO, MgO, NaBr, NaCl, and analyze these 

alternative justifications for the placement of BaO at the bottom of the sequence: 

“So, I think it is BaO because it is lower on the periodic table than Mg because it's 
higher than NaBr because it's a little bit less stronger than NaCl.” (S2) 
“Um, chlorine is above bromine on the Periodic Table, and I think that sodium 
chloride is really soluble and I think it is more soluble than NaBr, so…Mg is 
above Ba…so I think that because magnesium is above barium it will also be 
more soluble.” (S29) 
 
These particular students based their ranking decisions on the relative position on 

the periodic table of the different atoms that comprised the relevant substances, together 

with the assumption of some sort of implicit periodic trend. The use of the relative 

location of individual atoms on the periodic table, implying the existence of one or more 

arbitrary “periodic trends” that were neither stated nor justified, was at the base of the 

ranking decisions of a few interview participants in our study. This strategy, labeled as 

the arbitrary trend heuristic, allowed students to reduce the number of cues to examine, 

and the effort of retrieving and weighting cue values. 

Periodic trends are commonly used in chemistry to make predictions about the 

properties of chemical substances, but some interview participants seemed to 

overgeneralize their application. Although the periodic trend heuristic was the least used 

of the major effort-reduction strategies identified in our study (see Table 4.2), some 

interviewees used it extensively. Of a total of 52 occurrences across all of the ranking 

tasks, 35 (67.3%) of them were associated with only 9 participants (26.5%). As was the 

case for the representativeness heuristic, the periodic trend heuristic was most often used 



 77 

in conjunction with other strategies, such as recognition and ORDM. Its use was also 

task-dependent and most occurrences were linked to questions 3 and 5 in which the 

common differentiating factor between all of the substances was the presence of a 

different type of atom (e.g., PH3, H2S, H2Se). This question format seemed to reinforce 

the idea that differences could be explained based on the properties of individual atoms. 

Students who used this heuristic often recognized the arbitrariness of their 

decision and acknowledged the possibility of alternative rankings, but without doubting 

the existence of an underlying atomic trend: 

“Um, I have a feeling it makes sense only in my head [pauses, looks at periodic 
table] Ok, if it goes in the direction of the periodic table, sulfur...if it goes in this 
direction, sulfur, phosphorus, and then selenium. So, I would say, it is either one 
or the other.” (S24 justifying the sequence H2Se, PH3, H2S for increasing boiling 
points) 
“It's a guess …because if it is increasing in the left direction and increasing as you 
go up then it would be that [answer], but if it increases as you go down…it would 
be a different order.” (S3 justifying the sequence H2S, H2Se, PH3 for increasing 
boiling points) 
 
Because of the arbitrary nature of the type and directionality of the “trend” that 

was invoked when using this reasoning strategy, the use of this heuristic introduced a 

large variability in students’ answers, even though they were using the same underlying 

effort-reduction method. For example, 15 of the 24 students interviewed (44.1%) use this 

heuristic in some form or another to answer question 5. However, none of the five 

different types of rankings proposed by these students was selected by more than 30% of 

them (Figure 4.8). This wide distribution of responses was very similar to that 

corresponding to the larger sample of students (n = 402) who answered the questionnaire. 
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Our results suggest that the use of the periodic trend heuristic might have been partly 

responsible for this broad spectrum of task responses. 
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CHAPTER 5: RANKING CHEMICAL REACTIONS 

 

Methodology 

 The main goal of the second part of this thesis was to further investigate the 

intuitive heuristics as well as identify assumptions used by general chemistry 

undergraduate students when solving ranking tasks. Since four main heuristics were 

identified during the substances project, it was our goal to see if these same heuristics 

were used during a different ranking task, but also to go further and identify the types of 

assumptions that were used. As such, our investigation was guided by the following 

research question: 

 

~ Which heuristics and assumptions do students commonly use when asked to 

rank different sets of chemical reactions based on their thermodynamic 

likelihood or favorability? 

 

To address this research question, a second mixed-methods study was conducted 

that again included two phases of data collection, a questionnaire and individual 

interviews. In the following subsections, we will present the details of the methodology 

and discuss the research findings and their implications. The results of this study have 

been submitted for publication (Maeyer & Talanquer, Submitted). 
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Participants 

Similar to the participants in the substances project, all of our study participants 

were about to finish the second semester of the general chemistry sequence (GCII) at the 

college level. Thus, they could be expected to recognize the major compositional and 

structural factors that affect and determine the thermodynamic likelihood of chemical 

reactions. The questionnaire was answered by students enrolled in three different GCII 

groups (n1 = 225, n2 = 124, n3 = 78: N = 427) with similar student populations. The 

interviews were conducted with 33 volunteers (15 female and 18 male) from other 

equivalent GCII groups that were not asked to complete the questionnaire; thus, these 

participants had not seen the questions prior to the interview. Analysis of general 

achievement data indicated that the 33 interviewees had an average grade point average 

(GPA = 2.8/4.0) slightly higher than the average GPA for all of the students in the 

general chemistry course (GPA = 2.6/4.0). Review of final grade distributions across 

course sections suggested that students who received a B as a final grade in the course 

were overrepresented in our interview sample while those who got a C were 

underrepresented. 

 

Instruments and Data Collection 

 The set of questions designed for the reactions study involved ranking three 

reactions of a particular type from most favored to least favored. Reaction chemistry is a 

topic that is prevalent throughout the first year of chemistry, where students learn how to 

read, write, balance, classify, and predict the outcomes of many different types of 
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reactions. Reactions in particular are a main a focus in the second semester of chemistry 

when topics concentrate on thermodynamics, kinetics, and equilibrium, and as such, 

reactions were used as the focus of the second study. Five questions were developed 

(summarized in Table 5.1), each with a set of three processes that corresponded to a 

different reaction type: Acid-base, synthesis, oxidation-reduction (redox), combustion, 

and precipitation reactions.  

Table 5.1 Summary of questions used in the reactions questionnaire and interviews. 

Question Type of 
Reactions 

Reactions 
(1: Most Favored, 3: Least Favored) 

1 Acid Strength 
1.  HI (aq) + H2O (l) → H3O+ (aq) + Iˉ (aq) 
2.  HCl (aq) + H2O (l) → H3O+ (aq) + Clˉ (aq) 
3.  H2S (aq) + H2O (l) → H3O+ (aq) + HSˉ (aq) 

2 Synthesis 
1.   C (s) + 2 H2 (g) → CH4 (g) 
2.   3 C (s) + 4 H2 (g) → C3H8 (g) 
3.   8 C (s) + 9 H2 (g) → C8H18 (l) 

3 Oxidation-
Reduction 

1.   Al (s) + 3H2O (l) → Al(OH)3 (s) + 3/2 H2 (g) 
2.   Ca (s) + 2H2O (l) → Ca(OH)2 (s) + H2 (g) 
3.   Na (s) + H2O (l) → NaOH (s) + 1/2  H2 (g) 

4 Combustion 
1.   C8H18 (l) + 25/2 O2 (g) → 8 CO2 (g) + 9 H2O (g) 
2.   C3H8 (g) + 5 O2 (g) → 3 CO2 (g) + 4 H2O (g) 
3.   CH4 (g) + 2 O2 (g) → CO2 (g) + H2O (g) 

5 Precipitation 
1.   Ag+ (aq) + Clˉ (aq) → AgCl (s) 
2.  Pb2+ (aq) + 2 Clˉ (aq) → PbCl2 (s) 
3.  Na+ (aq)  + Clˉ (aq) → NaCl (s) 

 

In order to compare and clarify results from both studies, our selection of the sets 

of reactions in Table 5.1 was not arbitrary. The acid and precipitation reaction questions 

shown above were designed to be parallel to the acid strength and solubility questions of 
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the first study. The other three types of reactions were chosen for several reasons. First, 

synthesis, oxidation-reduction, and combustion reactions are types of reactions with 

which students should have been familiar, and second, each had features such as phase 

changes or varying coefficients that may trigger the use of a particular heuristic. We 

purposely included reactions that involved common or familiar reactants and products, 

such as NaCl, HCl, and CH4, mixed with less familiar compounds exhibiting both 

explicit and implicit similarities and differences. For example, AgCl and NaCl have Cl in 

their formulas (explicit) and are ionic compounds (implicit); the molecule of H2S has 

more hydrogen atoms than that of HCl (explicit), but both are covalent compounds 

(implicit). 

Our goal was to include cues that might trigger the application of heuristic 

reasoning based on our knowledge of common shortcut reasoning strategies in other 

areas and typical misconceptions in the field of chemistry (Talanquer, 2006). All of the 

selected chemical equations included explicit or implicit information that could be used 

to make reasonable decisions about the relative thermodynamic likelihood of the 

chemical processes in each reaction set. All of the questions can be considered 

multivariable problems, as their answer requires analyzing the effect of more than one 

variable on chemical reactivity. The concepts, ideas, and type of reasoning needed to 

accomplish such tasks were discussed in the general chemistry courses taken by the study 

participants at our institution. 

Similar to the first study, a code was created to label each of the interviewees for 

reference and privacy purposes, and this code has been used throughout the discussion of 
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our results. The assigned label is based on the alphabetical order of the interviewee’s last 

name and the project. Once all reaction interviews were completed, the participants were 

listed alphabetically by last name and assigned a number. For example, the third student 

on the list of participants for this project was assigned the code R3.  

 

Data Analysis 

 A process similar to the substances project was followed for the second project, 

with modifications made for additional data analysis. For the substance project, only 

portions of the interviews were coded, however, for the reactions project, all five 

questions for each of the 33 interviews were transcribed in their entirety. Once the 

transcripts were complete, each individual question was analyzed for the features and 

strategies used. Features used by the students were implicit (bond strength, 

intermolecular forces) or explicit (number of hydrogen atoms, presence of a particular 

atom), and may have been either relevant or irrelevant. A full list of the potentially 

relevant features that could have possibly been used for the five questions is shown in 

Table 5.2. Strategies that were observed included both valid and invalid chemistry rules, 

domain-general heuristics, cases (e.g. overgeneralization), and chemistry models (e.g. 

more complex chemistry ideas). Initially, two researchers analyzed approximately one-

third of the interviews, and as before, the results were compared and discussed. 

Eventually, both researchers analyzed all of the interview transcripts, and once agreement 

of over 90% was reached, the coding process began.  
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Table 5.2 Examples of potentially relevant features applicable when making decisions 
regarding the ordering of the reactions shown in Table 5.1. 

