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ABSTRACT

This project explored the strategies that undergraduate and graduate chemistry
students engaged in when solving classification tasks involving microscopic (particulate)
representations of chemical substances and microscopic and symbolic representations of
different chemical reactions. We were specifically interested in characterizing the basic
features to which students pay attention while classifying, identifying the patterns of
reasoning that they follow, and comparing the performance of students with different
levels of preparation in the discipline. In general, our results suggest that advanced levels
of expertise in chemical classification do not necessarily evolve in a linear and
continuous way with academic training. Novice students had a tendency to reduce the
cognitive demand of the task and rely on common-sense reasoning; they had difficulties
differentiating concepts (conceptual undifferentiation) and based their classification
decisions on only one variable (reduction). These ways of thinking lead them to consider
extraneous features, pay more attention to explicit or surface features than implicit
features and to overlook important and relevant features. However, unfamiliar levels of
representations (microscopic level) seemed to trigger deeper and more meaningful
thinking processes. On the other hand, expert students classified entities using a specific
set of rules that they applied throughout the classification tasks. They considered a larger
variety of implicit features and the unfamiliarity with the microscopic level of
representation did not affect their reasoning processes. Consequently, novices created
numerous small groups, few of them being chemically meaningful, while experts created
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few but large chemically meaningful groups. Novices also had difficulties correctly
classifying entities in chemically meaningful groups. Finally, expert chemists in our
study used classification schemes that are not necessarily traditionally taught in
classroom chemistry (e.g. the structure of substances is more relevant to them than their
composition when classifying substances as compounds or elements). This result
suggests that practice in the field may develop different types of knowledge framework
than those usually presented in chemistry textbooks.
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CHAPTER I: THE RATIONALE

Classification in Science
One of the main goals of science is to understand the world we live in. Scientists
have been working and will continue working toward this aim for centuries. The amount
of knowledge that scientists have amassed is large and complex, reflecting the
complexity of Nature. However, scientists have been able to identify patterns of
similarities and differences among natural objects and phenomena. They have been
successfully using these patterns to make predictions and build explanations and theories.
These patterns have thus been at the core of the organization of scientific knowledge.
Since classification systems reflect the structure of a domain as well as the salient
relationships among its entities, scientists have used classification as their primary and
essential organization tool to manage and organize patterns and entities. Classification
has thus become “one of the fundamental means and aims of Science” (Schummer, 1998,
p. 12). For example, physicists, who are interested in understanding properties and
actions of material bodies, have developed classification systems such as the
classification of waves, the classification of astronomical objects, or the classification of
forces. Biologists, who study life in all its forms, have developed different types of
classification systems: hierarchical ones such as the classification of extinct and living
things, or network ones such as the food web.
Chemists have been primarily interested in identifying and analyzing matter,
making new substances and building theoretical models that help explain and predict
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their properties. Classification plays a central role in Chemistry, where it is used not only
as a way to organize knowledge but also as a powerful predictive tool (Schummer, 1998).
Chemists rely heavily on classification systems in their everyday work, from selecting a
solvent in order to carry out a reaction to identifying a molecule based on a set of spectra.
Unfortunately, very little is known about students’ ability to use and apply these
classification schemes. Chemical education researchers have been mainly interested in
characterizing students’ understanding of the content of these schemes. For example,
students’ alternative conceptions about the type of substances (e.g., del Pozo, 2001;
Johnson & Mervis, 1998; Nakhleh & Samarapungavan, 1999; Papageorgiou & Sakka,
2000; Sanger, 2000), the type of changes - chemical or physical (e.g., Abraham,
Williamson, & Westbrook, 1994), or the type of bonds (e.g., Barker & Millar, 2000; Birk
& Kurtz, 1999; Coll & Treagust, 2001) have been thoroughly investigated. However,
very little attention has been given to characterizing the features that novice chemistry
learners use and the reasoning they follow when classifying substances, processes, or
interactions into different groups. Understanding how students use classification schemes
could help explain the origins of many of the alternative conceptions reported in the
literature.

Levels of Representation in Chemistry
The diverse classification systems used in Chemistry to make predictions and
build explanations are based on the identification of features at different levels of
representation (see Figure 1.1): macroscopic, microscopic, and symbolic (Gabel, 1999;
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Johnstone, 1993). Chemists use the macroscopic level to record their understanding and
observations associated with observable objects and phenomena, the microscopic level to
represent knowledge about the interactions between substances and the composition of
matter at the level of molecules and atoms and the symbolic level to represent knowledge
based on symbols such as chemical formulae and chemical equations.

Figure 1.1 The three levels of representation of water in Chemistry

Macroscopic

Microscopic

Symbolic

Expert chemists can easily navigate between these levels and they often use them
interchangeably to communicate the results of their research to their peers. However,
science education research has shown that chemistry students have difficulties in
translating their understanding from one level to another (Al-Kunifed, Good, &
Wandersee, 1993; Benzvi, Eylon, & Silberstein, 1986; Gabel, 1999; Gabel, Samuel, &
Hunn, 1987; Sanger, 2000; Wu & Shah, 2004). In particular, work by Kozma and Russell
(1997) on novice and expert responses to different representations of chemical
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phenomena, suggests that the classification systems built by novice learners may be
strongly influenced by the type of representation used in a given problem. However, few
studies have investigated the nature and diversity of features that novice chemists
consider when solving chemistry problems involving classification at the three different
levels of representation and characterized their evolution as novices developed into
expert chemists. Understanding students’ acquisition of expertise in these types of tasks
is crucial since a large percentage of chemistry problems rely on the application of
appropriate classification schemes.

The Study of Expertise in Science and Chemical Education
The goals of Science Education in general and Chemical Education in particular
are to understand and improve science learning. To this end, many studies have been
published on new methods to analyze student’s understanding, to identify students’
alternative conceptions and to explore conceptual development (Tsai & Wen, 2005).
Science educators and cognitive scientists have also been interested in characterizing
learning by exploring the differences between experts and novices (Bransford, 2000;
Ericsson, 2006). The assumption is that understanding how experts and novices learn,
reason, solve problems and organize their knowledge can assist educators in the
development of instructional materials that would help novices be successful in their
scientific studies. The literature on expertise has shed some light on the differences
between experts and novices in knowledge organization and accessibility. Indeed, studies
have shown that experts organize their knowledge of their domain of expertise in a
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complex conceptual hierarchy, which contains meaningful and interrelated chunks of
information (Bransford, 2000; Chi, 2006; LaFrance, 1989). Novices, on the other hand,
usually have a weakly organized knowledge lacking structure (Chi, 2006; LaFrance,
1989). These differences make experts’ knowledge more functional and they can thus
retrieve and process information faster and with less effort than novices (Bransford,
2000; Chi, 2006; LaFrance, 1989). The highly interconnected knowledge-structure of
experts also allows them to recognize patterns and principles that novices do not see
(Bransford, 2000; Glaser, 1989; Glaser & Chi, 1989). For example, research on problem
solving and expertise indicates that novices’ understanding is both enabled and
constrained by the surface features of the types of representation in a problem (Chi, 2006;
Chi, Feltovich, & Glaser, 1981; Larkin, 1983). Although experts recognize the same
surface features, they can use their prior knowledge to meaningfully interpret them and to
identify other meaningful implicit characteristics and patterns.
In Chemical Education, researchers have been mostly interested in studying
expert-novice differences in term of problem solving abilities. Problems that chemists
encounter are mostly conceptual in nature (e.g. analyses of IR, NMR spectra or predicting
reaction mechanisms). Chemical education researchers have thus investigated the ability
that novice and expert chemists have in solving conceptual problems compared to similar
algorithmic problems (Bodner & Herron, 2002; Chiu, 2001; Gabel & Bunce, 1994; Gabel
& Samuel, 1986; Gabel, Sherwood, & Enochs, 1984; Herron & Greenbowe, 1986;
Heyworth, 1999; Mason & Crawley, 1994; Mason, Shell, & Crawley, 1997; Nakhleh,
1993). Results from these studies show that novice students usually perform well in

18

solving mathematical problems but poorly on the associated conceptual problems. These
studies suggest that novice students mostly rely on rote memorization rather than
meaningful learning to solve problems. Their knowledge of Chemistry is thus comprised
of definitions and equations which are not meaningfully integrated with the concepts
associated to them. They can thus successfully carry calculations with little conceptual
understanding.
Unfortunately, literature on expertise in Chemical Education has been limited to
problem solving abilities. These studies often compare students within the same class
level but with different abilities (Heyworth, 1999; Mason et al., 1997; Nakhleh, 1993), or
secondary and General Chemistry students (novices) to teachers or college instructors
(experts) (Chiu, 2001). Some longitudinal studies have investigated students’ thinking at
the secondary school level (Barker & Millar, 2000) and some others have compared the
understanding of chemistry concepts between high school students and first year
undergraduate students (Abraham et al., 1994). Only a few studies have been interested in
analyzing the acquisition of expertise as students evolve from one Chemistry college
course level to the next, i.e. from General Chemistry to Organic Chemistry to Physical
Chemistry to graduate chemistry courses.
Much of the work on expertise in Science Education and Cognitive Science has
been focused on novice students. Researchers over the past three decades have been
mostly interested in characterizing novice students’ understanding of scientific concepts.
This research has given rise to a large body of empirical and theoretical results about
novice students’ ideas of the physical world (Driver, Guesne, & Tiberghien, 1985;
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Driver, Squires, Rushworth, & Wood-Robinson, 1997; Wandersee, Mintzes, & Novak,
1994). These ideas which are often called alternative conceptions have been shown to
interfere with novice students’ learning of scientific concepts.

Research on Student Thinking in Science
Studies on student thinking in Science have mostly been framed within the
alternative conceptions framework (Gilbert, Justi, Van Driel, De Jong, & Treagust, 2004;
J. P. Smith, diSessa, & Roschelle, 1993; Tsai & Wen, 2005). These studies have shown
that students enter Science classes with many preconceived ideas about the behavior of
the natural world (Duit, 2004; Wandersee et al., 1994). These ideas often lead learners to
make predictions and build explanations different from those derived by currently
accepted scientific theories and practices. Recently, some science education researchers
have suggested that there is a need to reorient this framework. Indeed, the library of
alternative conceptions resulting from these studies has only been effectively used by few
teachers and science education researchers. Only a few effective instructional materials
that successfully help students overcome these alternative conceptions have been
developed, tested and made available to teachers (Gilbert, De Jong, Justi, & Treagust,
2002). This lack of effective instructional materials might be due to a weak understanding
of the origins of these alternative conceptions (Gilbert et al., 2002).
Some science education researchers have thus shifted to a more promising
approach. They have been moving away from the systematic identification of students’
naïve ideas towards understanding the origins of these alternative conceptions. Mostly,
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they have been interested in characterizing patterns of thinking that lead students to
misconceive scientific concepts (Furio, Calatayud, Barcenas, & Padilla, 2000; Gutierrez
& Ogborn, 1992; Kelemen, 2003; Oliva, 1999; Perkins & Simmons, 1988; Sanmarti,
1995; Talanquer, 2006). For example, Talanquer (2006) analyzed the literature on
alternative conceptions in Chemistry and was able to identify characteristic empirical
assumptions and reasoning heuristics that underlie many of the alternative conceptions
held by novice chemists.
However, as Smith, diSessa and Roschelle (1993) indicated early on, more efforts
need to be directed to “modeling the learning of successful students (…), to
characterizing how misconceptions (…) evolve, or to describing the nature of instruction
that successfully promotes such learning” (J. P. Smith et al., 1993, p. 123). The aim of the
present project is to address one of these concerns, i.e. enhancing our understanding of
successful students’ thinking.

Classification of Chemical Substances, Processes and Interactions
The work presented here aims at understanding the classification process that
students with different levels of expertise in Chemistry follow when solving chemistry
classification tasks. Specifically, the research questions were the following:
a) What are the basic features that students pay attention to when solving chemistry
tasks involving classification of chemical substances and processes?
b) How do students use these features to make their classification decisions?
c) How does students’ expertise in Chemistry affect the classification process?
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In order to fulfill these goals, two studies based on mixed-method and semiqualitative approaches were conducted. The first study investigated the effect of students’
expertise on the classification process of substances represented at the microscopic level
and the second study characterized the effect of expertise on the classification process of
chemical reactions represented at the microscopic and symbolic levels.
The present dissertation has been organized in the following way: a description of
the theoretical framework that guided this project will be presented in Chapter 2. Chapter
3 will describe the setting, participants, the process of data analysis and the limitations
associated with the project. The research questions and methodology, as well as the
description and discussion of the findings will be presented in two different chapters:
Chapter 4 will present the study on classification of chemical substances, and Chapter 5
will present the study on classification of chemical reactions. Overall conclusions and
implications will be presented in Chapter 6.
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CHAPTER II: THEORETICAL FRAMEWORK

The reasoning process that people follow when classifying concepts or entities
has been widely studied in Cognitive Science and several classification theories have
been developed throughout the years. Classification studies have helped us understand
the types of features that people associate to concepts and how they use them to classify
entities. This research suggests that decisions about classification are strongly related to
the way knowledge is organized in one’s mind.
Results of studies in Cognitive Science and Science Education have established
that students entering the school system have already acquired a considerable amount of
knowledge about the physical world. This knowledge has been shown to strongly
influence learning in general and learning in Science in particular. However, researchers
disagree on the level of organization and fragmentation of this knowledge (Chi &
Roscoe, 2002; diSessa, 2002; Kaufamn, 2000). One theory supported by diSessa assumes
that this knowledge consists of “an unstructured collection of small knowledge elements,
which he calls phenomenological primitives” (Kaufamn, 2000, p. 3) or p-prims. Others
suggest that knowledge is organized in specific domains, which determine how we think
about the world (Carey & Spelke, 1994, 1996; Samarapungavan & Robinson, 2001). This
latter approach holds similar assumptions about the way people think and organize their
knowledge to one of the classification theories called the theory-based view.
In this chapter, we will first review the domain approach to knowledge
organization; we will then discuss patterns of reasoning that can be associated to this
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model and that can lead to alternative conceptions. Finally, we will review the different
classification theories that have been developed and the results of studies on the effect of
expertise on the classification process.

Organization of Knowledge: the Domain Approach
What is a domain?
Cognitive domains determine how people divide the world in their mind into
“sensible, manageable chunks that can be manipulated, described, or explained in ways
that are appropriate for each chunk” (Samarapungavan & Robinson, 2001, p. 3). A
cognitive domain consists of a set of interconnected principles, the rules of their
application and the entities to which they apply (Gelman, 1998, 2000). Some examples of
domains are physical objects, numbers, space, physics and geography. The
interconnected principles identify the entities that compose the domain and define the
reasoning associated to these entities (Gelman, 1998, 2000). The content and structure of
a domain guide a person’s reasoning by focusing his/her attention to inputs that can
contribute to the understanding of that domain (Gelman, 2000).

What types of domain exist?
The literature acknowledges two different types of domains: the core domains and
the non-core domains (see Table 2.1).
Core domains refer to entities and phenomena related to the natural world such as
objects, agents (action of people and animal), number and space (Carey & Spelke, 1996).
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These domains and their skeletal structure are believed to be innate or developed at an
early age through social factors and experiences with the natural world. Since the mind
can easily integrate information related to an existing structured domain, core domains
are cognitively easily accessible. However, their structure and content seem to be difficult
to change even when they give rise to beliefs that are not true or useful (Carey & Spelke,
1996; Gelman, 2000).

Table 2.1 Types of cognitive domain and their characteristics.
Type of
domains

Origin

Structure

Content

Flexibility

Core
domains

Innate or built in
early childhood

Skeletal
structure

Natural
world
subjects

Non-core
domains

Created and built
throughout late
childhood and
adulthood

Structure
needs to be
built

Theories,
abstract
knowledge

Structure and content are
very stable and hard to
modify
Content can easily be
modified and added;
structure can also be
changed but it requires
more cognitive effort

Non-core domains encompass knowledge areas that people learn during their lives
through school, work or personal investigations. Examples of such domains include
Physics, driving, French literature, Chemistry, chess or floral arrangement. Because of
the nature of these domains, the learner has to build their structure and content with very
little prior knowledge. While declarative knowledge is easily incorporated into these
domains, the integration of principles and relationships between concepts or entities is
cognitively more demanding (Gelman, 2000).
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What is the structure of a domain?
Several authors have argued that knowledge in a given domain is organized in
networks or explanatory frameworks that have some, but not necessarily all of the
characteristics of a theory (Gopnik & Meltzoff, 1997; Vosniadou, 1994, 2002). These
explanatory frameworks, also called knowledge frameworks, are complex systems that
include perceptual information, beliefs, presuppositions, and mental representations of
the entities in the domain. Explanatory frameworks are organized around different types
of beliefs (Samarapungavan & Robinson, 2001; Vosniadou, 1994):
− Ontological commitments: they include beliefs about the nature of the entities that
compose the domain;
− Epistemological commitments: they include beliefs about problems that are
appropriate for the domain and the nature of the solution techniques that can be
applied to solve these problems;
− Domain-specific explanatory principles: they are the laws, theories and
observations that can explain and predict the behavior of entities in the domain.
These three different categories interact within an explanatory framework, as illustrated
in Figure 2.1. This interaction constrains the understanding and reasoning about entities
belonging to that specific domain. In Figure 2.1 for example, one can see that a child’s
explanation of the day and night cycle is the result of the child’s misclassification of the
Earth to the domain of physical objects instead of astronomical objects. The child’s
understanding of the cycle is then based on the misleading application of the principles
and beliefs associated to physical objects to the Earth.
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Figure 2.1 Knowledge framework for a children’s explanations of the day/night cycle;
the figure is adapted from a study by Robinson (Robinson, 2002) and another study by
Vosniadou and Brewer (Vosniadou & Brewer, 1994).
Domain-specific
explanatory principles
“Mechanisms which explain the
appearance and disappearance of
objects: the object moves behind
something else, the object moves far
away where it cannot be seen.”

Ontological
Commitments
“Physical objects are
solid; space is organized
in terms of directions up
and down; unsupported
objects fall in a
downward direction.”

Some children’s explanations
of the day/night cycle:
Sun goes behind the mountains.
The sun goes down the other
side of the earth.

Knowledge
framework

Epistemological
Commitments
“Rest is the state of
inanimate objects;
motion needs to be
explained.”

Common-sense Reasoning and Misconceptions
The domain approach to knowledge organization provides a useful framework to
understand and explore the thinking patterns that lead students to develop
misconceptions.
From this perspective, conceptual change occurs slowly through a mapping across
domains (Carey & Spelke, 1996). Studies suggest that some mappings between non-core
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and core domains lead to misconceptions. The example of the child’s explanation of the
day and night cycle illustrates how young children applied commitments and principles
from the core domain of physical objects to the Earth, an entity belonging to the non-core
domain of spatial objects, resulting in a misunderstanding of the day and night cycle. As
we have seen previously, the nature of non-core domains simplifies the integration of
declarative knowledge but complicates the incorporation of procedural knowledge since
it requires modifying the structure of the domain. On the other hand, core domains are
cognitively easily accessible since their structure and content was built at an early age.
Therefore, when students faced problems belonging to non-core domains, they seem to
have a tendency to rely on commitments and principles belonging to core domains to
solve them. Research in science education refers to this defect of procedural knowledge
as common-sense reasoning. It has been suggested that misconceptions may be the
results of this type of reasoning (Driver et al., 1997; Viennot, 2001).
Common-sense reasoning refers to the reasoning patterns that people
unconsciously follow. It is characterized by the ability to reason with knowledge that is
true by default, to think rapidly across a broad range of domains and to tolerate
uncertainty in knowledge. Several studies in Physics Education have been interested in
identifying the role of common-sense reasoning in the thinking processes that students
follow when solving problems. For example, Viennot and her colleagues (Viennot, 2001)
have found that students often engage in linear causal reasoning. This is defined as the
tendency to structure and analyze the evolution of a phenomenon as a linear chain of
events just like one does when telling a story. For example, they have found that students
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often answer a problem about the ideal gas equation of state through a linear sequence
such as “input of heat increases temperature which then increases the pressure and then
increases the volume”. Recent work in chemical education research indicates that many
of the students’ alternative conceptions in Chemistry may be the result of this type of
reasoning (Talanquer, 2006). For example, students tend to attribute properties of
material substances to abstract concepts or to processes and interactions (e.g., when
students think that heat is a fluid or that chemical bonds are solid links between atoms).
Students also commonly apply heuristics when analyzing causal processes. They think
that the stronger, closer, or longer the duration of the cause, the larger the effect (e.g., the
more electrons in an atom, the larger it is).
The application of heuristics to solve problems seems to be characteristic of
common-sense learners. Heuristics are shortcut reasoning procedures that allow learners
to solve problems by reducing the amount of information that needs to be considered
while still providing reasonable answers (Leighton & Sternberg, 2004). They control how
and where to look for information, when to stop the search, and what to do with the
results (Driver et al., 1985; Viennot, 2001). One example of heuristics that has been
described in the literature is one-reason decision-making heuristic (Leighton & Sternberg,
2004; Todd & Gigerenzer, 2000). People engaged in this reasoning procedure choose
between options based on the first cue found that favors one over the others. For
example, a person in a hurry who is choosing a fresh fruit at the grocery store, would
probably pick one fruit among tens of others by looking for one single specific criterion
(e.g. color, firmness or smell) and not a combination of all of them. The literature in
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cognitive science suggests that heuristics cut across domains (Leighton & Sternberg,
2004). However, while they often generate acceptable answers with little effort like in the
previous example, they sometimes lead to severe and systematic biases and errors. In
Science Education, for example, they often lead students to overlook important variables.
Meaningful understanding of scientific or non scientific concepts implies the
recognition of the relevant characteristics associated to these concepts and the
connections between them. The integration as well as the retrieval of this information into
one’s knowledge framework is likely to be influenced by prior knowledge and commonsense reasoning. This topic has been of particular interest for many cognitive scientists.
They have been studying how concepts and their features are organized and retrieved
using classification tasks. This research has led to the development of several theories on
how people classify, how they associate features to concepts and how expertise
influences the depth of classification systems. In this last section of the chapter, we will
present the different theories of classification that have been proposed in the literature.
We will explain the experimental methods used and review the results of studies on
experts’ versus novices’ classification processes.

Classification
Classification is defined as the basic cognitive process of arranging concepts and
entities into classes or categories. There are five major points that illustrate the function
and the benefits of classification in the organization of knowledge (Bruner, 1956).
− It reduces the complexity of the environment.
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− It is involved in pattern recognition since it is the means by which objects of the
world are identified.
− When the class of an object is assigned, we can apply the knowledge about this
class to a new object. Therefore, classification reduces the need for constant
learning.
− It allows us to decide what constitutes appropriate action, such as choosing the
correct solvents mixture to extract the desired product.
− Most importantly, classification enables us to order and relate classes of objects
and events, and therefore, to organize knowledge.
The main assumption in classification is that features characterize concepts or
objects (Bagno, Eylon, & Ganiel, 2000). Accordingly, classification of a concept in a
domain relies on the people’s selection of the set of features that best define the concept.
Different views exist about the way people classify and cognitive psychologists have
developed several classification theories.

Classification theories
Throughout the years, two main theories have emerged: the similarity-based view
which was introduced in 1953 and the theory-based view which was introduced in 1985
(Murphy, 2002). For many years, a majority of cognitive scientists and psychologists
accepted the similarity-based view. Some researchers however thought that this theory
had some flaws and limitations and thus developed the theory-based view in response to
these restrictions. Both theories will be described in the following paragraphs. Figure 2.2
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presents a classification scheme summarizing the breakdown of the different
classification theories that have been developed during the past decades.