Question Type of 
Reactions Potentially Relevant Features 

1 Acid Strength Bond strength, bond polarity, ion or atomic size, solvation 
energy, ion stability, electronegativity 

2, 3, 4 

Synthesis, 
Oxidation-
Reduction, 

Combustion 

Energy: Bond strength, cost of breaking bonds, energy 
gained from forming bonds 
Entropy: States of matter, moles of gas, molar mass, 
molecular complexity, moles of reactant versus product 

5 Precipitation 
Energy: Ion charge, ion size, bond strength 
Entropy: Molar mass, molecular complexity, moles of 
reactant versus product 

 

After the features and strategies used for each question were summarized, the 

summaries were coded further. In addition to coding for the heuristics that were 

developed during the analysis of the substances interviews, additional codes for 

assumptions were added. Our initial analysis of the features and strategies used by the 

students revealed three major classes of assumptions that seemed prevalent among 

student reasoning: Intuitive Assumptions, which included ideas judged to reflect intuitive 

knowledge about the properties and behavior of chemical entities or processes (e.g., the 

heavier a molecule is, the more stable it is); Valid Chemical Assumptions, which 

encompassed references to well established and accepted chemical principles or models 

(e.g., the presence of reactants with weaker bonds may facilitate a reaction); and Spurious 

Chemical Assumptions, which referred to invalid ideas about the properties of chemical 

entities or reactions often based on misinterpretations and overgeneralizations (e.g., the 

higher the electronegativity of the atoms in a molecule, the more reactive the molecule). 



 85 

On the other hand, heuristic reasoning strategies were categorized in different 

groups based on the substances project: Recognition (i.e., selecting a substance because is 

recognized from past experiences); One-Reason Decision Making (i.e., making a ranking 

decision based on the comparison of a single feature); Representativeness (i.e., decision 

based on explicit similarity between two systems). The various assumptions and 

heuristics coded are summarized in Table 5.3. 

Table 5.3 Assumptions and heuristics coded in the reactions transcripts. 
Category Specific Assumption or Heuristic 

Valid 
Chemical 

Assumptions 

Valid chemical rule; weaker bond strength of reactants; larger ion; 
energy released; bond strength of products; entropy of reactants versus 
products; gases have lower ΔG 

Intuitive 
Assumptions 

More abundant/more talked about, more favored; bigger is more stable; 
heavier is stronger; heavier separates faster/easier/better; easier or more 
difficult/less or more effort/less or more energy; more products, more 
favored; more reactants, more favored; attraction between reactants; 
more energy in reactants/products, more favored;  

Spurious 
Chemical 

Assumptions 

More electrons to give away, more favored; higher En or ∆En is 
stronger/more reactive; more H, more/less acidic; more polar, harder to 
break; location on periodic table or assumed trend 

Heuristics Recognition/familiarity; similarity/representativeness; one-reason 
decision making; more A-more B; fits expectations/expected behavior 

 

Again, two researchers individually coded all questions, and then the codes were 

compared, discussed, and reassigned until there was over a 90% agreement. A total of 

336 codes were assigned in the analysis of 33 transcripts, with an average of 2 different 

codes per student response to a given ranking task. Of these, 46.7% referred to 

assumptions made by students in generating answers, 51.8% of the codes referred to 
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reasoning heuristics, and 1.5% were marked as “guesses.” Once final code assignations 

were made, further analysis was completed to identify general trends in students’ 

responses. For example, the frequencies of occurrence per question and per student of 

each assumption and heuristic were summarized and analyzed. Lastly, the interviews 

were arranged according to the answer given for each question (specific ranking order), 

and the frequencies of specific answers were compared to the class questionnaires.  

 

 Results and Findings 

The Optimal Response 

In order to facilitate the interpretation and discussion of our findings, in this 

section we present the type of reasoning that college students who finish the GCII course 

are expected to apply when faced with the task of evaluating the relative thermodynamic 

likelihood of the different sets of processes presented in Table 5.1. This “targeted” 

reasoning was developed based on the analysis of the conventional general chemistry 

textbook used in the course (Tro, 2010), the common class notes used by all of the 

instructors teaching GCII, and our own experience teaching the class. In general, the 

thermodynamic favorability of a chemical reaction is determined by energetic and 

entropic factors. Favored processes that occur under conditions of constant temperature 

and pressure are characterized by final states that have lower enthalpy or/and higher 

entropy than the initial states. It can also be said that favored chemical reactions at 

constant temperature and pressure lead to products with an overall Gibbs free energy that 

is lower than that of the reactants (Tro, 2010). In the absence of numerical experimental 
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data to make quantitative predictions about expected changes in enthalpy, entropy, or 

Gibbs free energy, one can use composition and structural cues to make judgments about 

the relative internal potential energy of reactants and products (which determines 

enthalpy values) and the relative number of possible submicroscopic configurations 

(which determines entropy values). 

 Qualitative judgments of the internal potential energy of different chemical 

substances can be made by comparing the strength of the bonds between the atoms or 

ions that make up each system. Individual molecules, ionic networks, or any other 

systems of interacting particles held together by strong chemical bonds or intermolecular 

forces are expected to have lower internal potential energies than those involving weaker 

interactions. Informed guesses about relative bond strength in molecular systems can be 

made by paying attention to the nature of the bonded atoms; in general, the smaller the 

atoms and the larger the difference in electronegativities between them, the stronger the 

bonds. In the case of ionic systems, the smaller the ions and the larger their electrical 

charges, the stronger the forces that they may exert on other particles. Thus, for example, 

the formation of Al(OH)3(s) from Al(s) and H2O(l) is likely to be more energetically 

favored than that of NaOH(s) from Na(s) and H2O(l), given the much stronger 

interactions between OH- ions and Al3+ ions in Al(OH)3(s) than between OH- ions and 

Na+ ions in NaOH(s). Similarly, the formation of a larger number of strong C=O bonds 

(in CO2 molecules) and O-H bonds (in H2O molecules) during the combustion of longer 

hydrocarbons is one thing that students could consider when comparing the likelihood of 

such reactions over the combustion of molecules with shorter carbon chains. 
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 Inferences about the relative entropy of reactants and products in chemical 

reactions can be generated by considering factors such as the state of matter of the 

substances involved, the number of different species formed, their molar masses, and 

their molecular complexity. Strength of interactions between the particles that make up 

each substance is also a relevant cue, as weaker interactions generally increase the 

number of configurations that particles may adopt (thus, increasing the entropy of the 

system). Compounds made up of molecules with a larger number and more diverse types 

of atoms can be expected to have larger entropies than other substances in a similar state 

of matter. Using these ideas one may predict that the combustion of liquid octane 

C8H18(l) should be more entropically favored than that of CH4(g) as the former process 

leads to the formation of larger amounts of gaseous substances. Meanwhile, the 

dissociation of HI(aq) in water should be more entropically favored than that of H2S(aq) 

as the large I- ions interact more weakly with water molecules than the smaller and more 

negatively charged S2- ions, thus imposing fewer restrictions on the configurations that 

water molecules may adopt. 

 Decisions about the relative thermodynamic favorability of the set of chemical 

processes depicted in Table 5.1 are not necessarily straightforward, as the effects of 

several factors need to be considered simultaneously. Moreover, in various cases some of 

these effects compete with each other and additional cues have to be considered to decide 

which of them will be dominant. For example, the synthesis of liquid octane C8H18(l) is 

more energetically favored than that of CH4(g) due to the formation of a large number of 

strong C-H bonds, but more entropically disfavored because it involves the 



 89 

transformation of a larger amount of gaseous reactants into a liquid substance. Entropic 

effects dominate in this case, but knowledge about the actual cost of breaking H-H bonds 

may be needed to make the right prediction. It is important to point out that our research 

instrument was designed to include problems with different levels of complexity in their 

analysis. As previously mentioned, our goal was not to investigate whether students could 

generate the right answers, but to explore the assumptions and reasoning strategies that 

they applied to generate what they judged as plausible responses. 

 

Overview of Assumptions and Heuristics 

The major findings of our study are summarized in the following subsections 

dedicated to individual assumptions and heuristics, with a general overview presented 

below. We focus on the description of results derived from the analysis of individual 

interviews, using data from questionnaire responses to evaluate the extent to which our 

qualitative findings may shed light on quantitative patterns. In general, most of our 

interviewees were rather unsuccessful in generating correct rankings for the 

thermodynamic likelihood of the different sets of reactions that are shown in Table 5.1 on 

page 81. Similar response patterns and levels of performance were observed in the 

analysis of questionnaire answers as shown in Table 5.4 below.  
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Table 5.4 Percentage of students choosing the correct rankings in the reaction 
questionnaires and interviews. 

The final categories of the different assumptions fell into three groups: Intuitive, 

Spurious, and Valid. This classification highlights the role of three major types of 

constraints in student reasoning: a) intuitive beliefs about the properties and behaviors of 

chemical entities; b) spurious ideas reflecting misinterpretation and overgeneralization of 

chemical concepts and ideas, and c) valid chemical principles and rules. Additionally, 

four major types of heuristics were found to be used by the study participants: One-

reason decision-making, Recognition, More A-More B, and Representativeness. 

Definitions and more details are given below, but for an initial comparison, we present a 

summary in Table 5.5 of the percentage of interviewees who used each of the different 

assumptions and heuristics at least once when completing each of the five tasks. 

Table 5.5 Percentage of interviewees (N=33) using each assumption or heuristic at least 
once when solving the five reaction ranking tasks. 
 Reaction Ranking Task 
Assumption or Heuristic 1 2 3 4 5 
Intuitive Assumptions 18.2% 78.8% 48.5% 72.7% 33.3% 
Spurious Assumptions 51.5% 0.0% 24.2% 0.0% 24.2% 
Valid Assumptions 24.2% 18.2% 12.1% 30.3% 21.2% 
Recognition Heuristic 54.5% 12.1% 45.5% 6.1% 75.8% 
ORDM Heuristic 21.2% 69.7% 60.6% 78.8% 33.3% 
Other Heuristics 27.3% 12.1% 15.2% 6.1% 12.1% 

 

Question Correct Ranking Questionnaire Interview 
(N=33) 

1: Acid Base H2S, HCl, HI 30.2% (n=420) 18.2% 
2: Synthesis C8H18, C3H8, CH4 35.2% (n=423) 63.6% 
3: Redox Na, Ca, Al 25.0% (n=424) 33.3% 
4: Combustion CH4, C3H8, C8H18 53.4% (n=423) 54.5% 
5: Precipitation Na+, Pb2+, Ag+ 9.5% (n=420) 9.1% 
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In total, there were 336 strategies used on all questions: 157 (47.4%) assumptions, 

174 (52.6%) heuristics, and 5 guesses. The number of assumptions and heuristics used 

per question ranged from 65 in question two to 70 in question one, with each student 

using no more than four strategies per question. The number of strategies used per 

student ranged from 7, slightly more than one per question, to 13, more than two per 

question, with an average number of strategies used per student of 10.2 ± 1.5. A graphical 

summary of the strategies used per question is shown in Figures 5.1. 

 

Figure 5.1 Type and frequency of each assumption and heuristic used by interviewees 
(N=33) on each individual reaction-ranking question. 
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All of the interviewees used at least one heuristic reasoning strategy to generate 

answers to the different ranking tasks, and a total of 174 usages of heuristics was coded. 

The heuristics were used at least twice, up to a maximum of eight times, by individual 

students. These heuristics facilitated the generation of responses by reducing the amount 

of information to be processed and by providing short-cuts for the identification of a 

chemical process likely to be the most or the least favored in a set of reactions. The type 

of heuristic applied depended on the nature of the information represented in the different 

chemical equations in Table 5.1, and a graphical representation of the heuristics used per 

student is shown in Figure 5.2.  

ORDM was the most common, comprising 87/174 (50.0%) of the heuristics used. 

This was followed by recognition with 64 (36.8%) uses, More A – More B with 14 

(8.1%) occurrences, and Representativeness with 6 (3.5%). As expected, heuristcs seem 

to be question based as the majority of the uses of recognition (4a) were on questions 1, 

3, and 5, and for ORDM, most of uses were on questions 2, 3, and 4 (Table 5.5). 
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Figure 5.2 Graphical representation of individual interviewees’ (N=33) use of each 
type of heuristic when ranking reactions. 

Of the 157 assumptions used, 35 (22.3%) were valid, 83 (52.9%) were intuitive, 

and 39 (24.8%) were spurious. All students used at least one assumption to make 

decisions and rank the reactions, with some using as many as 8. A graphical 

representation of the assumptions used per student is shown in Figure 5.3. Within the 

main categories of assumptions, our analysis of interview transcripts allowed us to 

identify 21 different assumptions, 13 of which were made by 10% or more of the 

interviewees when building and justifying their selected rankings (see Table 5.6). Some 
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of these assumptions were more prevalent in students’ responses than others. In many 

cases, they represented beliefs about relationships between properties and behaviors.  

 
Figure 5.3 Graphical representation of individual interviewees’ (N=33) use of each 
type of assumption when ranking reactions. 

 

Table 5.6 The number of students using the main assumptions and heuristics identified 
in the interview transcripts from the reactions tasks. 

Description Number of 
students  

% of 
total  

Intuitive Assumptions   
The easier the process (less effort or complexity), the more 

favored it is  
28 35.0 

The more products generated, the more favored the process  8 8.3 
The more naturally abundant or common a substance is, the 

more likely to form  
4 3.8 

The stronger the attraction between reactants, the more favored 
the process 

4 2.6 
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The more energy a substance has (contains), the more reactive 
it is 

3 2.6 

Heavier/bigger particles separate faster 3 1.9 
Spurious Chemical Assumptions   

Relative location in the periodic table can be used to infer a 
sought trend that determines which process is most 
favored 

12 10.8 

The higher the electronegativity χ (or Δχ) of the reactants, the 
more favored the process 

10 7.6 

The more(fewer) hydrogen atoms in a molecule, the more(less) 
acidic 

4 2.6 

Valid Chemical Assumptions   
Entropy differences between reactant and products influence 

reaction extent 
7 8.3 

Reactions are more favored when reactants have weaker 
chemical bonds 

5 3.2 

Amount of energy released can be indicative of reaction extent 5 3.2 
Reactions are more favored when products have stronger 

chemical bonds 
4 3.8 

Heuristics   
ORDM 31 50.0 
Recognition 29 36.8 
More A- More B 12 8.1 
Representativeness 6 3.5 

 

 

Table 5.7 Percentage of responses corresponding to most common rankings for the 
thermodynamic favorability (from least to most favored) of the different sets of reactions, 
including the most common assumptions and heuristics made by the interviewees who 
selected those rankings. 

Top Rankings* 
% 

Responses 
(Interviews) 

%      
Responses 

(Questionnaire) 

Main 
Assumptions** 
(Interviews) 

Main Heuristics** 
(Interviews) 

Question 1: Acid-Base Reactions 

H2S, HI, HCl 39.4 34.8 S: Periodicity 
(31) 

Recognition (77) 
Representativeness (46) 

H2S, HCl, HI 18.2 30.2 V: Weaker 
bonds (33) Recognition (33) 

HI, H2S, HCl 18.2 13.6 S: Electroneg-
ativity (33) 

Recognition (83) 
ORDM (33) 

Question 2: Synthesis Reactions 
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C8H18, C3H8, CH4 63.6 35.2 I: Easiness (86) ORDM (71) 

CH4, C3H8, C8H18 21.2 43.7  ORDM (100) 
Question 3: Oxidation-Reduction Reactions 

Al, Ca, Na 48.5 33.7 I: Easiness (38) Recognition (56) 
ORDM (44) 

Na, Ca, Al 33.3 25.0  ORDM (73) 
Question 4: Combustion Reactions 

CH4, C3H8, C8H18 54.6 53.4 V: Entropy (33) ORDM (78) 

C8H18, C3H8, CH4 42.4 26.5 I: Easiness (86) ORDM (86) 
Question 5: Precipitation Reactions 

Na+, Ag+, Pb2+ 36.4 38.6  Recognition (92) 
ORDM (33) 

Pb2+, Ag+, Na+ 30.3 26.0 S: Periodicity (40) Recognition (70) 
ORDM (40) 

* Only distinctive reactants or products are shown. Correct rankings are shaded. 
** Assumptions are labeled as Intuitive (I); Spurious (S); Valid (V). Numbers in 
parentheses indicate the percentage of the interviewees who relied on the associated 
assumption or heuristic to generate their rankings (we include only assumptions and 
heuristics used by over 30% of the students). 
 

The above presented an overview of the assumption and heuristic findings, and in 

the subsections that follow, each individual assumption and heuristic category is 

discussed in more detail. Table 5.7 summarizes the top answers chosen in the interviews 

and the questionnaires, and lists the main assumptions and heuristics used by the students 

selecting those answers. Interviewees often did not apply chemical models and principles 

in building and justifying their answers, and when they did, many of them were not very 

adept in using their chemical knowledge. Using the above table as a reference, we will 

now explore the most common assumptions and heuristics within the main categories. 
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Assumptions 

Intuitive Assumptions 

These types of assumptions were the most common, intuitive assumptions were 

coded 83 times, representing 55.4% of the total assumptions identified in the analysis of 

the interview transcripts. All but three of the interviewees used at least one intuitive 

assumption in guiding their ranking decisions. The three that did not were R6, R32, and 

R30, all three of whom used 3 or more valid assumptions. As shown in Table 5.6, the 

most prevalent intuitive assumption in this category refers to the idea that the most 

favored process is the one perceived as easier to occur based on judgments of required 

effort or complexity of the process. The 55 (35.0%) uses of the “easiness” assumption 

were by 28 different students. 

Specific factors that influenced students’ perceptions of “easiness” were various. 

For example, many students paid attention to the number of atoms present in the 

molecules of the products, assuming that the smaller or less complex the molecules of the 

product, the more likely the process would be: 

“methane would be the easiest to be formed because it is the least complicated of 
the molecules. Propane would be next because it is slightly more complicated and 
octane would be the hardest because it is the most complicated. …There are more 
atoms, it is bigger chain” (R2 in ranking synthesis reactions; Question 2) 
“Ok, well NaCl is salt ….so I am going to put that one as most favored because it 
is a simple compound. Yeah, and it is a simple compound. It is easy to make I 
guess.” (R12 in ranking precipitation reactions; Question 5) 
 

Other students considered the number of particles that would have to react with each 

other to form the products: 
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“...so maybe Na might be next most favored because it only requires one mole of 
water to reduce.  And then Ca would be the least favored because it would need 
two moles.” (R20 in ranking redox reactions; Question 3) 
“Comparing it to lead chloride, I would probably say silver chloride is a bit more 
likely to form because with this one you have to have this molecule and two of the 
chlorine ones come together and precipitate and it’s not as likely to have the 
molecules line up in such a way that they would form a solid together” (R9 in 
ranking precipitation reactions; Question 5) 
 

A few students also referred to factors such as a) how easy would be to break molecules 

apart based on the number of atoms present, assuming that the fewer atoms to separate, 

the more likely the process would be: 

“I figured methane would be the easiest to break apart and combust the most. …It 
has less carbon and hydrogens, it's a smaller molecule.” (R4 in ranking 
combustion reaction; Question 4) 
 

b) how easy it would be to lose or gain electrons, assuming that the fewer electron, the 

more likely the process to occur: 

“Maybe because Na only loses one electron it will be more favored. I just want to 
say that the one that loses the least electrons….well? yeah. I will say that one, 
because …it uses less energy to lose one electron as opposed to two or three.” (R8 
in ranking redox reactions; Question 3).  
 

or c) how easy would be to form a substance in a different state of matter, assuming that 

forming liquids or solids would be more difficult (e.g., require more energy): 

“Octane is a liquid, propane is a gas, um… I know it requires more, um…like 
energy to go to a more solid state.” (R14 in ranking synthesis reactions; Question 
2).  
 
Judgments based on the perceived easiness of the process were more common in 

those tasks in which differences in the number of atoms present in molecules of reactants 

and products were rather explicit, such as Questions 2 and 4 in Table 5.1. The majority of 

uses (70.91%) were on these two questions. These types of assumptions led over 60% of 



 99 

our interviewees to select the synthesis of methane as most favored and that of octane as 

least favored in Question 2 (Table 5.7 and Figure 5.4). This is actually the correct answer 

although very few students based their ranking on valid chemical assumptions. As shown 

in Figure 5.4, only 35.2% of the questionnaire respondents proposed this particular 

ranking, which suggests that one must be cautious in the generalization of our interview 

results to the larger sample.  

 

Figure 5.4 Percentage of responses corresponding to each possible ranking from both the 
questionnaires (n=423) and the interviews (N=33) for the task involving synthesis 
reactions. 
 

In the case of Question 4, this “easiness” intuitive assumption misled over 40% of 

our interviewees in incorrectly choosing the combustion of methane as the most favored 

process and that of octane as the least favored reaction. Again, a smaller percentage of 
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the questionnaire answers (26.5%) matched this ranking. The percentage of responses 

given for each answer is represented in Figure 5.5. 

 

Figure 5.5. Percentage of responses corresponding to each possible ranking from both the 
questionnaires (n=423) and the interviews (N=33) for the task involving combustion 
reactions. 
 

 The second most common intuitive assumption identified in our study refers to 

the belief that the most favored chemical reactions are those that generate the largest 

amounts of products. The following excerpts illustrate this type of reasoning: 

“So now, I am just go to look at limiting reactants and mole ratios again. Which is 
going to produce more? The one that will produce more is probably going to be 
more favored. If it's not going to produce more, then it's not favored as much.” 
(R33 in ranking redox reactions; Question 3) 
“…the methane is going straight to CO2 and H2O, and then the propane goes to 
three and four, and then the octane there’s eight and nine.” (R12 in ranking 
combustion reactions; Question 4) 
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In these cases, students seemed to confound the thermodynamic likelihood of a process 

with the perceived theoretical yield based on the stoichiometry of the reaction. This type 

of assumption was mainly observed in answers to Questions 3 and 4, which included 

chemical equations with explicit differences in the stoichiometric coefficients of one or 

more products. For these two particular tasks, the intuitive assumption actually directed 

students towards the right answers (Figures 5.6 and 5.5 respectively). 

 

Figure 5.6. Percentage of responses corresponding to each possible ranking from both the 
questionnaires (n=424) and the interviews (N=33) for the task involving oxidation-
reduction reactions. 
 