Figure 2.2 Classification scheme of the different types of classification theories
Classification
Theories

Similarity-based
View

Classical View

Theory-based
View

Probabilistic View

Prototype View

Psychological
Essentialism

Psychological
Contextualism

Exemplar View

Similarity-based view
The similarity-based view assumes that an object or a concept is classified in
terms of its similarity to other objects or concepts. While psychologists agree that the
similarity judgment is based on the features that characterize an object or a concept, they
disagree on the characteristics of the set of features that describes members of a same
class. Two theories emerge from this disagreement: the classical view and the
probabilistic view (Murphy, 2002; E. E. Smith & Medin, 1981).
The classical view was developed by Jerome Bruner and it contains the following
beliefs (Bruner, 1956):
− Every member of a category must have the same features.

32

− Everything that possesses all features of the category must be a member of the
class, i.e. features are jointly sufficient.
− Boundaries between classes are clear.
− The representation of every feature of a category is equally weighted.
− Classification is done by comparing the characteristics of the object or concept to
the definition of the class.
Wittgenstein (1963) criticized the classical view by introducing the concept of
family resemblance and developed the probabilistic theory. He did not agree with the
classical belief that all members of a category possess at least one feature in common.
Instead, he thought that all members of a category share a common set of characteristics,
but not all the characteristics from the set are possessed by all members. There is no one
attribute that is shared by all members of the category and a family resemblance exists.
Based on this idea, two different theories have been developed: the prototype view and
the exemplar view.
Prototype view
According to this view, the classification process consists of comparing a
concept or an object to the prototype of a category, i.e. to a model that is
the average of the members of the category (Rosch & Mervis, 1975).
Exemplar view
In the exemplar model, a new object is compared to all exemplars stored
in memory. An exemplar is an example of a class member. The new
object is then associated to the class of the stored exemplar that is the

33

most similar to the new object (Medin & Schaffer, 1978; E. E. Smith &
Medin, 1981).
Some researchers prefer the exemplar view since the size of categories
and variability between members of the same category seem countable,
unlike in the prototype theory.

Theory-based view
The theory-based view does not reject the similarity-based view but argues that
similarity alone can not explain classification (Murphy, 2002; Murphy & Medin, 1985).
The main claims of the theory-based approach can be summarized as follow:
− Similarity is not enough (Murphy & Medin, 1985). The coherence of a category
also emerges from the theoretical background knowledge associated to this
category.
− Categories not only have features, there are also relations between these features
that provide coherence to the category.
− Categories possess features independent of context as well as features dependent
on context, thus the importance of considering context while studying
classification process.
These claims resulted in the development of variants of the theory-based
approach. Medin (1989) proposed the first variant, called psychological essentialism. The
idea is that people’s representation of categories include essences “that are grounded in
micro-structural properties” (Braisby, 2001). For example, a whale shares more common
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features with a fish than with a human; however, whale and human are both mammals
because of internal properties. Therefore, categorization seems to depend more on
essential features than observable features. The second variant, which is called
psychological contextualism, refers to the last claim and suggests that categorization
depends on contexts. Barsalou, Medin (Barsalou & Medin, 1986) and Lakoff (1987)
showed that while certain categories may appear coherent in a certain context, they would
have appeared incoherent under a different one (e.g. ah hoc categories).

Experimental methods to study classification
Despite the disagreements around the different theories about the classification
process, there is agreement regarding the experimental protocol. One of the main goals of
these studies is in general to investigate how people learn to classify. They usually follow
an experimental procedure in four steps to attain this goal: the attributes listing stage, the
learning stage, the transfer stage and sometimes, the rating of typicality stage (Barsalou,
1983; Lamberts, 1995; Minda & Smith, 2001; Palmeri & Blalock, 2000; Rosch &
Mervis, 1975; Rosch, Simpson, & Miller, 1976; Sloutsky, 2003).
− In the attributes listing stage, the experimenter gives the subject a list of objects
belonging to either the same category or to different categories, depending on the
purpose of the study. The subject is then asked to write down the features of each
object. The goal of this stage is to identify the attributes that people perceive as
important (Rosch et al., 1976). This stage also allows the researcher to identify the
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overlap of features between members of the same categories or between
categories.
− In the learning stage, the experimenter presents a list of objects’ names or a list of
objects’ pictures, along with the name of two categories. The subject is then
trained to associate the objects to the correct category. The experimenter provides
feedback for each object being classified (Minda & Smith, 2001).
− During the transfer stage, the experimenter presents to the subjects the same set of
objects that they have learned, but in a random order, and including new objects.
The subjects are asked to classify these objects without any feedback given. This
stage allows the researcher to identify the subjects’ ability to transfer.
− The rating of typicality stage is primarily used by the similarity-based view
researchers. After regrouping all the features that have been listed by the subjects
for a specific category of objects, the experimenter records the frequency of each
feature. This frequency value illustrates how each feature is representative of the
class. The experimenter compares each object according to the frequency of its
features and rates objects by their degree of representability of a class.
These four stages serve as a framework. Variants depend on other goals of the
study. For example, subjects may be asked to classify objects into labeled categories and
non-labeled categories in order to study the influence of background knowledge on their
classification process (Palmeri & Blalock, 2000).
The analysis of this general experimental method informed the planning and
development of the data collection for the present project. Unlike many studies in
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classification, the goal of this work was not to explore how students learn to classify but
to explore the features and patterns of reasoning that students follow when they solve
chemistry problems based on classification. The procedure described above was modified
accordingly. The protocol consisted of asking the participants to classify chemical entities
into either specified or unspecified groups. Similarly to the transfer stage, no feedback
was provided. The attributes listing stage was incorporated into the interviews by
systematically probing the participants about the features that they were considering as
they were classifying the entities.

Effect of expertise on classification
A large body of research in cognitive science has shown that prior knowledge
strongly influences the nature and interpretation of the features that individuals select to
define a class (Hayes, Foster, & Gadd, 2003; Heit, Briggs, & Bott, 2004; Margolis &
Laurence, 1999), and affects the way in which perceptual features are transformed into
meaningful patterns (Palmeri & Blalock, 2000). The development of expertise in a given
area affects the ways in which individuals organize their knowledge in the domain and
how they use this knowledge to understand the world around them (Glaser, 1989). Thus,
one should expect differences in expert-novice classification patterns. Research in this area
indicates that novices build classification systems based on surface features, while expert
thinking is guided by central underlying concepts (Shafto & Coley, 2003). Research also
shows that experts often create more categories than novices (Day & Lord, 1992) and that
they are able to classify just as fast at the general level as they do at the specific level
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(Tanaka & Taylor, 1991). In general, experts possess a highly complex structure of
knowledge organized around central ideas and concepts that help them identify more
features and meaningful patterns than novices do (Bransford, 2000; Chi, Glaser, & Farr,
1988).
Studies of expert-novice differences in classification patterns in science-related
disciplines have focused mostly on understanding people’s classification of concepts
belonging to the natural world. For example, there are several studies on the effect of
expertise in the classification of natural kinds such as birds (Bailenson, Shum, Atran,
Medin, & Coley, 2002; Johnson, 2001; Tanaka & Taylor, 1991), and trees (Medin, Lynch,
Coley, & Atran, 1997). Other authors have compared novices and experts approaches to
the classification of physics and chemistry problems (Chi et al., 1981; Finney & Schwenz,
2005), and to the categorization of different representations of chemical phenomena
(Kozma & Russell, 1997). However, the analysis of the effect of expertise on the
classification of scientific theoretical constructs has been largely overlooked, particularly
in the field of Chemistry (Thagard & Toombs, 2005). One of the goals of this project is
thus to address this issue. The present work explores the effect of students’ expertise in
Chemistry on the classification process of fundamental chemistry concepts such as types
of chemical substances and reactions.
Most research studies on expertise have analyzed expert-novice differences rather
than expertise acquisition (Lajoie, 2003). Although we certainly have a good
understanding of how expertise develops in skill-based professions such as medicine,
nursing, and music (Ericsson, 2003; Hmelo, 1998), much less is known about the
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acquisition of expertise in the academic domains. The characterization of common
trajectories towards expertise in these areas could be useful in the design of instruction
and assessments that more effectively promote transitions or changes in competence at
different stages. For example, a recent study on the early stages of expertise acquisition
involving freshmen and senior engineering students (Moss, Kotovsky, & Cagan, 2006)
highlights fundamental changes in the way novice and more advanced students recall and
represent mechanical devices. Based on their results, the authors suggest that engineering
students may benefit from instruction that makes concrete the functional properties of
groups of components rather than individual pieces in a given device.
The present work intended to better characterize the stages or trajectories of
expertise associated with the classification of chemical substances, processes, and
interactions. In particular, the central goal of this project was to investigate the
classification strategies used by undergraduate and graduate chemistry students when
engaged in classification tasks involving microscopic (particulate) representations of
chemical substances as well as microscopic and symbolic representations of different
chemical reactions.
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CHAPTER III: PROJECT DESIGN

The project presented here examined the classification process that students
follow when solving chemistry problems that involve classification. We were specifically
interested in characterizing:
− the basic features that students pay attention to,
− how students use these features to make their classification decisions, and
− how students’ expertise in Chemistry affects the classification process.
The project consisted of two different studies: the first study focused on the
students’ classification of chemical substances at the microscopic level and the second
study on the students’ classification of chemical reactions at the symbolic and
microscopic levels. The specific research questions associated to each study will be
presented in the following two chapters where we will discuss separately the results of
each study and their implications.
This chapter is outlined the general aspects of the research design that we
employed to collect data. The subsections will address the context of the project, the
types of participants involved, the data analysis methodology and the limitations of the
research design. A detailed presentation of the participants, instruments and other aspects
of the methodology that were specific to each study will be presented in the following
two chapters.
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Context of the Studies
This project was conducted at the University of Arizona. The Chemistry
Department at this university offers a variety of chemistry courses to over 2500 students
each semester, of whom about 50% are female and 35% are ethnically diverse students
with majors ranging from nursing and agriculture to chemical engineering. The chemistry
courses at the undergraduate level vary from basic fundamental chemistry courses such as
General and Organic Chemistry to more advanced chemistry courses such as Physical
and Analytical Chemistry. A diversity of courses is also offered at the graduate level for
students enrolled in the Master and PhD programs in Chemistry.

Participants
For comparison purposes, participants in this project were drawn from different
groups representing different levels of preparation in Chemistry:
a) General Chemistry I students: students enrolled in the first semester of the
General Chemistry course (GCI); students enrolled in this course usually have a
variety of majors from biology to languages; chemistry majors are also enrolled in
this course;
b) General Chemistry II students: students enrolled in the second semester of the
General Chemistry course (GCII); students enrolled in this course usually have a
variety of majors from biology to languages; chemistry majors are also enrolled in
this course;
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c) Honor General Chemistry I students: students enrolled in the first semester of the
Honor General Chemistry course (HGCI) – these students only participated in the
classification of chemical substances study; students enrolled in this course
usually have a variety of majors from biology to languages; chemistry majors are
also enrolled in this course;
d) Organic Chemistry I students: students enrolled in the first semester of Organic
Chemistry (OCI); students enrolled in this course usually have a variety of majors
from biology to languages; chemistry majors are also enrolled in this course;
e) Senior Students: students enrolled in more advanced chemistry courses such as
Physical Chemistry (SS students); typical students in these courses major in
biochemistry and chemistry or plan to enter medical school;
f) Graduate Students from the Chemistry Department: these students were
specialized in different areas of Chemistry from Organic to Physical Chemistry
and were in their first to fifth year of the Chemistry PhD program (GS).
It is important to point out that the topics covered in our studies (chemical
substances and chemical reactions) are traditionally addressed within the first three
quarters of the General Chemistry courses. Our studies were conducted toward the end of
the academic semester, and thus General Chemistry students had already been exposed to
these topics during the regular lecture.