 Analysis of students’ answers revealed that a few students paid attention to 

attributes of reactants and products that, based on experiences with entities in our 

surroundings, one may intuitively assume affect the reactivity (or agency) of chemical 
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substances. For example, the strength of the attractive force between interacting agents, 

the energy that these agents are perceived to have or bring to the process, and their size or 

weight. Additionally, a few students also considered the natural abundance or common 

presence of certain substances in our environment as indications of likelihood of 

formation (see Table 5.6). 

 

Spurious Chemical Assumptions 

Two thirds of the interviewees (22 out of 33) relied on at least one spurious 

chemical idea to generate their rankings. These types of ideas constituted 35 (22.3%) of 

all coded assumptions, with the all of the occurrences on questions 1, 3, and 5. As shown 

in Table 5.6, we identified two main assumptions in this group, which can be seen as 

invalid misinterpretations and overgeneralizations of two important chemical concepts: 

periodicity and electronegativity. 

Over a third of the interviewees assumed that the relative location of different 

chemical elements in the periodic table could be used to infer a sought property trend, 

without much rationale for the suggested pattern. Consider, for example, the following 

interview excerpt: 

“Ok, so Na, Pb, and Ag is right there. I think it has something to do with a 
periodic trend.…Uh, just the way they are set out. Ag and Pg are both…well I 
guess Pb is not a transition metal. Both are metals, Na is a.., well they are all 
metals, Na is alkali. But they are in different sections….pause. Well, I think NaCl 
is the most favored…And that is my thinking because we see it a lot, and they’re 
relatively close to each other on the board. Using that thought process, then AgCl 
would be next favored, and then PbCl2.” (R6 in ranking precipitation reactions; 
Question 5)  
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This excerpt illustrates how the combination of an intuitive assumption about natural 

abundance (the formation of NaCl is the most favored because we see this salt a lot), with 

the spurious assumption about the existence of a periodic trend guided a student in 

generating an answer. Decisions based on the existence of a spurious periodic pattern 

were associated with responses to Questions 1, 3, and 5 in which the most explicit 

difference between set of reactions was the presence of different chemical elements in 

one of the reactants or products. The answers chosen for these three questions are shown 

in Figures 5.7, 5.6, and 5.8 respectively. 

 

Figure 5.7 Percentage of responses corresponding to each possible ranking from both the 
questionnaires (n=420) and the interviews (N=33) for the task involving acid reactions. 
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Figure 5.8 Percentage of responses corresponding to each possible ranking from both the 
questionnaires (n=420) and the interviews (N=33) for the task involving precipitation 
reactions. 
 

 As illustrated by the following excerpts, another common spurious idea was to 

assume that the higher the electronegativity of the atoms present in a chemical species (or 

the larger the difference in electronegativities between atoms in the reacting species), the 

more favored the reaction would be:  

“Um, I guess I’d use electronegativity again.  I guess in that case, it’s Na...Yeah, 
least favored.  Followed by silver. I guess an electronegative atom is gonna want 
to form into a product easier.” (R23 in ranking precipitation reactions; Question 
5) 
“And so all of them are reacting with Cl, and Na and Cl are pretty far apart in 
terms of electronegativity and so I think that would make them more favored to 
react.  Then Ag or Pb, so I’m gonna say that that’s the most favored reaction.  
And then Ag is the second most favored because it’s less electronegative than Pb, 
and Pb is the least.” (R29 in ranking precipitation reactions; Question 5)  
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Electronegativity in many of these cases was conceived as a measure of the drive to react 

with other substances. Similarly to the “periodicity” assumption, students invoked these 

types of arguments in answers related to Questions 1, 3, and 5. 

 

Valid Chemical Assumptions 

Over half of the interviewees (18 out of 33) used at least one valid chemical 

principle to guide their reasoning during the different ranking tasks. However, not all of 

them applied them correctly. These types of ideas accounted for 22.3% of all coded 

assumptions. As shown in Table 5.6, students considered changes in entropy during the 

reaction, mainly based on differences in the amounts of gaseous substances between 

reactants and products (Questions 2, 3, and 4), differences in bond strength between 

reactants and products (Questions 1 and 5), and amount of energy released during a 

process (Question 4). 

The three main categories of assumptions discussed above guided our 

interviewees in the identification and selection of relevant features to make their rankings 

decisions. However, similar to the first study, students’ responses were also determined 

by the application of reasoning heuristics. Primarily, recognition and one-reason 

decision-making were again the main heuristics used by the students. Although these 

heuristics are introduced and discussed in Chapter 4, we found similar results in this 

study, and the application of those heuristics to the reaction ranking tasks is discussed in 

detail below. 
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Heuristics 

Recognition Heuristic 

Discussed in detail in Chapter 4, the recognition heuristic was another common 

heuristic applied at least once by 31 of our study participants in this study. It was coded a 

total of 64 times, so 36.8% of all coded heuristics belonged to this group. The rule behind 

the recognition heuristic may be expressed in the following manner: If one of several 

objects is recognized and the others are not, then infer that the recognized object has the 

higher value with respect to the criterion (Gigerenzer & Gaissmaier, 2011). This heuristic 

uses the recognition of an entity as the single decision cue, particularly when there is a 

perceived strong correlation between recognizing an object (e.g., HCl) and having higher 

values on a given criterion (e.g. being an strong acid).  

When ranking reactions, the application of the recognition heuristic was triggered 

by the presence of a substance that students recognized, such as HCl in Question 1, 

NaOH in Question 3, or NaCl in Question 5. Not unexpectedly, 90.4% of the uses of 

recognition were on these three questions, which prompted them to select the associated 

chemical reaction as the most or the least favored in the set. Close to half of the 

interviewees used this heuristic in ranking acid-base (18/33) and redox (15/33) reactions, 

and three quarters of them (25/33) applied it in the analysis of precipitation reactions.  

Recognition was often used by the interviewees as the first step in generating their 

rankings. It was used to identify the most or the least favored process, which created an 

anchor for subsequent decisions. Consider, for example, the following interview excerpts: 

“So, hydrochloric acid is a strong acid, so in water it would probably be most 
favored.” (S7 in ranking acid-base reactions; Question 1) 
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“NaOH, because we talk about that in class all of the time….yeah, I would 
probably put NaOH as the most favored because I have seen that one the most.” 
(R12 in ranking redox reactions; Question 3)  
 

In these two cases, recognition of a substance in the reactants or products led students to 

choose the reaction as the most favored process. The use of this heuristic may explain the 

large percentage of answers to Questions 1, 3, and 5, both in the interviews and the 

questionnaire, in which processes involving familiar substances were placed either at the 

top or bottom of the rankings (see Table 5.9). For example, on Question 1, the correct 

answer of H2S, HCl, HI was given by 6 (18.2%) interviewees. However, incorrect 

answers where HCl was either the most or least favored were given by 24 (72.7%) of the 

students interviewed. On the other questions, the correct answer was one with the 

familiar substance least favored, but it was not chosen by the majority or students. On 

Question 5, 29 of the 33 (87.9%) of the students chose an answer with the familiar 

substance as the most or least favored, but the correct answer was only chosen by 3 of 

those students (9.1%). 

Table 5.9 Percentage of answers given with the familiar substance ranked either most or 
least favored. 

Question 
Potentially 
Familiar 

Substance 

Familiar Substance        
Most Favored 

Familiar Substance       
Least Favored 

Interview Questionnaire Interview Questionnaire 
1 HCl 57.6% 48.3% 15.2% 12.4% 

3 NaOH 57.6% 46.2% 33.3% 34.4% 

5 NaCl 42.4% 34.5% 45.5% 48.1% 
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One-Reason Decision Making (ORDM) Heuristic 

Similar to the results presented in Chapter 4, this was again the heuristic most 

commonly used by our interviewees. 31 out of 33 study participants used it at least once 

when solving the five ranking tasks, and 21 of them applied it in generating answers for 

three or more such tasks. 50% of all coded heuristics were of this kind. When applying 

ORDM, individuals may consider more than one differentiating cue in making decisions, 

but they tend to consider them sequentially and base their decisions on only one of them 

(Gigerenzer & Gaissmaier, 2011). In particular, the heuristic used by our interviewees 

could be summarized by these basic rules: a) Search for cues one at a time to differentiate 

between options, b) look for the corresponding cue values for each alternative, c) 

compare the options on their values for that cue dimension, and d) stop the search when a 

cue is found that enables a choice between options. In many cases, final cue selection was 

guided by students’ assumptions about factors that affected the likelihood of chemical 

processes. 

 The following interview excerpt for student R3 while answering Question 3 

(redox reaction) illustrates how ORDM, in combination with assumptions about chemical 

processes, was commonly used by interviewees to generate their rankings: 

Interviewer:  “Have you seen reactions like this?” 
R3: “Yeah, I have. So…I don’t know as far as the spontaneity of it, but you can  
see…knowing that in the products the OH is minus on, and since they are all like 
neutral, then you know the Na is plus one, and Ca is plus two, and Al is plus 
three. I don’t know if it has anything to do with the hydrogen that are produced, 
but…redox....um…I am going to say the ones with the lower charges are going to 
be more spontaneous. So, Na, Ca, Al…” 
Interviewer: “Why would you pick the lower one to be more favored rather than 
the higher one?” 
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R3: “I just think it is easier to make something if you only have like…plus one 
going with minus one instead of plus three going with three different things.”  
 
In this example, the student first noticed explicit differences between the products 

of the reactions, such as the number of OH- ions present in the chemical formulas of the 

hydroxides and the number of hydrogen molecules produced (this second cue was 

dismissed). The number of OH- ions was used to infer the electric charge of the 

corresponding cations (Na+, Ca2+, and Al3+) which then became the only determining cue 

for the proposed rankings. The selection of this cue was guided by the recognition of the 

nature of the reactions (i.e., redox processes, which may have made ion charge a more 

salient cue) and the intuitive assumption that it is easier to combine two things (“plus one 

going with minus one”) than four things (“plus three going with three different things”). 

This general pattern of reasoning, based on the selection of a single differentiating cue 

guided by implicit or explicit assumptions, was used by close to two thirds of the 

interviewees to generate answers to Questions 2, 3, and 4. 

On questions 2 and 4, many students used the number of moles of reactant or 

products, or the number of atoms (complexity) as the one distinguishing characteristic 

with which to make a decision. Looking closer at questions 2 and 4, many of the 

interview students got the answer correct, 63.6% and 54.5% respectively (Figures 5.4 and 

5.5). However, analyzing the transcripts and codes indicates that the correct answer was 

often not chosen for valid reasons. For example, 23 students used ORDM to answer 

question 2. Of those 23, 15 answered the question correctly, but only 4 of those 15 

students were identifying relevant features to make their decisions. Similarly, 26 students 

used ORDM on question 4, and 14 of those answered the question correctly, but only 5 
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used relevant features. Students are able to generate the correct answer, but any 

demonstration of understanding or uses of valid chemical assumptions are absent.  

 

More A – More B Heuristic 

This heuristic was applied by 12 of the interviewees (8.1% of all heuristic 

codes).The strategy was used across all questions and it was based on establishing a non-

justified, somewhat intuitive positive correlation between two quantities (Stavy & Tirosh, 

2000). For example: 

“I think I will have to just put Al, Ca, and Na, just because it goes from Al is three 
plus and Ca is 2 plus, and Na is 1 plus. …Al would be most favored, I 
think…Because it had the greatest oxidation number change.” (R14 in ranking 
redox reactions; Question 3)  
 

In this case, the likelihood of the reaction was associated with the change in oxidation 

state of the metallic atoms. Other students established unexplained correlations between 

the favorability of the reactions and factors such as the mass, charge, or number of atoms 

in reactants or products. 

 

Representativeness Heuristic 

Another reasoning strategy used by our participants in this study that was similar 

to that found in the substances project, although to a much lesser extent, is the 

representativeness heuristic. This strategy is based on assuming commonalities between 

objects of similar appearance (Gilovich et al., 2002). The heuristic was applied by 6 

interviewees in answering Question 1. Consider, for example, the following interview 

excerpt in which a student used similarities in ion charges to propose a ranking:  
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“Ok, well I know HCl is a strong acid so I would guess that one would be one of 
the… more favored ones….um..HI…so I think I would be in the middle because 
they have the same charge… And then S …it has like the charges different.” (R11 
in ranking acid-base reactions; Question 1)  
 

This example also illustrates how the representativeness heuristic was applied in 

conjunction with other reasoning strategies, recognition in this case, that allowed students 

to first rank one of the reactions and then use it as an anchor from which to base other 

decisions. 
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CHAPTER 6: CONCLUSIONS, IMPLICATIONS, AND FUTURE DIRECTIONS 

Summary of Results 

  The primary goal of our studies was to identify the implicit assumptions and the 

short-cut reasoning strategies used by general chemistry students to make judgments and 

decisions. Our results indicate that both assumptions about the nature of chemical 

substances and processes and heuristics played a significant role in the construction of 

answers to the ranking questions posed during the interviews. Given the similarities in 

response patterns observed during the interviews and the collected questionnaires, it is 

likely that our study elicited patterns of reasoning that are common among the targeted 

population of college chemistry students. We recognize that the low-stake nature of our 

research tasks may have negatively affected students’ motivation to invest time and 

cognitive effort in answering the questions. This may explain, in part, the overall low 

performance and the lack of sophisticated chemical thinking that we observed. Although 

our results may not be indicative of the actual level of understanding of students 

completing their first year of college chemistry, our findings reveal reasoning patterns 

that are likely to constrain the development of meaningful understandings as students 

engage with chemistry concepts and ideas. 

Although it was convenient for purposes of clarity to present examples of implicit 

assumptions and reasoning heuristics separately, student reasoning and answers were not 

often solely based on one or the other. As such, it is important to recognize that these 

cognitive constraints often operate in conjunction with each other. Implicit assumptions 

about the nature of objects and events, either at the macroscopic or submicroscopic 
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levels, guide students’ search for and selection of relevant cues in making decisions or 

building explanations. In fact, in many cases, the use of a certain heuristic will be 

triggered by implicit assumptions about the nature of the system of interest. 

 

Heuristics 

The heuristics identified in our study are typical examples of cognitive constraints 

that can be expected to guide but also constrain student thinking when dealing with 

conventional academic tasks under conditions of limited time and knowledge. A large 

proportion of the participants interviewed in our studies relied on heuristic strategies, 

rather than analytical thinking based on sound chemical principles, to make ranking 

decisions throughout the different tasks. These heuristics allowed them to reduce 

cognitive effort and generate answers in the absence of requisite knowledge, but 

unfortunately, these cognitive constraints often led students astray. The overall ability of 

our interviewees to generate correct answers was low, and the rankings that they 

proposed resembled those of the larger group of general chemistry students who 

answered our questionnaires, despite the fact that interviewees were not constrained by 

time to generate their responses. These results suggest that heuristic-based reasoning may 

be the default strategy for many students in the absence of requisite knowledge or when 

confronted with low-stakes assessments as the ones used in our study. Although it is 

possible that poor mathematics or formal thinking skills may have caused students to 

misinterpret the task and thus provide incorrect answers (e.g., ranking substances or 
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reactions from high to low values instead), results from the interviews suggest that the 

proportion of students making these types of mistakes was small. 

The major shortcut reasoning strategies used by our participants included the 

following: 

• Recognition: The decision is based on the recognition of an object, which is 

assumed to have the highest value with respect to the relevant criterion (Goldstein 

& Gigerenzer, 2002). 

• One-reason decision-making: The decision is based on the first cue that favors 

one alternative over the others (Todd & Gigerenzer, 2000). 

• Representativeness: The decision is made assuming commonalities between 

objects of similar appearance (Gilovich et al., 2002). 

Of these heuristics, the domain-general strategies of one-reason decision making 

(ORDM) and recognition were widely applied across different tasks and were the most 

commonly used by our interviewees, although their application depended on specific task 

features. For example, in the first study, the use of recognition was triggered by questions 

that included common substances, such as NaCl, with known high values in the ranking 

criterion (e.g., solubility). Similarly, in the second study, the use of this heuristic was 

tightly linked to the presence of familiar chemical compounds (e.g., HCl, NaOH, NaCl) 

acting as reactants or products in the selected chemical reactions.  

ORDM was also pervasively used across tasks, although frequently based on 

incorrect associations. In general, all of the heuristics provided shortcuts for students to 

make decisions by examining fewer cues, reducing the effort of retrieving cue values or 
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remembering weighting principles, integrating less information, and simplifying 

comparisons. Reliance on the effects of a single variable in building explanations or 

making decisions seems to be characteristic of learners in the earlier stages of their 

conceptual development in a domain (Brown, Nagashima, Fu, Timms, & Wilson, 2010; 

Claesgens, Scalise, Wilson, & Stacy, 2009). 

Some of the heuristics identified in our work resemble reasoning strategies 

described by other researchers working with students in different fields. For example, the 

tendency of novice science students to analyze problems or phenomena in a reductionist 

manner, based on a single factor (i.e., ORDM) without taking into account the individual 

effect of all relevant variables that may influence properties or behavior, has been 

identified by many authors as characteristic of commonsense reasoning in a variety of 

topics in both physics (Driver, Leach, Millar, & Scott, 1996; Viennot, 2001) and 

chemistry (Stains & Talanquer, 2007; Taber & Tan, 2007; Talanquer, 2006). Similarly, 

students’ reliance on surface features to make decisions together with their tendency to 

literally interpret chemical representations has been well documented in the research 

literature (Gilbert & Treagust, 2009). Stavy and Tirosh (2000) have suggested that the 

application of associative heuristic rules of the type more A–more B or same A–same B 

are at the base of many of the wrong answers and alternative conceptions generated by 

students in the sciences, and the use of heuristics has been highlighted recently as a core 

feature of intuitive thinking in mathematics (Gillard, Van Dooren, Schaeken, & 

Verschaffel, 2009; Leron & Hazzan, 2006). 
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In this context, our results not only highlight the central role that heuristic-based 

reasoning seems to play in student thinking even in college science classrooms but also 

indicate that many of the heuristics that these students use to solve typical academic tasks 

at this level are similar to those identified in adult reasoning in nonacademic contexts 

(Shah & Oppenheimer, 2008). From this perspective, our investigations suggest that 

science educators and instructors would benefit from paying closer attention to the results 

from the extensive research on the psychology of judgment and decision making 

(Gigerenzer & Selten, 2001; Gilovich et al., 2002; Todd & Gigerenzer, 2000), as well as 

to the theoretical frameworks and methodological approaches that currently guide this 

type of research (Evans, 2008). Heuristic, or System 1 modes of reasoning are known to 

be preconscious, implicit, automatic, and fast, thus introducing additional challenges in 

their identification and characterization (Taber & Bricheno, 2009). 

 
Assumptions 

 The reasoning of many of our interviewees was strongly influenced by intuitive 

assumptions about the nature of chemical processes. A close analysis of these intuitive 

ideas suggests that many of our study participants thought of chemical reactions as 

macroscopic “reassembling” processes, in which parts of a system have to be pulled apart 

and then recombined to form new products. Within this framework, one can expect 

students to believe that the less effort is required to complete a chemical process, the 

more favored it will be; for example, fewer parts to be taken apart, fewer pieces to be put 

together, fewer components to be transferred from one place to another, or more 

components having intrinsic properties that facilitate their assembling or disassembling. 
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This particular conceptualization of chemical processes is congruent with the different 

intuitive assumptions included in Table 5.6 on page 94. This way of conceiving a 

chemical reaction may be highly constraining, as it fails to recognize the dynamic and 

probabilistic nature of chemical processes, and tends to direct students’ attention to 

irrelevant structural features. However, acknowledging and taking advantage of this way 

of thinking may be productive in learning chemistry. 

Although intuitive assumptions may constrain students’ thinking, they may also 

serve as springboards for the discussion of important ideas in the classroom. Consider the 

assumption that the fewer the number of ions, atoms, or molecules involved in a chemical 

reaction, the easier it would be to assemble them into a new product. While the 

thermodynamic favorability of chemical processes actually does increase when the 

diversity and relative amounts of required reactants decreases, it does so by a different 

mechanism than the students think. These factors affect the likelihood of effective 

random collisions that lead to the formation of the products. Instructors could use 

students’ ideas in this area to initiate discussions in which explanations and predictions 

based on intuitive and scientific models of chemical reactions (e.g., a direct reassembling 

model versus a random collision model) are compared and contrasted. This could 

increase students’ metacognitive awareness of their intuitive conceptualizations and 

facilitate their understanding of alternative constructs. Given that chemical processes can 

be considered as emergent rather than direct sequential processes (Chi, 2005), strategies 

based on what Chi and Slotta have characterized as ontology training (Slotta & Chi, 

2006) could reduce the likelihood of students making faulty ontological commitments. 
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Although intuitive assumptions played a major role in the reasoning of our 

interviewees, their answers also revealed the application of richer cognitive resources, 

including spurious and valid chemical understandings. We characterized spurious 

assumptions as ideas that result from the misinterpretation and overgeneralization of 

central concepts in chemistry. Main assumptions in this category included the belief that 

any chemical behavior follows a periodic trend that can be revealed by looking at the 

position of elemental components in the periodic table, and the assumption that the 

electronegativity of such elemental components determines the chemical reactivity of 

chemical compounds. These two ideas guided the generation of a significant number of 

responses to Questions 1, 3, and 5 in our reactions questionnaire, questions that included 

sets of reactions with salient differences in the elemental composition of reactants or 

products. Chemistry students have a tendency to overgeneralize, which reveals the 

difficulties they have in identifying the conditions in which chemical principles and rules 

apply. This is something our results indicated, and it has also been highlighted in prior 

studies (Claesgens et al., 2009). In particular, Claesgens et al. (2009) have proposed that 

these “invented” ideas may be productive cognitive elements that give students who use 

them an advantage over those students who fail to apply any type of domain knowledge. 