42

Limitations
The main limitation associated to this research design is the generalizability of the
results to other universities’ and colleges’ chemistry students. While this study was only
conducted at one university, we suspect that students at that institution are comparable to
students in other universities. For example, the ethnicity of undergraduate students
enrolled at the University of Arizona is very similar to the ethnicity of undergraduate
students nationwide, as Table 3.1 indicates.

Table 3.1 Ethnicity of students enrolled in nationwide universities and at the University
of Arizona.

White
Asian or Pacific
Islander
Underrepresented
minority
1

National undergraduate
enrollment in doctorate
granting institutions in 2001 1
64.9%

University of Arizona
undergraduate enrollment
in Fall 2001 2
73.9%

5.2%

7.1%

18.8%

17.3%

Data obtained from the NSF website at http://www.nsf.gov/statistics/seind06/append/c2/at02-05.xls,

retrieved on 09/26/2006.
2

Data obtained from the University of Arizona website at

http://daps.arizona.edu/index.php?name=Student_demo, retrieved on 09/26/2006.

Moreover, the level of academic preparation of incoming students at the University of
Arizona is very similar if not better than the level of academic preparation of students
nationwide as indicated by the SAT and ACT scores listed in Table 3.2. There is also

43

little reason to believe that Arizona students have either better or worse attitudes toward
Chemistry. However, this was not the object of the study and therefore this claim was not
tested.

Table 3.2 Average ACT and SAT scores of students nationwide and of freshman students
enrolled at the University of Arizona from 2002 to 2005.
ACT Scores
Overall
Science

1

SAT Scores
Overall
Science

National Results

20.85 ± 0.051

20.85 ± 0.051 1025 ± 34

1124 ± 35

University of Arizona
Freshmen

23.55 ± 0.092

25.08 ± 0.153 1115 ± 82 1176 ± 163

Data obtained from the ACT website at http://www.act.org/news/data/06/data.html, retrieved on

10/18/2006.
2

Data obtained from the Office of Enrollment Management at the University of Arizona website at

http://www.em.arizona.edu/downloads/research/05-1102-Enrollment_CompendiumNew_freshmen_by_College.pdf, retrieved on 10/18/2006.
3

Data obtained from the report mentioned in 2; ACT/SAT scores of freshmen enrolled in the College of

Science.
4

Data obtained from The College Board website at

http://www.collegeboard.com/about/news_info/cbsenior/yr2006/reports.html, using the national reports
from 2002 to 2005; retrieved on 10/18/2006.
5

Data obtained from the reports mentioned in 4; Score obtained by averaging the SAT scores of students

who intend to major in College in Biological Sciences and Physical Sciences.

This study has also limited generalizability to other chemistry students at the
University of Arizona. The participants recruited for the interviews were volunteers who
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did not get any monetary or grade compensation as part of their participation. According
to Seidman (1998), this self-selection process may create some bias in the findings.
However, this was not the object of the study and therefore this claim was not tested.
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CHAPTER IV: CLASSIFICATION OF CHEMICAL SUBSTANCES

The central goal of this study was to investigate the thinking processes of novice
undergraduate chemistry students when engaged in classification tasks involving
microscopic (particulate) representations of different chemical substances (elements,
compounds, and mixtures). Our investigation was guided by the following research
questions:
− What are the basic features to which novice students pay attention when
classifying a substance as an element, a compound, or a mixture based on its
microscopic representation?
− What are the patterns of reasoning that novice students use to classify these
substances into different groups or classes?
− What are the differences between the novice students’ responses to the selected
classification tasks and those of students with higher levels of preparation in
Chemistry?
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 published in the Journal of Chemical
Education (Stains & Talanquer, 2007a) and in the International Journal of Science
Education (Stains & Talanquer, 2007b).

46

Details of the Methodology
Participants
Participants in this study were drawn from six different groups representing
different levels of preparation in Chemistry: a) General Chemistry I (GCI, two sections;
n= 344); b) General Chemistry II (GCII, one section; n= 156); c) Honors General
Chemistry I HGCI, two sections; n= 131); d) Organic Chemistry I (OCI, one section;
n=90); e) Physical Chemistry I (PCI, one section; n= 44); f) Graduate Students from the
Chemistry Department enrolled in a College Teaching class (GS, one class; n=39).

Research Method
We followed a mixed method design in which qualitative and quantitative
research instruments were used (Greene & et al., 1989). We chose this method not only
because it is widely used in Science Education research but also because it offers several
key advantages from which this study could benefit from. Social scientists advocate that a
mixed method design increases the interpretability and meaningfulness of the findings
because of the complementarity of both approaches. It also increases the validity of the
findings through triangulation, which helps overcoming the biases and limitations
associated with each research method (Greene & et al., 1989). Accordingly, we used a
quantitative and a qualitative instrument hoping that the results obtained from the
analysis of one instrument would clarify and enrich the results of the analysis of the
other.
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Instruments
The data collection was completed in two main phases: Classification Task
Questionnaires and Interviews (see Appendix A for protocol). In the following
paragraphs, we present a detailed description of each phase.

Classification Task Questionnaires. Over the course of two semesters, we visited
each chemistry course section described above. Students in these courses were asked to
classify a set of 20 particulate images of different chemical substances as elements,
compounds, or mixtures (see Figure 4.1). The images, which use circles of various colors
to represent atoms (or ions by adding + or – signs) of different elements, were projected
one by one on a large screen for fifteen second intervals. Students recorded their
responses on an answer sheet that was collected immediately after the presentation of the
last image (see Appendix A for protocol). The design of the 20 microscopic
representations used in this questionnaire was based on the review of the literature on
students’ alternative conceptions about chemical substances. Prior to its use in this study,
the questionnaire was field-tested during a recitation section of a General Chemistry I
class.
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Figure 4.1 Microscopic representations of elements, compounds and mixtures used in the
classification task and in the interviews (*)

AB

* C2 + D2

* E + D2

*EF + E2F

* E2 + F2

* C+F

* C + EF

C

*D2E + C

*D + D2E

* E2

D+E

* EF

DE

* C3 + E

* DE + E

* EF + E

* F4

*E2F + DE

CD3

Interviews. Twenty-eight students from the General Chemistry classes (19
students from General Chemistry I and nine from General Chemistry II) involved in the
first phase of the study volunteered to complete individual one-hour semi-structured
interviews. Each interview was tape-recorded and transcribed. An example of an
interview transcript of one of the student is provided in Appendix B. Three slightly
different interview protocols were used to investigate several aspects of students’
thinking while also limiting the cognitive demand on each interviewee (see Appendix A).
Students were randomly assigned to one of the protocols. All protocols included a
common set of activities that have proven to be effective in eliciting student thinking and
cognitive structure (Tsai & Huang, 2002; White & Gunstone, 1992), such as the
construction of concept maps (Novak, 1990) and pictorial representations (Symington,

49

Boundy, Radford, & Walton, 1981). The main difference between protocols was based
on the completion of an additional exploratory activity, such as a word association task or
a word definition task (Preece, 1976). Table 4.1 summarizes the activities used in each
interview protocol.

Table 4.1 Activities associated to each of the three interview protocols.
Drawing
Microscopic
Representations

Concept
Map

Definition

Protocol A (9 students)

X

X

X

X (guided)

Protocol B (10 students)

X

X

X

X (self-defined)

Protocol C (9 students)

X

X

Interview Protocols

Word
Association

X

Classification

X (guided)

As part of all of the interviews, the twenty eight participants were asked to draw
microscopic representations of an element, a compound, and a mixture and to develop a
concept map based on these concepts. All interviewees were also asked to classify 15 of
the 20 microscopic representations used in the first phase of the project (we selected the
15 microscopic representations that had been misclassified most frequently in the
classification task questionnaires described above). Students were given the 15 images of
different chemical substances and asked to classify them in different groups, thinking
aloud during the process. In protocols A and C, students’ answers were constrained by
specifying that they should classify the microscopic representations as elements,
compounds, or mixtures, while in protocol B students self-defined their groups. This
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latter variation in the protocol allowed us to investigate to what extent participants
spontaneously used elements, compounds, and mixtures as organizing classes.
In two of the interview protocols (A and B; 19 students), students were
additionally asked to define the terms element, compound, and mixture in their own
words, while in the third protocol (C; nine students) they had to write the first word that
came to their mind when they heard each of these concepts (word association task). The
answers to these additional tasks were mainly used to validate conclusions derived from
the analysis of results from those core tasks that were common to all of the protocols.
For reference and privacy purposes, a code was created to label each of the
interviewees; this code has been used throughout the discussion of our results. The
assigned label is based on the order of the interview and the type of protocol used. For
example, interviewee S1A refers to the first (1) subject (S) who completed the interview
protocol A.

Validation studies. Additional validation and extension studies involving another
group of 32 General Chemistry II students and five ‘expert’ chemists (chemistry faculty
and instructors) were conducted in the final stages of the data analysis to test the validity
of our major inferences and claims. Students were asked to classify as element,
compound or mixture 15 microscopic representations specifically designed to test the
basic results of our analysis. The five expert chemists completed a 30-minute interview
using the set of activities included in interview protocol B (which is based on self-defined
groups for the main classification task).
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Interview analysis.
Since little research has been done on classification of chemical substances, this
study was thus exploratory in nature. Its general goal was to develop a preliminary theory
about students’ thinking when classifying chemical entities. Grounded theory has been
suggested to be one of the most suitable data analysis methods for research studies whose
purpose is to generate theory (Charmaz, 2003; Conrad, 1982) and was thus used in this
study to analyze the interview transcripts and other forms of qualitative evidence. The
method is based on constant comparisons of emerging categories to the data set which
leads to the generation of theory “that is integrated, close to the data, and expressed in a
form clear enough for further testing” (Conrad, 1982, p. 256).
This iterative, non-linear analysis method was applied to the analyze interview
transcripts and categories were generated by highlighting and coding common statements
and major ideas relevant to the research questions. Each activity within the interview
protocols revealed its own set of categories, which were then regrouped according to
common themes. These themes were used to recode the interview transcripts and new
themes that emerged during the coding process were integrated in the analysis. This
strategy was repeated until a satisfactory final set of themes was obtained. This process
allowed the identification of the central features that students used to build the
classification schemes, the characterization of the uses of these features to classify
chemical entities and the variability of features with students’ level of expertise.
Grounded theory can also readily combine with other research strategies such as
quantitative data analysis (Conrad, 1982). Social scientists have been advocating the
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combination of different research strategies (i.e. triangulation) for many years (Denzin,
1989; Webb, 1966). They argued that triangulation enhances “the validity of the research
findings by overcoming the weaknesses or bias in each method” (Camburn & Barnes,
2004, p. 51). Specialized methods of statistical analysis were thus applied when
appropriate to evaluate the extent of the patterns that emerged from the data analysis
(Bryman, 2001) and to further support the validity of our claims. An alpha of .05 was
used for all of the statistical results reported in this work.

Results and Discussion
Features
Figure 4.2 compiles the representational features that the interviewed students
took into consideration when classifying chemical substances into elements, compounds,
or mixtures based on their microscopic representations. We have used a question format
to highlight the types of features to which students paid attention when making
judgments and decisions during the classification tasks.
The analysis of the interview transcripts and the students’ concept maps and
drawings shows that most students based their classification on three main types of
features:
−

the overall structure and composition of the microscopic representation (overall
composition),

−

the atomic composition of each particle in the system (particle composition),

−

the presence of bonding between atoms (particle structure).
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Figure 4.2 depicts the specific features that students considered during the activities
associated with the different interview protocols. However, not all of the students based
their decisions on the analysis of each feature in this diagram.

Figure 4.2 Classification Features. The diagram summarizes the types of features used by
students to classify microscopic representations of chemical substances into elements (E),
compounds (C), and mixtures (M).