However, instructors should create multiple and diverse opportunities for students to 

apply their ideas, providing feedback that helps them recognize their scope and 

limitations. 
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Implications and Future Directions 

Given that scientific thinking is mainly based on the application of analytical 

reasoning to make inferences and generate explanations in specific contexts, one may 

claim that the analysis of students’ assumptions and heuristic reasoning tells us little 

about how students learn science or how to better teach science. However, this argument 

disregards the enormous difference that still exists between science as a practice and the 

teaching of science, particularly at the college level. For example, the current goal of 

most introductory college chemistry courses is to help students to master a set of 

concepts, ideas, and skills that are judged to be necessary for more advanced science 

courses (Hawkes, 2005). Many of the tasks that students face in these classrooms are 

similar to those used in our study: They require students to apply basic concepts and 

ideas to solve simple questions or problems without much contextualization or personal 

or social relevance. Although we may disagree with these educational goals and 

strategies, the investigation of how students think in these environments is crucial if we 

want to help college chemistry instructors to foster more meaningful learning in their 

classrooms. These instructors need to recognize and address what our study suggests is a 

pervasive use of heuristics in making judgments and decisions in conventional academic 

tasks at this educational level. 

In general, we would claim that the identification of students’ reasoning 

strategies, from heuristic based to analytical, from domain-general to domain-specific, is 

of central importance in science education if we want to develop curriculum and teaching 

strategies that better support their learning, as well as assessment tools to gather valid and 
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reliable evidence of student understanding. For example, our studies suggest that current 

curricular decisions and instructional strategies used in chemistry teaching are not 

creating effective learning opportunities for students to develop the types of analytical 

reasoning skills needed to use submicroscopic models of matter to make inferences or 

predictions about the physical and chemical properties of chemical substances. Students’ 

overreliance on intuitive assumptions and heuristics in making ranking decisions reveals 

a superficial understanding of the relationship between submicroscopic structure and 

macroscopic properties. Their overuse and overgeneralization of trends and rules without 

much scientific basis exposes their strong tendency to rely on memory and algorithms to 

answer questions and solve problems (Bodner & Herron, 2002). 

From the assessment design and interpretation perspectives, our results highlight 

the importance of paying attention to task content and structure, as these features 

influence the types of reasoning heuristics that may be triggered. The inclusion of 

common or familiar substances, objects, or processes in comparison or ranking tasks may 

be highly distractive for many novice students. Systematic differences in surface features 

(e.g., number of hydrogen atoms in a binary compound) are likely to attract the attention 

of intuitive thinkers. Comparison and ranking tasks that require students to pay attention 

to two or more implicit features simultaneously to make a decision are likely to be 

challenging for a majority of them. Ranking tasks in which the correct answers match 

intuitive expectations (e.g., familiar substances have high values in the relevant criterion, 

substances containing heavy atoms are more “resistant” to change, strong acids or bases 
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have extreme properties, and so forth) may provide unreliable data of student 

understanding. 

Helping students develop the types of understandings and reasoning skills that are 

required to generate more thoughtful responses in academic tasks may require work on 

different fronts. On the one hand, we should better train students to make judgments and 

decisions based on analytical models for optimal decision making, helping them 

recognize the relevant cues and weighting principles that are appropriate in different 

situations. On the other hand, given that heuristic reasoning is unconscious, automatic, 

fast, and cognitively economical, instructors may want to spend more time helping 

students develop skills for metacognitive intercession, monitor, and control. Research has 

shown that metacognitive skills function to regulate conflict between intuitive and 

analytical responses (Klaczynski, 2004). The products of intuitive thinking are 

temporarily available in working memory, which provides opportunities to reflect on and 

evaluate the adequacy of these responses. If this type of reasoning cannot be easily 

avoided, we may want students to acknowledge it, be able to distinguish responses 

generated by analytical and heuristic processes, and compare them to determine which is 

most appropriate in different contexts.  

Our results suggest that many science and engineering majors may be at such a 

stage when completing their first year of college chemistry, demonstrating strong over-

reliance on variable reduction strategies and recognition memory in their chemical 

reasoning. Educational interventions focused on explicit training in metacognitive 

intercession, monitoring, and control seem promising in improving students’ reasoning 
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skills (Klaczynski, 2004). Expertise in chemistry does not imply the absence of heuristic 

reasoning in making judgments and decisions, but rather a more deliberate and controlled 

use of heuristics in proper contexts. 

Although assumptions and heuristics are interconnected cognitive constraints, we 

think that their distinction is useful for purposes of educational analysis and intervention. 

Assumptions characterize domain-specific elements somewhat independent of task 

structure, while heuristics identify domain-general reasoning strategies that are highly 

task-specific. Assumptions influence what we believe is possible in the systems under 

analysis and the factors that we judge to be relevant, while heuristics affect how we 

weight the effects of different cues. These two types of cognitive elements are often 

differentiated in models of inductive reasoning (Perfors, Tenenbaum, Griffiths, & Xu, 

2011). They highlight the need to work with students in two interconnected, but distinct 

dimensions. On the one hand, their conceptual sophistication, characterized by their 

ability to use valid chemical concepts and ideas to build explanations and make 

predictions and decisions. On the other hand, their depth of reasoning, related to their 

ability to identify and evaluate the effect of multiple variables, consider the interactions 

between various properties, components, or processes, and recognize relevant constraints 

and boundary conditions. 

At a more global level, the results of our studies call into question the educational 

effectiveness of the traditional curriculum and teaching strategies that characterize 

introductory college chemistry courses. In general, the first-year chemistry curriculum at 

most universities is still mostly fact based and encyclopedic, built upon a collection of 
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isolated topics, focused too much on abstract concepts and algorithmic problem solving, 

and detached from the practices, ways of thinking, and applications of both chemistry 

research and chemistry education research in the 21st century (Hawkes, 2005). In these 

courses, didactic teaching tends to be the norm and teaching efforts are focused on both 

describing and explaining a large collection of facts and principles and helping students 

master a collection of isolated skills and procedures. In this type of environment, reliance 

on heuristic reasoning may be enough for many students to successfully complete 

traditional academic tasks and earn acceptable grades. Changing these reasoning patterns 

may thus require drastic educational reforms that foster the creation of learning 

environments that offer more opportunities for students to connect core concept and ideas 

and to develop analytical ways of thinking in the context of solving realistic problems 

from a chemical perspective using the powerful and productive models, techniques, and 

ways of thinking developed in the field. 

In general, our results suggest that chemistry education would benefit by a more 

careful analysis of the underlying assumptions and reasoning heuristics that guide 

students’ thinking in different contexts. This knowledge would aid instructors in 

designing learning opportunities that can better help students monitor their own reasoning 

while engaged in specific tasks. This type of work should involve students in collectively 

analyzing the nature of the most common misleading assumptions, distracting factors, 

and appealing reasoning heuristics for the less experienced thinkers. Our studies also 

highlight the need to engage chemistry students at all educational levels in model-

building and model-analyzing activities that force them to make their thinking explicit, 
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guide them in the construction of alternative models and arguments, and make them 

discuss and reflect on their explanatory and predictive power.                                 
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APPENDIX A: RECRUITMENT MATERIALS 

 
Recruitment Letter to Chemistry Professors 

 
Dear Professor,  
 
 My name is Jenine Maeyer, and I am a graduate student in Vicente Talanquer’s 
Chemical Education Research group. My thesis research involves “Common-sense” 
chemistry, and we are investigating the patterns of thinking and problem solving methods 
used by students to solve arrangement or rank-order problems involving substances and 
reactions.  
 
 I am studying students in the second semester of chemistry, and since you are one 
of the professors teaching that course this semester, I was hoping for the opportunity to 
survey your students. I would like to show a powerpoint of either 5 or 6 questions to your 
students, giving them about a minute or so to answer each question. Additionally, I would 
like to make an announcement requesting volunteers for interviews as well. All said, I 
believe that I would need about 10-15 minutes of your class time. 
 
 Please let me know if you will have this amount of class time to spare during one 
of the last few weeks of the semester. 
 
 
Thank you, 
 
 
Jenine Maeyer 
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Recruitment Letter to Students 
 
Dear 104b TAs: 
 
I am a graduate student in Vicente Talanquer’s Chemical Education research group, and 
for my research, we are studying the patterns of thinking and problem solving methods 
used by students to solve arrangement or rank-order problems involving substances and 
reactions. I am conducting surveys in the lecture classes, but in order to qualify the data, I 
need to conduct interviews with students and have them talk through solving a few 
problems. I am looking for students in the second semester of general chemistry (103b), 
and I will be asking for volunteers from the lecture classes, but I would also like to visit 
the labs. I am planning on coming to the lab classes in the next two weeks to look for 
volunteers, I would only need about two minutes to talk to the students and ask for 
volunteers. In the mean time, I was hoping that you could forward this email to your 
students with a message of encouragement from you. It really would only be about 20 
minutes of their time, and it would be a huge help to me. 
 
Thanks, 
Jenine Maeyer 
_____________________________________ 
 
Dear Chemistry 103b Student: 
 
If you are: 
 
 ** a student in 103b this semester, and 
 ** you have 15-20 free minutes in the next week or so, and 
 ** you would like to participate in this study... 
 
please email me at jrcole@u.arizona.edu to set up an interview time. 
 
Here are the details: My name is Jenine Maeyer, and I am a graduate student in Vicente 
Talanquer’s Chemical Education research group. My thesis research involves “Common-
sense” chemistry, and we are investigating the patterns of thinking and problem solving 
methods used by students to solve arrangement or rank-order problems involving 
substances and reactions. I am looking for volunteers to sit for a 20 minute interview in 
which you will talk through solving a few chemistry problems. I am not concerned in the 
least with the right answer, but rather how you solve the problem, so I am looking for 
students at all levels of ability in Gen Chem 103b. 
 
Thanks in advance for you consideration, 
 
Jenine Maeyer 
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Interview Sign-up Form 

Chemical Education Project 
 

I am looking for students to volunteer for a brief (20 minute) interview. If you wish to participate 
in this project, please write your name and email address in CAPITAL LETTERS. 

 
 

 NAME  EMAIL ADDRESS LECTURE PROF TIMES AVAILABLE 

Ex: JENINE MAEYER  JRCOLE@u.arizona.edu Keller Tues & Thurs 2-5, Fri 12-4 
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APPENDIX B: INTERVIEW MATERIALS 

 

Slides Shown During Substances Interviews 

Arrange the following chemical compounds in 
order of…

Comparison of 
Physical and Chemical 

Properties

Increasing Acid Strength
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1

1. Arrange the following chemical 
compounds in order of increasing 
acid strength:   

HCl HI    H2S

Increasing Acid Strength

 

2

2. Arrange the following chemical 
compounds in order of increasing 
boiling point:   

NaCl NaI HCl HI

Increasing Boiling Temperature
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3

3. Arrange the following chemical 
compounds in order of increasing 
base strength:   

KOH    Mg(OH)2 Ca(OH)2

Increasing Base Strength

 

4

4. Arrange the following chemical 
compounds in order of increasing 
melting point:   

HBr HCl NaBr NaI

Increasing Melting Temperature
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5

5. Arrange the following chemical 
compounds in order of increasing 
boiling point:   

PH3 H2S    H2Se

Increasing Boiling Temperature

 

6

6. Arrange the following chemical 
compounds in order of increasing 
solubility in water:   

NaCl NaBr MgO BaO

Increasing Water Solubility
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Slides Shown During Reactions Interviews 

 

Arrange the following reactions in order of 
least favored to most favored…

FAVORED = The reaction in which equilibrium 
lies furthest to the right, or ΔG is the most 
negative (more spontaneous), is most favored, 
which may or may not be the fastest reaction.

Comparison of 
Physical and Chemical 

Properties

 

1

1. Arrange these ACID REACTIONS in order 
of least favored to most favored:

A. HCl (g) + H2O (l) → H3O+ (aq) + Cl¯ (aq)

B. HI (g) + H2O (l) → H3O+ (aq) + I¯ (aq)

C. H2S (g) + H2O (l) → H3O+ (aq) + HS¯ (aq)

Least Favored Most Favored
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2

2. Arrange these SYNTHESIS REACTIONS in 
order of least favored to most favored:

A. Octane: 8C (s) + 9H2 (g) → C8H18 (l)

B. Propane: 3C (s) + 4H2 (g) → C3H8 (g)

C. Methane: C (s) + 2H2 (g) → CH4 (g)

Least Favored Most Favored

 

3

3. Arrange these REDOX REACTIONS in order 
of least favored to most favored:

A. Na (s) + H2O (l) → NaOH (aq) + 1/2H2 (g)

B. Ca (s) + 2H2O (l) → Ca(OH)2 (s) + H2 (g)

C. Al (s) + 3H2O (l) → Al(OH)3 (s) + 3/2H2 (g)

Least Favored Most Favored
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4

4. Arrange these COMBUSTION REACTIONS
in order of least favored to most favored:

A. Methane:CH4 (g) + 2O2 (g) → CO2 (g) + H2O (g)

B. Propane: C3H8 (g) + 5O2 (g) → 3CO2 (g) + 4H2O (g)

C.  Octane: C8H18 (l) + O2 (g) → 8CO2 (g) + 9H2O (g)

Least Favored Most Favored

25
2

 

5

5. Arrange these PRECIPITATION REACTIONS
in order of least favored to most favored:

A. Ag+ (aq) + Cl¯ (aq) → AgCl (s)

B. Na+ (aq) + Cl¯ (aq) → NaCl (s)

C. Pb2+ (aq) + 2Cl¯ (aq) → PbCl2 (s)

Least Favored Most Favored
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Answer Sheets Provided to Students 

 

 

 

 

 

Gender:   M / F   Ethnicity:
Chem Lecture Grade (circle one):  A   B   C   D   E 

1
2
3
4
5
6

Answer Sheet for Substances Questionnaire

Lowest Highest

Gender:   M / F   Ethnicity:
Chem Lecture Grade (circle one):  A   B   C   D   E 

1

2

3

4

5

Least Favored Most Favored

Answer Sheet for Reactions Questionnaire
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APPENDIX C: EXCERPTS FROM INTERVIEW TRANSCRIPTS 

 

Substances Interviews 

 
Question: 1, Acid Strength 
Student:  S32 
Answer:  H2S, HI, HCl 
 
I: So the first one is acid strength. So you have HCl, H2S, and HI, and just place them 

in order of increasing acid strength. 
S: Ok, HCl is a strong acid. 
I: What makes you say that? 
S: I think I remember that from lecture and from lab, and I think that has to do with acid 

strength. HI is also a strong acid. I think there are some exceptions, and I don’t think 
that’s one of them.  

I: Exceptions to what? 
S: To the um, the strong acids. 
I: Ok, so you remember a rule about strong acids, and you think there are exceptions. 
S: Yeah, like HF I don’ think is a strong acid. I think it is a weak acid, maybe I’m 

wrong, I don’t know. I don’t have the best memory when it comes to this stuff. 
I: That’s ok. 
S: But, um, I don’t even know about the last one. 
I: H2S you haven’t seen before? 
S: I’ve probably seen it before, I just don’t remember. I don’t think it is a strong acid. I 

think, I’m trying to remember some of the other ways to determine acid strength, and 
I think it has to do with the way it’s laid out on the periodic table, but I don’t really 
remember.  

I: Here’s a periodic table that you can use. 
S: So I think hydrochloric acid is stronger than HI. 
I: You can go ahead and write your answers down, so the weakest one would be on this 

side. 
S: Can we see the answers when we are done? 
I: Yeah, we can go over them. Ok, you’ve got H2S as being the lowest because you 

don’t remember that one being a strong acid. 
S: Primarily, yeah. 
I: Ok, now how did you decide between the other two? You’ve got HCl as being the 

highest. 
S: Yeah, I mean, I kind of associate HCl as being a pretty strong acid, so just from lab. I 

am pretty comfortable saying that one is the strongest acid. I don’t know if I am right 
for sure. Then HI is in the middle because I don’t know more about it. 
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Question: 2, Boiling Point 
Student:  S8 
Answer:  NaCl, NaI, HI, HCl 
 
I: Ok, number two, arrange these in order of increasing boiling point. 
S: That’s just salt (pause). I’m gonna do the sodium chloride first. 
I: So you think that one has the lowest boiling point. 
S: Yeah, cause I guess you are supposed to put it in water when you are cooking to 

make it boil faster. So it decreases the point at which, like you also put it on ice. 
I: Ok 
S: Then, I’m gonna go with sodium iodide. I’m trying to think about the hydrogens in 

the last two, because I think they might…I guess the hydrogen bonding, it might not 
want to give it up as fast, so it would have a higher boiling point. 

I: When you say the term hydrogen bonding, what does that mean? 
S: Like, um, within, like when we draw the structures… 
I: You can draw on the back if you need to. 
S: Ok. When you have the chloride ion, you would have seven, and then you have the 

hydrogen and you put two here, and this would be the chloride ion. I am not sure, I 
forgot how to draw them, maybe a lone pair somewhere, I am not sure where. I just 
know that hydrogen bonding is a really strong bond. I’d say since the chloride is 
gonna be smaller because the atomic radii goes increases this way and this way. So 
the chloride ion is smaller so it’s going to have a stronger bond. Then hydrogen 
iodide and HCl. 

I: Ok, very good. 
 
Question:          3, Base Strength 
Student:            S15 
Answer:            Ca(OH)2, KOH, Mg(OH)2 
 
I: Ok,  increasing base strength.  
S: Um, ok. Well, ok. So, you would want the one, the strongest base is going to be the 

weakest acid. And, I guess using the same logic before with the acids, I would do it 
based on size and electronegativity. And, um, where's magnesium... 

I: They are here, magnesium is here. 
S: Yeah, ok. Well, this one is smallest of all of them, magnesium is smallest of all of 

them so it would be the least acidic, so the most basic. 
I: Why is smallest the least acidic? Could you explain it to me? 
S: Well, um, because the same reason with the HCl and HI, this one was more acidic 

because it's bigger, and this one's smaller. I don't know, I could be wrong here. I don't 
know if I am your best candidate for this study. 

I: No, it is ok, I understand. 
S: Yeah, ok, so I would say the Mg(OH)2 is the least basic, no wait, yes. Dang it. Ok, it 

is the least acid, so it's the strongest base. And, calcium and potassium, you are going 
to look at electronegativity because it's across, and so calcium is more electronegative 
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so it is a stronger acid so it would be a weaker base. So, potassium would be the next 
weakest and calcium hydroxide would be the weakest. 

I: Ok, I understand. 
 
Question:          4, Melting Point 
Student:            S27 
Answer:            NaI, NaBr, HBr, HCl 
 
I: Ok, number four. Arrange these in order of increasing melting point. 
S: Ok. I don't really...this one I think is confusing because I don't really recognize the 

chemicals or haven't seen what they look like in a state where they could melt. 
I: So you haven't really seen solid HCl or anything? 
S: No. Um, I would put (pauses). I would put the sodium iodide one as the lowest 

melting point. 
I: Ok, how come? 
S: I don't know, I just think that the ones that are, would it be more basic the ones that 

are with the sodium, compared to the acids? Are those considered bases?  
I: These are actually considered salts. 
S: Oh, salts, ok. I don't know. I think just that anytime I see one with an H, I just think 

that one's going to be at the other end, where it is increasing more.  
I: Ok. 
S: And, I always hear more about HCl and I do the bromide, so I will put the HCl at the 

top. 
I: All right. Because you are more familiar with HCl, you listed that one as having the 

highest melting point? 
S: Yes. But I don't think that is really good reasoning, it is just one I have seen before. 
I: Ok. What do you think about when you think about melting point. 
S: Um, usually I just go back to water and think about melting from ice to liquid. I also 

remember that there is a table in first semester where we had the different phase 
changes and how there was a plateau at one point when it changed from different 
states, but that is about it. 

I: All right. 
 
Question: 5, Boiling Point 
Student:  S13 
Answer:  PH3, H2S, H2Se 
 
I: Ok, so number five. Increasing boiling point. 
S: Oh no. You found my Achilles heel. Well, there is more than one. Um, ok, so. 
I: Have you talked about boiling and melting points in lecture? 
S: Not this semester, we probably did first semester but I forgot. Let's see, I would guess 

that...Well I am going to guess that PH3 has the smallest boiling point because it 
seems that two hydrogens would leave and turn in to a gas more quickly. 
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I: Ok. So when you are thinking about boiling point, you are thinking about...when you 
just said two hydrogens leaving, you are talking about the sulfur breaking off from 
the hydrogens? Is that what happens? 

S: Yes. I guess like ionizing, which it might not do, but it seems like it might happen. 
I: Ok. Since PH3 has three hydrogens, it would be harder to do with that one. Is that 

what you are telling me? 
S: Um, it would be easier. 
I: Why is it easier than this one. 
S: Well, I think because, well I don't really know actually. But I guess phosphorus 

would have a pretty strong pull. It seems like it's pretty close to fluorine on the 
periodic table. 

I: Ok, so now let's look at the other two. 
S: Ok. So sulfur...increasing boiling point. So I am going to guess that H2Se has the 

highest boiling point because is it lower than the S, lower than sulfur. 
I: Ok so what about being lower are you thinking about? 
S: Um, like the relative size and maybe the electronegativity.  
I: How does that translate to having a lower or higher boiling point? 
S: Maybe it would go into gas phase more readily? I am not sure. 
 