Patterns of Reasoning
In general, misclassification of a substance commonly occurred when students
reduced the number of relevant classification features or failed to differentiate between
the concepts of element, compound, and mixture. Thus, we selected the ideas of
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reduction and undifferentiation as the basis for the categories used to discuss the main
results of this part of the study.

Reduction
The tendency of students to reduce the number of variables considered when
making a decision is characteristic of common-sense learners (Driver et al., 1985;
Viennot, 2001). This pattern of reasoning was mainly observed in the classification of
elements and compounds. In general, reduction was based on the search for a single
distinctive feature that was strongly associated with each type of substance: identical
isolated atoms in the case of elements, bonded particles (molecules) in the case of
compounds. For example, during the interviews, more than a quarter of the students (five
out of 19) who were asked to define an element clearly thought that they were composed
of single atoms and then used this as the unique criterion in differentiating elements from
other substances. Moreover, 18 out of 28 interviewed students chose to draw a single
circle to represent a chemical element, and four of the nine students who completed the
word association activity wrote ‘single’ or ‘single atom’ after hearing the word element.
The association between the concepts of atom and element was also evident in 10
of the 28 concept maps created by the participants in our study as illustrated by the
conceptual links shown in Figure 4.3. Several students thought of elements as the
common label used to refer to the individual atoms represented in the periodic table.
Indeed, 10 of the 28 students related the word element to the words periodic table in their
concept maps and five of the 19 definitions of the concept element referred to the
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‘periodic table.’ Although these relationships are not necessarily incorrect, they reflect
the students’ strong association between the concepts atom and element.

Figure 4.3 Excerpts from seven concept maps that illustrate the association between the
concepts atom and element.

Additionally, almost half of the students who were asked to define the concept of
compound during the interviews thought of these substances as something that ‘has
bonds’; more than a third of them defined mixtures as something that ‘is not bonded or not
interacting.’ The presence of bonded particles or molecules as the distinctive feature of
chemical compounds surfaced repeatedly in the different activities associated with the
three interview protocols. Seventeen of the 28 students drew a single molecule with two or
more different atoms to represent a compound; only six of the students drew an ionic
compound. During the word association activity, four out of nine students wrote ‘water’
after hearing the word ‘compound’, and nine of the 28 students linked the concepts
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compound and molecule in their concept maps. One of the interviewed students clearly
described the difficulty he had in overcoming the strong association between the concepts
molecule and compound in the classification of molecular elements such as E2:
“People have to tell me over and over that elements exist bonded like O2 … I
would more easily put it in compound because of the bonding. So, when I am on a
test, I need to think hard that a diatomic molecule, with the same atoms, is an
element.” (S7A)

The strong mental association between the concepts of compound and molecule
could be used to explain why a significant proportion of students misclassified molecular
elements (E2 and F4 in Table 4.2) as chemical compounds in the classification task
questionnaire. Surprisingly, this association seemed to be stronger among students with
more advanced training in the discipline as illustrated in Figure 4.4 where we show the
percentage of students in different groups who classified the species E2 as an element or a
compound. Analysis of the data using a Chi-Square test reveals that there is a statistically
significant relationship (p<.05) between the number of students who classify E2 or F4 as
an element or as a compound and the level of chemistry expertise. This relationship was
further characterized to be moderate according to the value of Cramer’s V, V = .271.
(Cramer’s V is a measure of the strength of the statistical relationship between multiple
categorical variables when each variable has two or more categories; V is a
generalization of the strength coefficient Phi.) To identify which groups were the major
contributors to the statistically significant difference in the data, we performed a post hoc
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test to evaluate the standardized residuals for each group (Lawal & NetLibrary Inc.,
2003). This analysis showed that students in General Chemistry (GCI), students in more
advanced chemistry courses (GCII, HGCI, OCI, PCI), and graduate students in
Chemistry (GS) differed significantly in their responses to the classification task.

Figure 4.4 Percentage of students with different levels of preparation who classified the
molecular element E2 as element, compound, or mixture in the Classification Task
Questionnaire (see Table 4.2). The diagram on the left illustrates the types of features that
may have influenced the students’ decisions (as suggested by student interviews).
Relevant information from the statistical analysis of the data is included.

100.0%

Distribution across classes
(Classification Task Questionnaire)

Type of Students
GCI
GCII

90.0%

HGCI
OCI
80.0%

PCI
GS

70.0%

Percent

60.0%

N = 798
χ2=58.617
V=.271
p<.05

50.0%

40.0%

30.0%

20.0%
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10.0%

0.0%
Element

Compound
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Table 4.2 Percentage of students who classified a given particulate representation as
element, compound, or mixture in the Classification Task Questionnaire (correct answers
are highlighted). Each image has been labeled based on its chemical composition for
reference purposes in this paper. Images used in the interviews are marked with *.

*E2

Element
Compound
Mixture
Element
Compound
Mixture

GCI
99.1
0.3
0.6
89.0
10.2
0.9

7
*F4

Element
Compound
Mixture

90.1 81.4 79.4 77.8
8.1 16.7 20.6 16.7
1.7 1.9 0.0 5.6

70.5 56.4
29.5 43.6
0.0 0.0

2
*C2+D2

Element
Compound
Mixture
Element
Compound
Mixture
Element
Compound
Mixture

8.1
7.3
84.6
6.1
7.6
86.3
8.7
9.6
81.6

2.3
4.5
93.2
0.0
2.3
97.7
0.0
2.3
97.7

15
*E2+F2

Element
Compound
Mixture

5.5 9.0 0.8 2.2
14.0 21.9 6.1 15.6
80.5 69.0 93.2 82.2

0.0 0.0
2.3 5.1
97.7 94.9

Element
4
Compound
*D+D2E
Mixture

4.7 4.5 0.0 5.6 0.0 0.0
42.7 38.1 25.4 23.3 15.9 12.8
52.6 57.4 74.6 71.1 84.1 87.2

8
*E+D2

Element
Compound
Mixture

3.2 5.8 0.0 2.2
11.9 10.9 4.5 12.2
84.9 83.3 95.5 85.6

0.0 0.0
2.3 5.1
97.7 94.9

Element
17
Compound
*D2E+C
Mixture

1.2 0.6 0.0 1.1 0.0 0.0
11.3 9.7 3.8 11.1 6.8 2.6
87.5 89.7 96.2 87.8 93.2 97.4

19
*C3+E

Element
Compound
Mixture

2.9 2.6 0.8 3.3
19.2 23.2 9.8 16.7
77.9 74.2 89.4 80.0

0.0 0.0
6.8 20.5
93.2 79.5

Element
9
Compound
*EF+E2F Mixture

1.7 1.9 0.0 2.2 0.0 0.0
41.4 43.6 28.0 34.4 6.8 20.5
56.9 54.5 72.0 63.3 93.2 79.5

Element
1
Compound
AB ionic Mixture

7.0 10.3 10.0 7.8
86.3 74.2 85.4 84.4
6.7 15.5 4.6 7.8

6.8 2.6
84.1 94.9
9.1 2.6

Element
14
Compound
*E2F+DE Mixture

0.3 0.0 0.0 2.2 0.0 0.0
20.6 19.9 5.3 7.8 6.8 2.6
79.1 80.1 94.7 90.0 93.2 97.4

10
C

16
*C+F
11
D+E

GCII
96.8
2.6
0.6
75.0
23.7
1.3

HGCI
99.2
0.8
0.0
71.8
27.5
0.8

OCI PCI
97.8 100.0
1.1
0.0
1.1
0.0
71.1 70.5
28.9 29.5
0.0
0.0

14.8 4.5 5.6
9.0 0.8 12.2
76.1 94.7 82.2
5.2 2.3 1.1
11.0 2.3 4.4
83.9 95.4 94.4
11.6 2.3 1.1
17.4 4.7 11.1
71.0 93.0 87.8

GS
92.3
5.1
2.6
46.1
53.8
0.0

2.6
5.1
92.3
0.0
7.7
92.3
2.6
10.2
87.2

12
DE

Element
Compound
Mixture
Element
Compound
Mixture

GCI
21.9
73.5
4.7
4.7
90.4
4.9

20
CD3

Element
Compound
Mixture

3.8 7.7 0.8 5.6 0.0 0.0
93.9 86.5 97.7 87.8 97.7 94.9
2.3 5.8 1.5 6.7 2.3 2.6

Element
Compound
Mixture
Element
Compound
Mixture
Element
Compound
Mixture

2.3
29.7
67.9
2.0
16.0
82.0
1.5
13.1
85.4

5
*EF

6
*DE+E
13
*EF+E
3
*C+EF

GCII HGCI OCI PCI GS
25.0 3.8 5.6 4.5 5.1
70.5 93.8 87.8 93.2 92.3
4.5 2.3 6.7 2.3 2.6
7.1 0.8 3.3 2.3 2.6
87.8 96.2 91.1 95.3 89.7
5.1 3.0 5.6 2.3 7.7

1.3
23.4
75.3
3.9
16.8
79.4
2.6
18.7
78.7

0.0
16.9
83.1
0.0
12.9
87.1
0.8
6.3
93.0

3.3 0.0 0.0
12.2 4.5 2.6
84.4 95.5 97.4
1.1 0.0 2.6
6.7 4.5 0.0
92.2 95.4 97.4
0.0 0.0 2.6
7.9 2.3 2.6
92.1 97.7 94.9

The observed significant difference in the responses of novice students in GCI
and in more advanced chemistry courses (GCII, HGCI, OCI, PCI) may be the result of
shallow learning in the introductory course. The topic of elements, compounds, and
mixtures is the subject of direct instruction in General Chemistry I and this may explain
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the larger fraction of students in this group who correctly classify E2 and F4 as elements.
However, if learning for some of these students is based on rote memorization rather than
on deep understanding of basic chemical concepts, it is likely they will revert to their
prior conceptions or knowledge later on.
There is also a significant difference in the results for graduate students and
undergraduate students in advanced chemistry classes – χ2 = 26.531, p<.05 for the
element E2, and χ2 = 23.381, p<.05, for the element F4. Although graduate students’
responses to the classification task questionnaire could also be an indication of shallow
learning in their introductory chemistry courses, our study points to other possible causes.
Short informal conversations with graduate students revealed that some of them thought
of the term element as the common label for the different types of atoms represented in
the periodic table, rather than as a type of chemical substance. For many of them the
particulate representation of a substance seemed to trigger an alternative classification
system based on molecular structure rather than on chemical composition. We observed a
similar phenomenon in the interviews with expert chemistry faculty. During the
construction of their own classification system, most experts based the categorization of
pure substances on molecular structure rather than chemical composition. For example,
one of the interviewees grouped E2 and EF together as “diatomic” particles, and some of
the participants went so far as to associate the label compound with any non-monoatomic
entities. The following quotes illustrate the types of ideas expressed by three out of five
chemistry faculty during the classification task:
“…if you think of elements in the context of real materials like sulfur S8 then
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it’s different…we call sulfur an element but it’s really a compound … an
element is one atom but a compound is more than one.” (F1)
“An element is just one single species. I think of something that shows up in the
periodic table; a single atom. An element cannot be diatomic; it would be a
compound.” (F2)

These types of results suggest that the unexpected increase in the percentage of
experts who classify E2 as a compound is not the result of a simple reversion to prior ideas,
but rather is more closely associated with a shift of focus from composition to structural
features in the identification of relevant classification factors. From this new perspective,
the classification of E2 as an element is seen by experts as having little use or as being
irrelevant. In analyzing systems at the particulate level, the structure and complexity of the
particles becomes of central interest and substances such as E2 and EF have more in
common than E2 and E. In this structure-based framework, the word compound is redefined
and used in the same way as many naïve learners do: to refer to substances comprised of
identical molecules, regardless of their composition. The concept of element is then
reserved to refer to the different types of atoms that compose a molecule.

Undifferentiation
A variety of studies show that common-sense learners do not clearly differentiate
between certain concepts, such as heat and temperature or speed and velocity, and tend to
apply fused or coalesced notions to interpret or explain physical phenomena (C. Smith,
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Carey, & Wiser, 1985). In our study, this type of conceptual undifferentiation was
demonstrated in various instances by several of the interviewed students who did not
clearly differentiate between the concepts compound and mixture. For example, two of
the nine students who completed the word association activity connected the word
compound to the word mixture and two other students linked the word mixture to the
chemical formulas HCl and NaCl. Six of the 28 interviewed students drew either an
actual compound to represent a mixture or, vice versa, a mixture as a representation of a
compound. During the interviews, 17 of the 28 students made comments that revealed
some level of undifferentiation between the concepts compound and mixture. The
following excerpts from the student interviews illustrate this confusion:
“HCl is a mixture too I guess … a mixture is a compound … I think they are
synonymous with each other or something like that … like if I have a container
full of carbon dioxide it’s a mixture because I hold it into my hand but when I
write it down then it’s a compound.” (S7B)
“A compound is a mixture of two different elements.” (S8B)
“A compound is just two elements mixed together… I think that compounds are
mixtures.” (S3A)
“I can’t make a difference between compound and mixture; I still don’t know
what a mixture is. I can’t think of it at the microscopic level… Water is a
compound but it could be kind of a mixture too. Compound and mixture are the
same to me.” (S2A)
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The analysis of the students’ verbalized thinking during the interviews suggests
that the undifferentiation between the concepts compound and mixture led many students
to consider extraneous features during the classification of these types of substances. In
particular, we identified two main distracting factors: the presence of common atoms
among different particles, and the relative concentration and distribution of the particles
in the system. We analyze the corresponding evidence in the following paragraphs.

Common atoms. The analysis of the students’ responses to the classification task
administered during the first phase of our study revealed that mixtures of two types of
particles in which one of the species is part of the other (DE + E, D + D2E, and EF + E2F
in Table 4.2 and Figure 4.1) were classified as compounds by up to 40% of the students
in General Chemistry. Our results are summarized in Figure 4.5 where we can see that
although the percentage of students who misclassified these particulate representations as
compounds decreases in a significant manner (p<.05) with further training in the
discipline, the actual percent value remained relatively high across the different groups.
Individual interviews revealed that some students thought of these types of
mixtures as ‘reacting systems’ where the smaller particles are either left over from an
incomplete reaction or have the potential to form more product (the other substance). The
classification of these types of representations as chemical compounds was based not on
the actual composition of the system, but rather on a) the assumption that a reaction had
occurred and the only relevant substance was the compound identified as the product, and
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b) the perceived potentiality of the system to become a compound if more reactants were
added to the system. The following excerpts illustrate these ideas.
(Student S8A’s explanation during the classification of the system DE+E):
“All the blues are bonded to the red and there is a bunch of red left over but if
there were more blues they would bond; … you have one type of element left
over so it could kind of look like a mixture because there are not all bonded but
because you have just one type of elements left over and not others then it will be
a compound.”
(Student S8A’s explanation during the classification of D +D2E):
“You have the two different elements bonding and there is blue left over but there
is no free red for them to bond to … the extras don’t really count.”
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Figure 4.5 Classification of the mixtures D+D2E and EF+E2F. a) The diagram illustrates
the types of features that may have influenced the students’ decisions (as suggested by
student interviews); b) Percentage of students with different levels of preparation who
classified the systems D+D2E and EF+E2F as compound, or mixture in the Classification
Task Questionnaire (see Table 4.2). The different particles in these systems share
common atoms. Relevant information from the statistical analysis of the data is included.

a) Excerpt of the classification scheme
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b) Distribution across classes
(Classification Task Questionnaire)
100%

Type of Students
GCI
GCII

90%

HGCI
OCI
80%

PCI
GS

70%

Percent

60%

50%

40%

30%

20%

10%

0%
Compound

N = 772
χ2=39.927
V=.227
p<.05

Mixture

Compound

Mixture

N = 793
χ2 = 33.980
V = .207
p<.05

Particle concentration and distribution. Several students classified as compounds
the particulate representations of homogeneous mixtures of elements present in the same
ratio (C+F, E2+F2 in Figure 4.1 and Table 4.2) or those of mixtures of particles arranged
in regular patterns (C3+E). Although the fraction of students who misclassified mixtures
as compounds based on the relative concentration or the distribution of particles in the
system was less than 20% for most groups (see Table 4.2), individual interviews revealed
that a significant proportion of the students seemed to pay attention to these features
during the classification process. For example, ten of the interviewed students referred to
the concentration or distribution of particles as features that they considered in the
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classification of the particulate representations of chemical substances. The idea that ‘a
compound always contains the same ratio of its component atoms’ was misinterpreted by
students who thought that all systems with particles present in a one to one ratio were
chemical compounds (in particular, ionic compounds):
“I thought that it may be a compound because there was the same number … so it
may be ionic … If there is a one to two ratio or something like that, I would
probably put it with the compound. I’m not too confident about 1B, 1F and 2E
[referring to systems C+F, E+D2, and E2+F2] … there is the same number so it
could be ionic; the ratio makes me doubt.” (S6C)

The influence of this idea can be confirmed by comparing students’ responses to
the classification of mixtures E2+F2 (one to one particle ratio) and C2+D2 (five to one
particle ratio) included in the classification task questionnaire. For all groups, the
percentage of students who misclassified the first mixture as a compound was
systematically higher (up to 4.5% for students in GCI and GCII and students in the OCI)
than those who made the same mistake with the latter mixture (see Table 4.2). The
presence of equal number of particles of two different substances seemed to mislead
novice students who classified the mixture as a chemical compound.
The spatial distribution of particles is a feature that also seemed to influence the
participants’ classification decisions. More than half of the interviewees who classified
the system C3+E as a compound (see Figure 4.1) indicated that the structural pattern was
characteristic of ionic compounds. The following interview excerpt illustrates this idea:
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“I look for structure if there is a structure then it obviously … could be an ionic
compound; if there is no pattern then it’s a mixture.” (S9C)

Some of the students who associated the presence of a structural pattern with
ionic compounds implicitly assumed that the represented atoms or particles had a positive
or negative charge, although these charges were not included in the particulate
representations. These novice students tended to neglect or misinterpret important
representational features, as evidenced in the following excerpts from the interviews:
“It might be an ionic compound because if these (red) are positive and these
(green) are negatives then they are forming a certain shape, they have a pattern;
… but I don’t know … it could be an element with another element but then this
could also be an ionic compound.” (S4A)
“The pattern could be like dispersion forces or like mild attraction of the electron
cloud so it could be a compound , but I guess it’s not well … I don’t know … I’m
not sure on that one because it has the two different elements and they are not
bonded at all cause they are not overlapping which make me think it was a
mixture but there is a definite pattern to it, so I don’t know if it’s just how it’s
suppose to be or if there is some sort of attraction that made it going to that
pattern.” (S8A)
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Conclusions
Novice students in this study used structural and chemical composition features to
classify chemical substances into elements, compounds, and mixtures based on particulate
representations. However, for many of them the microscopic representations of these
systems seemed to trigger a classification scheme in which structural features, such as the
bonding between particles, the distribution of particles in space, or the presence of
common atoms among different species, were more relevant than characteristics associated
with chemical composition.
While a clear correlation between level of preparation and level of expertise was
observed for the correct classification of most of the substances presented in the
questionnaire, deviations from this trend were identified for some microscopic
representations. The analysis of the transcripts revealed that these deviations result from
students’ application of patterns of reasoning characteristic of common sense learners.
Many of the students’ classification errors occurred when students:
− reduced their decision to the identification of a single feature that was used to
define a class (e.g., assuming that all systems with bonded particles are
compounds), or
− did not clearly differentiate between concepts (e.g., assuming that compounds are
like mixtures).
The lack of differentiation between concepts was many times associated with the
misinterpretation of formal definitions (e.g., ‘a compound always contains the same ratio
of its component atoms’) or the overgeneralization of ideas (e.g., ‘particles in solid ionic
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compounds are arranged in regular patterns’). Misinterpretation and overgeneralization led
many students in our study to consider a variety of irrelevant features in making their
classification decisions (e.g., presence of common atoms among different particles,
distribution of particles in the system, relative concentration of different species).
Our results indicate that a significant proportion of students had developed strong
associations between the concepts atom and element and molecule and compound that
influenced their classification decisions. Surprisingly, these mental associations seemed
to be strengthened rather than weakened by further training in the discipline. However, it
is very likely that the association established by more advanced students and even expert
chemistry faculty is based on the application of a knowledge framework in which
structural features become central to the categorization of chemical substances at the
particulate level. The concept of compound, in opposition to that of mixture, was more
frequently associated with terms such as homogeneous, equal ratio, structure, pattern, and
bonded. Our results also showed that students were also more likely to classify a
substance as a chemical compound when there was a similarity among particles, in
particular in cases where one type of particle resembled a part of another type of particle
also present in the system. In this case, classification judgments seemed to be based on an
erroneous interpretation of the system as an incomplete chemical reaction that had the
potential to produce a single compound.
In general, our results reinforce the conclusions from previous studies on the
differences between novice and expert thinking (Bransford, 2000; Chi et al., 1988).
Novice chemistry students in our study lacked an integrated structure of knowledge about
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chemical substances that allowed them to identify meaningful patterns and to
differentiate relevant from extraneous classification features. Their mental organization
of knowledge was rather crude and diffuse, based on strong but sometimes false concept
associations and highly undifferentiated concepts (C. Smith et al., 1985).
In order to further test the validity of our central claims concerning the extraneous
factors that influenced students’ classification of compounds and mixtures, we conducted
a small extension study involving a group of 32 students enrolled in General Chemistry II
during a subsequent semester. In this case, students were asked to classify as elements,
compounds, and mixtures a group of particulate representations specifically selected
based on the analysis and conclusions summarized in previous paragraphs. Table 4.3
summarizes the relevant results of this extension study.

Table 4.3 Percentage of students who classified the different particulate representations
A, B, and C as elements, compounds, or mixtures in the extension study.

Element
Compound
Mixture

A
3.1 %
3.1 %
93.8 %

B
3.1 %
15.6 %
81.3 %

C
0.0 %
56.2 %
43.8 %

The results depicted in Table 4.3 follow a trend that is consistent with the main
conclusions of this paper. We expected more students to classify particulate
representation B as a compound than representation A because B is composed of
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‘bonded’ particles with identical structure present in ‘equal ratios’. Although particle
representation B and C share similar features, C is more misleading because it includes
one type of particle that looks like a piece of the other type. Thus, we anticipated that
some students would likely think that the smaller pieces had the ‘potential’ to combine to
form the larger particles. As shown in Table 4.3, more than half of the respondents
erroneously classified this substance as a compound.
The analysis of student thinking during the classification tasks associated with
this study revealed common patterns of reasoning that should be taken into account in the
design of instructional activities to promote meaningful learning about the distinctive
features of chemical substances at the microscopic level. Students may benefit from
instruction that challenges some of the strong mental associations identified in our study,
and that makes them compare and contrast the distinctive features of elements,
compounds, and mixtures at the microscopic level. Activities in which students are asked
to identify similarities and differences between microscopic representations of different
substances could help them recognize the relevant features associated with each type of
substances. Based on this work, students could then be engaged in building a concept
map about types of substances which would help them differentiate concepts. The
successful use of classification schemes to solve problems in Chemistry depends on the
students’ ability to clearly identify relevant features that differentiate groups or classes.
Our study suggests that common-sense learners will tend to reduce the complexity of the
task by using a single classification criterion, or will pay too much attention to extraneous
features due to a lack of clear differentiation between concepts.
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CHAPTER V: CLASSIFICATION OF CHEMICAL REACTIONS

The central goal of this study was to investigate the classification strategies used
by undergraduate and graduate chemistry students when engaged in classification tasks
involving microscopic (particulate) and symbolic representations of different chemical
reactions. Our investigation was guided by the following research questions:
− What are the basic features to which students pay attention when classifying
chemical reactions at the symbolic and microscopic levels?
− What are the categories that students create when classifying chemical reactions
at the symbolic and microscopic levels?
− How do decisions about categorization of chemical reactions at the symbolic and
microscopic levels vary among students with different levels of preparation in
Chemistry?
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 accepted for publication in the Journal of
Research in Science Teaching (Stains & Talanquer, in press).