Question: 6, Solubility 
Student:  S11 
Answer:  BaO, MgO, NaBr, NaCl  
 
I: The last one is increasing solubility in water. 
S: Ok, um, barium, magnesium...I know that salt is soluble in water, so I am going to go 

with the sodiumas the last two, the ones that are the most soluble in water. Um, NaCl, 
chlorine, that's chlorine and bromine. Um, I know that chlorine readily dissolves in 
our water as well because I've watched it, so I am going to say that NaCl is most 
soluble and then since I stuck with the sodium definitely be really soluble, I'm going 
to say that bromine goes next. 

I: Ok.  
S: After that, magnesium oxide and barium oxide. Hum. They are over here [on the 

periodic table]. For solubility in water, I'll say that magnesium will be the next 
because it is lighter and I think that it is closest to oxygen and hydrogen, which is 
what water's made of so it might be more soluble, it might fit in better with water. 

I: Ok. So are familiar with sodium, so you picked the sodium compounds to be the most 
soluble. And the, between the magnesium and the barium oxides, magnesium is 
higher up on the periodic table, closer to water, or hydrogen and oxygen, so that 
gives it properties that are similar to water and more likely to dissolve. 

S: Yes. 
I: Ok, very good. 
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Reactions Interviews 

Question: 1, Acid Strength 
Student:  R22 
Answer:  HCl, H2S, HI 
 
I: So for the first one, they’re acid reactions, and so you have HCl, HI, and H2S.  And 

the important thing to remember here is I’m not concerned about the right answer, 
I’m more interested in how you’re solving the problem, so just talk out loud, and I’ll 
ask questions just to try to understand more the decisions that you’re making. 

S: Well in this acid one I would say that you would start with A, because for some 
reason I think that HCl would split apart the easiest because it has something about 
Cl, I don’ t know, to me like with Na and anything with it, it just kind of goes.  And 
I would say iodine for the same reason because it’s a halogen, and I don’t know 
anything about sulfur.  Yeah so I would say chlorine, then iodine, then sulfur. 

I: Ok, go ahead and write that down.  And so you just recognized chlorine as 
something you’ve seen frequently that would break apart? 

S: Yeah, that would donate a hydrogen...or wait... 
I: Ok, so now you’re switching. 
S: Yeah, because it’s the least likely to donate. 
I: Ok, so HCl reaction, where did you put that? 
S: Least. 
I: And what’s the most favored?  Ok so you picked the HCl reaction as something 

that’s the least favored? 
S: Yes. 
I: Ok, so tell me why. 
S: Because, chlorine is I guess...because it has a full outer shell, so it’s probably stable 

and it gave up that proton. 
I: In the products? 
S: Yeah, so....ok ok....(switching) 
I: Ok so now HCl is most favored because the Cl is stable in the products, is that what 

you’re saying now? 
S: Yes.  Is it alright if I change this arrow? 
I: Yeah, that’s fine, just be sure to tell me what you’re doing. 
S: I just wanted to switch it, I want most favored on this side, so the highest is first, the 

most likely... 
I: Alright, so you want to most favored over here? Ok.  Alright, so you’ve got HCl as 

the most favored? 
S: Yes, it will become more likely than the others. 
I: Ok, so it will go to products more likely than the others. 
S: Yes. 
I: Alright, so why is that?  
S: Because chlorine is...chlorine and iodine would be at their full outer shells without 

the uh...so they’re more stable as ions I think in an aqueous solution. 
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I: Ok, and H2S is the least just because this is not full? 
S: Well, yeah.  This would be full, but it’s also that, I guess when we were looking at 

like distance from nucleus, like the strength it would have to hold on to that uh...ok 
so what is going on...it’s losing...this is gaining a proton, this is taking a proton 
from... 

I:  Yes, so these are all losing a hydrogen. 
S: Ok...yes, this wouldn’t take the electron easier, the hydrogen...why?  I don’t know 

really, other than it’s... 
I: How did you decide which one of the Cl or I to put first, so you put HCl as the most 

favored rather than HI, why is that? 
S: Because it’s a stronger acid. 
I: So HCl is a stronger acid? 
S: Yeah. 
I: Is that something you know from lecture or lab. 
S: Yeah from lecture.  Well I guess I knew it then... 
I: Ok, so this is a strong acid, and so the Cl then....let me see if I can just summarize 

what you’re thinking.  So you recognize HCl as a strong acid, and here you think 
that the chlorine ion is stable because it has a full outer shell, so this would be happy 
as products. 

S: Yes. 
I: Ok, and the HI reaction is going to be similar, but it’s just not quite as strong as HCl 

so it’s less favored. 
S: Um, yes.  This isn’t sulfuric acid, this is... 
I: No, this is hydrogen sulfide. 
S: Hydrogen sulfide, then yeah. 
I: Ok, and so then the hydrogen sulfide reaction is going to be the least favored 

because S is just not a halogen?  
S: No, ok can I switch it one more time? 
I: Yes. 
S: Alright, alright...I think because diaprotic, it’ll give up the proton easier, but not as 

easy as the chlorine, and iodine just does. 
I: Ok.  Ok, we’re gonna move on.  
 
Question: 2, Synthesis 
Student:  R5 
Answer:  C8H18, C3H8, CH4 
 
I: For number two, these are the synthesis reactions. So you are forming octane, 

propane, and methane. 
S: Ok. Now for this one, I know that the more carbon –hydrogens bonds there are the 

greater the potential energy difference between like what it is and what it breaks 
down into. So, I would put least favored as octane because that has the most carbon 
hydrogen bonds, and because you are going backwards from like…if, I look at it as 
if you take the octane and break ti apart it is going to release its energy and the 
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difference will be greater, so I am looking at it going backwards, how likely it is to 
go backwards from it. So, and because there is greater potential energy difference 
between octane and like the other ones, I would say that is least likely because there 
is more energy that you have to put in. 

I: Ok, so this one has more energy because there are more carbon-carbon bonds… 
S: Yeah, carbon-carbon and carbon-hydrogen. 
I: So because there is more energy in this product, it is not going to want to go back 

towards reactants? 
S: Right, so it is going to be harder to make reactants into the products, so I put octane 

as least favored, and then using the same reasoning, propane would be the second, 
and then methane. 

 
Question: 3, Redox 
Student:  R29 
Answer:  CH4, C3H8, C8H18 
 
I: Number 4, these are all combustion reactions, so you have methane, propane, and 

octane reacting with oxygen to form carbon dioxide and steam. 
S: I guess I’ll use the same property that I used for the second one.  Like simplest 

reactions would…oh wait, because you’re going to…liquid plus gas going to gas, so 
you have more complicated molecules going to lesser complicated molecules. 

I: So liquid is more complicated than gas. 
S: No, I mean C8H18 is a more complicated molecule. 
I: What do you mean when you say complicated. 
S: More complex… then CO2 and H2O so when you go from a more complicated, 

more complex molecule, to a less complex molecule that causes you to… 
I: Is there something from lecture that you’re trying to remember? 
S: Yes, I don’t even know if it has to do with this, but it seems to.  You…oh nevermind 

that deals with spontaneity.  Just kidding.  Oh, no wait, because spontaneity can be 
related to equilibrium and equilibrium constant and if it’s greater than 1 that means 
it’s very (?)…ok hold on, I might be on to something.  So this is going to be, the 
octane, because you’re going from more complex to less complex, it’s going to be 
spontaneous, and because you’re also going from a liquid to a gas, so that means 
your K is greater than 1 and that means it’s product favored.   I figured something 
out.  Ok, and so since you’re going from a liquid to gas in octane that will be the 
most favored.  And then, using that same principle, more complex to less complex, 
then propane would be the second most, and methane would be the least. 

I: So you’re saying the more complex molecules going to less complex molecules is 
product favored.  Why? 

S: I feel like I remember it from lecture. 
I: So that’s just something you remember talking about it having to do with? 
S: Yes. 
I: Alright.  
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Question: 4, Combustion 
Student:  R16 
Answer:  CH4, C3H8, C8H18 
 
I: These are combustion reactions. 
S: Ok, umm…so oxygen is constant, but then that is a liquid. Octane is a liquid. 
I: Ok, so the first thing you noticed are the states of the reactants? 
S: Yeah. mumbles…because then you have to put delta S into the picture..that’s 

entropy 
I: Why do you have to add that in? 
S: Because entropy has something to do spontina…(trails off) 
I: Spontaneity? 
S: Yeah, that’s the word. That’s what I remember. Of course, I did guess on the last 

mumbles, unclear) so I could completely be bull shitting right now. Um…it is solid 
to liquid, so that has to go down, yeah so…octane is going to be the most 
spontaneous, so that means it would be the most favored. 

I: and that is because it is going from a liquid to a gas? 
S: yeah, if I remember that correctly, it has to do with molecules, there are more 

molecules on the right than on the left so. ..mumbles?? 
I: So you put them in order by amount of products? 
S: Well the first one I knew was octane, but then I remembered if you have more 

molecules on the right, its like, has more spontaneity that way. 
I: Ok 
 
Question: 5, Precipitation 
Student:  R18 
Answer:  Na, Ag, Pb 
 
I: And the last one are precipitation reactions. 
S: (writing)  I’m having difficulty between Pb and Na. 
I: Ok first of all, you wrote Na down as least favored right away, how come? 
S: Because, of the column one thing, it’s soluble. 
I: Ok so it’s soluble, it’s not going to want to form a solid. 
S: But, I think I put Ag first....(looking at periodic table).  I think I’m going to say Ag 

first. 
I: Ok, so when you’re looking at the periodic table, what were you looking at? 
S: At the atomic number, the number of electrons.  I guess just to see how quickly it 

would form. 
I: Ok, and so what did you decide? 
S: That the Ag will probably form less quickly than Pb.   
I: Ok, how come? 
S: Um, I don’t know. 
I: Do you think the lead chloride reaction will produce more lead chloride than 

reactants?  So you’re gonna have more of this than you are of Ag.   
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S: Yeah. 
I: What about this reaction made you put it as most favored. 
S: I don’t know, it’s further down the periodic table so it’s probably heavier.  I don’t 

know, something like that.   
I: And so, can you just describe a little bit to me when you’re thinking about the 

precipitation reactions and you said that NaCl is really soluble, in your mind, what’s 
going on?  What are you thinking about when you think about  precipitation 
reactions? 

S: I’m thinking about an experiment we did last semester in lab, we had to identify the 
elements in solution, so what was in solution.  So we did different tests on them and 
if you did a certain reaction on it, a precipitate would form and this would tell you 
that it could this, this, or this.  So that’s what I’m thinking about.   

I: Do you remember any of these three from the... 
S: Um, I remember Ag because that was the hardest one for me to identify. 
I: But you saw a precipitate form? 
S: Yeah, we saw a precipitate, but because of the way you’d describe it and tell you if 

it was or wasn’t...  Like Na, I just can remember my flash cards and I can picture my 
flash cards in my head, and it’d always say it forms with group one except with Ag 
and Pb. 

I: Ok, so you remember these two as being exceptions? 
S:     As two exceptions, yeah. 
I: When you looked at the periodic table, the Pb was further down so you just... 
S: Yeah, so I just picked that one. 
I: Alright, that makes sense, I understand. 
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