Details of the Methodology
Participants
Participants were voluntarily drawn from five different groups representing
different levels of preparation in Chemistry: a) General Chemistry I (GCI; n = 8); b)
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General Chemistry II (GCII; n = 5); c) Organic Chemistry I (OCI; n = 6); d) Senior level
Chemistry courses (SS; n = 12); e) Graduate Students from the Chemistry Department
(GS; n = 13).
For reference and privacy purposes, a code was created to label each of the
participants; this code has been used throughout the discussion of our results. The
assigned label is based on the students’ level of preparation in Chemistry and the order of
the interview. For example, interviewee OCI1 refers to the first (1) student in the first
semester of Organic Chemistry (OCI) who completed the interview.

Research Method
In this study, we followed a qualitative research design. We preferred this
approach to a mixed method research design because of the nature of the concepts
investigated: In contrast to the previous study, there are several types of classification
schemes that can be used to classify chemical reactions. A quantitative instrument was
thus difficult to use without imposing constraints on the type of classification scheme that
the participants could use. The successful classification of chemical reactions also
requires participants to identify underlying principles embedded in the representations
(e.g. oxidation state or electron transfer). Since little is known about the types of features
that students use to identify chemical reactions, we did not have a pre-established set of
characteristics that could guide the development of a questionnaire. Qualitative research
has been advocated to be one of the best methods for exploring a new area and
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developing hypotheses (Miles & Huberman, 1994) and thus seemed to be the most
appropriate choice for this study.

Instruments
The data collection was completed through one-hour semi-structured think-aloud
interviews conducted with each of the participants listed above. This method was
preferred since it helps capturing students’ verbalized ideas and thoughts as they engage
in an activity. Each interview consisted of two tasks: classification of chemical reactions
represented at the symbolic level and classification of chemical reactions represented at
the microscopic level (see Appendix C for protocol). The chemical reactions selected for
these tasks represented types of chemical reactions traditionally identified by chemists
such as acid-base reactions, oxidation-reduction reactions (redox reactions), and
precipitation reactions. All interviews were tape-recorded and transcribed. In the
following paragraphs, we present a detailed description of each classification task.

Classification at the symbolic level. This classification was conducted at the
beginning of the regular interviews. In this task, students were asked to freely classify a
total of nine chemical reactions represented at the symbolic level (see Table 5.1). The
reactions selected corresponded to typical textbook-type chemical reactions (e.g. reaction
b or e), reactions that have been found to mislead students’ interpretation (e.g. students
often believe that reaction h is a redox reaction because a charged molecule becomes
neutral), and reactions that contained similar surface features (e.g. reactions b, c, and h
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produce water). From a chemical standpoint, these reactions could be classified either as
a) Classification A: Acid-base, redox, or precipitation reactions or b) Classification B:
Addition or combination (two substances react to form a single product), singledisplacement (one element reacts with a compound to form a new compound and release
a different element), or double-displacement or exchange (there is an interchange of
partners between two compounds) reactions. Classification A can be expected to be more
meaningful for an expert chemist.
In order to reduce the demand on the students’ working memory during the task,
the reactions were divided into three sets of three chemical reactions, which were given
to students one at a time (see Table 5.1). The interview began with this instruction:
“Classify the following reactions represented in symbolic form based on the similarities
that you observe or detect; you may create as many groups as you want. Please, label
each of your groups and let us know what you are thinking at every stage of the task.”
Then, the participants were asked to independently classify two out of the three sets of
chemical reactions based on similarities and differences that they perceived as important.
In the next step, they were given the possibility of rearranging or combining the different
categories created with each set. Finally, students classified the third set of chemical
reactions using the categories that they had previously developed. They were also given
the possibility of rearranging their groups and/or creating new ones.
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Table 5.1 Sets of symbolic representations of chemical reactions used during the first
part of the interview and their correct classification from a Chemistry standpoint.

Set
1

Set
2

Set
3

Reactions provided to the participants

Classification
A

Classification
B

a

NH3(g) + H2O(l) Æ NH4+(aq) + OH-(aq)

Acid-Base

b

HF(aq) + KOH(aq) Æ KF(aq) + H2O(l)

Acid-Base

c

H2(g) + CuO(s) Æ H2O(g) + Cu(s)

Redox

d

2Na(s) + 2HCl(aq) Æ 2NaCl(aq) + H2(g)

Redox

Addition
Double
displacement
Single
displacement
Single
displacement
Double
displacement
Double
displacement
Single
displacement
Double
displacement
Double
displacement

e NaCl(aq) + AgNO3(aq) Æ AgCl(s) + NaNO3(aq)

Precipitation

f 2NaOH(aq) + FeCl2(aq) Æ Fe(OH)2(s) + 2NaCl(aq)

Precipitation

g

Fe(s) + 2CuCl(aq) Æ FeCl2(aq) + 2Cu(s)

Redox

h

CO32-(aq) + 2H+(aq) Æ H2O(l) + CO2(g)

Acid-Base

i

Pb2+(aq) + 2I-(aq) Æ PbI2 (s)

Precipitation

Classification at the microscopic level. This classification task was completed
following the classification at the symbolic level. This task consisted of classifying six
chemical reactions represented at the microscopic level. Three of the six reactions were
microscopic representations of reactions already introduced in the previous task
(reactions a, d, and g); the other three cases represented new examples of acid-base,
redox, and precipitation reactions. The particulate representations are shown in the first
column in Table 5.2, in which we include additional information to facilitate the reader’s
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Table 5.2 Set of chemical reactions represented at the microscopic level and their correct
classification from a Chemistry standpoint.

Reactions as
provided to the

Symbolic representations
(included here for clarity

Classification
A

Classification
B

1
Æ

2

2 Ca(s) + O2(g) → 2 CaO(s)

Redox

CuI(aq) + KCl(aq) →

Double
Precipitation

Æ

displacement

KI(aq) + CuCl(s)

3
Æ

Fe(s) + CuCl2(aq) →

Single
Redox
displacement

FeCl2(aq) + Cu(s)

4
Æ

NaOH(aq) + HCl(aq) →

Double
Acid-base
displacement

H2O(l) + NaCl(aq)

5
Æ

2Na(s) + 2HCl(aq) →

Single
Redox
displacement

H2(g) + 2NaCl(aq)

6
Æ

Addition

NH3(g) + H2O(l) →
Acid-base
+

Addition

-

NH4 (aq) + OH (aq)

interpretation (the symbolic representations were not provided to the students in this
stage). In order to reduce the cognitive demand on the participants, the reactions were
provided one at a time and students were asked to classify each of them using the
categories that they had developed in the previous task. However, they were allowed to
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rearrange the content of the categories, change their names, or create new ones during
this process.

Data analysis.
Similarly to the previous study, little research has been done on classification of
chemical reactions and this study was exploratory in nature. We thus applied grounded
theory to analyze the data and follow the same protocol described in the previous chapter
(Chapter IV, pp 51). Specialized methods of statistical analysis were also applied when
appropriate and an alpha of .05 was used for all of the statistical results reported in this
study.
In order to assess the reliability of our coding system, a total of 12 out of 44
interviews (27%) were simultaneously coded by Dr. Talanquer and the author. We started
this process by coding four interview transcripts independently, comparing their analysis,
and merging and readjusting coding categories as needed. In a second step, we separately
applied the common code to a new set of four transcripts and repeated the comparison
process. Finally, we recoded all of the selected transcripts plus a new group of four
interview transcripts and the results were used to calculate the inter-rater reliability. This
analysis indicated 91% agreement in the coding of the types of classification features
used by the participants and 86% agreement in the determination of how each feature was
used during the classification task. The final coding scheme developed through this
iterative process is presented in Tables 5.3 and 5.4, together with some interview excerpts
that illustrate its application. Table 5.3 presents the coding scheme developed to
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characterize how students were using specific features of the chemical reactions during
the classification tasks: for classification purposes or for sense making purposes. Table
5.4 presents the coding scheme developed to describe the types of features that the
students considered. These features were grouped in two main groups based on whether
they were fully visible elements of the chemical representation (explicit features) or
underlying characteristics of the chemical substances or processes not directly expressed
or revealed in a representation (implicit features).

Table 5.3 Coding scheme for classification features: purpose
Features’ purpose
Code

Description

Interview Excerpt

Classification

Use of the feature to
differentiate or classify
reactions

Sense making

Use of the feature to describe
or make sense of a process

“This one is different cause it
produces base and these are the same
cause they produce water.” (GCII3)
“These just seem to be … a solid
with aqueous … I decided that this
one here was creating an ionic bond
between iron 2 and chloride.” (GCI8)
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Table 5.4 Coding scheme for classification features: types
Features
Type of
Features

Implicit
Features

Code

Description

Chemical
properties

Focus on the chemical
properties of the substances
involved in the reaction (e.g.
acid or bases)

Displacement

Focus on the exchange of
particles/atoms/ions between
different substances

Electron/Charge
Transfer

Focus on the transfer of
electrons or charge from one
substance to another

Oxidation
number

Focus on changes in the
oxidation numbers of the
species involved in the
reaction

Proton transfer

Focus on the transfer of
hydrogen ions from one
substance to another

Type of
compound

Focus on the type of
compound involved (i.e. ionic
or covalent)

Charges

Focus on the presence of a
charged species

Specific
substance

Focus on the chemical identity
of specific substances (e.g.
NaCl is formed)

State of matter

Focus on the state of matter of
the substances involved in the
chemical reaction

Stoichiometry

Focus on the number of moles
or the number of substances
involved in a reaction

Explicit
Features

Interview Excerpt
“This one is like
neutralization … but these
are not, even though they
contain acid; this one is
making base.” (OCI2)
“In this reaction both of
them switch places; Na
replaces Fe and Fe replaces
Na” (GCI2)
“This one is different cause
electrons are moving
around.” (GS4)
“If you look at the oxidation
number, copper has a +2 and
in the product the copper is
in its solid state so that’s
oxidation number 0.” (SS7)
“The molecule comes in and
takes a proton from water
and leaves hydroxide”
(GS4)
“They are both ionic
compounds that form a
precipitate.” (SS7)
“You have a negatively
charged polyatomic ion …
and then … you are forming
something neutral.” (GCI8)
“I can group these three
together cause all of them
involve chlorine so they are
very similar.” (OCI1)
“It’s a solid and aqueous
going to aqueous and a gas,
so I automatically see this
reaction.” (GCII5)
“… starting materials add up
to 3 moles and this one adds
up to 4 and this one is 1 to 1
mole.” (SS9)
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Results
To facilitate the description and discussion of our results, we have organized their
presentation in five different subsections where we analyze the nature of the classification
groups created by participants with different levels of expertise and the types of features
used to make the categorization decisions.
Types of Classification Groups
The analysis of the data revealed a wide variability in the types and number of
groups of chemical reactions created by the participants with different levels of
preparation, particularly among undergraduate students. Table 5.5 presents representative
examples of the types of groupings created by three different participants during the
interviews. The table includes the labels actually assigned by the students, together with
the chemical reactions included in each group (see Tables 5.1 and 5.2), and the accuracy
with which chemical reactions were classified within “discipline-based” groups (based on
chemical behavior or particle rearrangement).
Overall, the different categories identified by all of the participants can be
organized into two main classes: discipline-based groupings and non-discipline-based
groupings (see Figure 5.1a). The discipline-based groupings include categories that are
traditionally used in Chemistry, such as acid-base, redox, and precipitation reactions
(Classification A in Table 5.1 based on chemical properties or processes), or single
displacement, double-displacement, and addition reactions (Classification B in Table 5.1
based on particle rearrangements). The non-discipline-based groupings correspond to
categories that are not traditionally used by expert chemists to classify chemical
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reactions, and are thus less chemically meaningful. In general, these groupings included
categories that refer to two main surface features of the chemical reactions: states of
matter of the species involved (e.g. “aqueous reactant” or “solid reaction”) and chemical
identity of the reactants or products (e.g. “produce water” or “copper as a solid
precipitate”).

Table 5.5 Types of classification groups created by three participants*.
SS4
Potassium fluoride (a)
Hydroxide group (b, 6)
Gas (c)
Forming solid in
aqueous solution (c, d, f,
2)
5. Metal solid (f, g)
6. I don’t know/by
themselves (1, 3, 4)
7. Chloride (i, 5)

GCI4
GCI3
1. Acid-base (a, 4) ; 100% 1. Double displacement
(a, b, d, e) ; 100%
2. Acid reacts with H2O to
form aq. ions (b, 6)
2. Single displacement
(c, h, I, g, 6) ; 60%
3. Carbonate + acid
reaction (c)
3. Combination
(f, 1, 2, 4) ; 25%
4. Double displacement
(d, e) ; 100%
4. I don’t know (3, 5)
5. Synthesis (f, 2) ; 0%
6. Copper as a solid
precipitate (g)
7. Redox (h, 3, 5) ; 100%
8. Single displacement (i);
100%
9. Solid precipitate (1);
0%
*
Reactions classified within each group are shown in between parentheses using the
same notation as in Tables 5.1 and 5.2. Numbers in bold indicate the percentages of the
reactions accurately classified within discipline-based groups.

1.
2.
3.
4.
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Figure 5.1 a) Percentage of different types of groups of chemical reactions created by
participants in this study. The fraction labeled “Others” included non-discipline based
groups with miscellaneous labels (“1 to 1 ratio”, “I don’t know”). b) Percentage of
discipline-based and non-discipline-based groups created by students with different levels
of preparation.
a) Type s of groups
Other
23%

Clas s ification
A
32%

Chem ical
Identity
12%
Clas s ification
B
14%

States of
Matter
19%

b) Types of groups by level of preparation
Discipline-based groupings

Non-discipline-based groupings

100%

% of groups

80%
60%
40%
20%
0%
GCI

GCII

OCI

SS

GS
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The analysis of the distribution of discipline-based and non-discipline-based groupings
across the different levels of students’ preparation in Chemistry showed a significant
difference between undergraduate and graduate students taken as a whole, χ2(1, N=207)
= 24.805, p<.05 (see Figure 5.1b). On average, only 36.6% of the categories created by
all of the undergraduate students were discipline-based categories versus 79.1% of those
created by graduate students. The effect of increasing levels of preparation in Chemistry
for the different groups at the undergraduate level (GCI, GCII, OCI and SS) is more
difficult to evaluate due to the presence of confounding factors.
Participating students from General Chemistry I (GCI) created a comparatively
high percentage of discipline-based groupings (47.8%) versus those of other
undergraduate students. Most of these groupings were based on the classification system
B that distinguishes between the different particle rearrangements induced by a chemical
reaction (e. g. double displacement, addition). The discussion of this system of
classification is part of the traditional General Chemistry curriculum during the first
semester, and this knowledge seemed to have influenced the reasoning of a significant
proportion of students in this group. Our previous study in Chapter 4 also revealed a
strong influence from recently acquired knowledge on students’ categorization patterns;
this “fresh” knowledge is readily available for students to use. However, students in more
advanced undergraduate courses did not refer to these types of categories in a substantial
way.
As shown in Figure 5.1b, the number of discipline-based groupings created by
GCII, OCI, and SS students increased slightly with advanced training. Advanced
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undergraduate students were more likely to create chemically meaningful groups based
on chemical properties or processes such as acid-base, redox, or precipitation reactions,
but still in a surprisingly low proportion (more than 60% of senior chemistry students
created non-discipline-based groupings). The statistical analysis of the data using a
Spearman’s rho (rs) correlation test reveals that there is a moderate but statistically
significant correlation between the level of preparation and the types of classification
groups (discipline-based vs. non-discipline-based) created when the GCI students are
excluded (rs = 0.416, p < .05).
Our findings indicate that although few undergraduate students developed
discipline-based groupings, they were usually successful in classifying chemical reactions
into most of these categories. Figure 5.2 depicts in different graphs the percentage of
students within a given group that chose to create one of the six major discipline-based
categories identified by participants in this study (groups from classifications A and B in
Table 5.2). For example, Figure 5.2a shows that only 40% of students in GCII grouped a
set of reactions as “acid-base”. However, this figure also shows that all of the reactions
that these students included under this category were actually acid-base reactions.
Similarly, less than a third of the General Chemistry and Organic Chemistry students
created a “precipitation reaction” category (see Figure 5.2c), but all of the reactions
classified in these groups were correctly assigned to the category.
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Figure 5.2 Percentage of students with different levels of preparation who created
discipline-based groups according to classifications A or B in Table 5.1 (light color) and
percentage of reactions within each group that were correctly classified (darker color).
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On the other hand, Figures 5.2b and 5.2f suggest that students had more
difficulties identifying redox and addition reactions. Redox reaction categories were
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much less frequently created by GCI, GCII, and OCI students than by senior
undergraduate students (SS) and graduate students. GCII students who created redox
categories seemed to have difficulties recognizing this type of reaction since more than a
third of the reactions included in this category were not redox reactions. Addition
reactions were also misinterpreted by many of the students participating in the study.
Only half of the reactions that Organic Chemistry students (OCI) included in their
addition reaction category, and none of the reactions that graduate students included in
their addition category were actually addition reactions (see Figure 5.2f). The analysis of
the transcripts suggests that the misclassifications of redox reactions and addition
reactions were due to misinterpretations of the definitions of fundamental concepts.
Several students in our study described a redox reaction as the transformation of a neutral
compound into a charged compound, as illustrated by this excerpt:
“Redox it’s something getting electrons and something losing electrons … Ok so
this one lost an electron cause it went from a neutral molecule to a positive
(talking about reaction a in Table 5.1).” (SS5)
The overgeneralization of the definition of addition reactions - ‘two or more substances
react to form a single product’- also led more than a quarter of the undergraduate students
(38% GCI, 0% GCII, 50% OCI, and 17% SS) to classify the double displacement
reaction Pb2+ (aq) + 2I- (aq) Æ PbI2(s) as an addition reaction. Many students who
misclassified different types of reactions in our study seemed to have a fixed
interpretation of certain representational features. For example, an increment in the
positive charge of a chemical species was frequently interpreted as due to the loss of
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electrons, but not as the result of proton transfer; or, the combination of two different
species, no matter their nature or the conditions of the reaction, was seen as an addition
process. This type of “functional fixedness” has been identified as a characteristic feature
of common-sense reasoning in novice chemistry students (Talanquer, 2006).

Levels of Expertise
The wide variability in both the types of categories created and the accuracy of
the classifications made by students within the same subgroup of participants suggested a
more complex relationship between level of preparation and level of competence than we
expected. To better analyze this relationship, we separated all of the students in three
different “levels of expertise” based on the types of groups they created and their
accuracy of the classification of those chemical reactions included in discipline-based
groups:
− Novice: Less than 25% of the groups created by these students were disciplinebased;
− Intermediate: Between 25% and 75% of the groups created by these students were
discipline-based;
− Advanced: 75% or more of the groups created by these students were disciplinebased.
To be actually counted as a discipline-based group in this analysis, at least 75% of the
reactions included in a group with a discipline-based label had to be accurately classified.
For example, student GCI3 in Table 5.5 was assigned to the intermediate level because
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only one out of the three groups with a discipline-based label had more than 75% of the
reactions correctly categorized. Interview transcripts of each type of students are
provided in Appendix D.
Figure 5.3 depicts the distribution of students from each level of preparation
among the three levels of expertise just defined. This figure shows that the competence in
the classification task of a significant proportion of the undergraduate students was at the
novice level independently of their level of preparation, while that of the majority of the
graduate students was at the advanced level. However, most of the GCI participants were
functioning at an intermediate level possibly due to the influence of recently acquired
knowledge. Figure 5.3 also indicates that at least 30% of the students from each of the
levels of preparation had not reached an advanced level of expertise, and that the level of
preparation of the undergraduate students was not correlated with level of expertise.
However, these results should be taken cautiously due to the small size of the student
samples for each of the different levels of preparation.
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Figure 5.3 Distribution of students with different levels of preparation at each level of
expertise.
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The identification of different levels of expertise independent of level of
preparation is a useful way of analyzing relevant features of the trajectories of expertise
in the classification of chemical reactions. For example, Figure 5.4 shows the proportion
of the different types of grouping created by participants with different levels of
expertise. The analysis of the figure reveals a transition from categorization based on
non-discipline-based groupings at the novice level, to a larger proportion of mixed
discipline-based groups from classifications types A and B (see Table 5.1) at the
intermediate level, to a dominant use of a classification type A (acid-base, redox,
precipitation) at the advanced level. Given our interest in the characterization of the paths
towards competence in chemical classification, we used this type of framework to further
analyze our data.
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Figure 5.4 Percentage of types of classification groups created at different levels of
expertise.
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Number and Size of Classification Groups
The analysis of the categories that students formed during the classification tasks
suggests that the level of expertise also affected the number and size of the categories
created. Novice students created on average 5.39 (SD = 1.94) groups compared to 5.07
(SD = 1.51) groups created by the intermediate students and 3.42 (SD = 0.51) groups
formed by the advanced students, F(2,41) = 6.168, p < .05; Bonferroni pair wise post-hoc
tests show that only the difference between participants at the advanced level and those at
the intermediate and novice levels is significant. As the reported standard deviations (SD)
reveal, not only the total number but also the range in the number of categories created by
different individuals decreased with level of expertise: novice students created between
two and 11 categories; for intermediate students the range went from three to nine, while
for advanced students it was between three and four. As can be expected from these
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results, the mean number of chemical reactions within a given category (category size)
significantly increased from 2.69 (SD = 1.78) for the novices to 3.03 (SD = 1.46) for the
intermediates to 4.55 (SD = 1.22) for the advanced students, F (2, 188) = 15.750, p < .05.
These results are in agreement with those reported by Kozma and Russell (1997) in their
work about the effect of expertise on the classification of different representations of
chemical phenomena. They also support the idea that experts have the ability to perceive
larger and more meaningful patterns than novices (Glaser, 1989).

Classification Features
The analysis of the transcripts revealed that participants considered two types of
features while classifying chemical reactions at both the symbolic and microscopic
levels: a) explicit features, which are fully visible elements of a given chemical
representation, e. g. the charge of a particle represented by the symbols + /- or the state of
matter of a substance indicated by symbols such as (s) or (g), and b) implicit features,
which are underlying characteristics of the chemical substances or processes not directly
expressed or revealed in a representation, e. g. the oxidation number of an element, or the
transfer of a proton between different species. In the following subsections, we discuss
the specific findings associated with each of these features.

Explicit Features
Our data reveal that all of the participants consistently identified the following three
explicit features (see also Table 5.4):
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− Particle charge: students using this feature paid attention to the presence of a
charge on a given species and to changes in this quantity during the chemical
process;
− States of matter: students considering this feature highlighted the state of matter
of the substances involved in a chemical reaction;
− Presence of specific substances: students interested in this feature focused on the
chemical identity of specific substances (e. g. water is present in the reaction).
Other secondary explicit features included “stoichiometry of the reaction,”
“characteristics of the products,” and “characteristics of the reactants”; these additional
features were mostly considered by the novice students.
The level of expertise in Chemistry affected the number of explicit features
identified during the classification tasks. Although the variety of considered features
(total number of explicit plus implicit) increased slightly with the level of expertise, the
proportion of explicit features considered by the participants decreased from novice to
advanced levels, F(2,37) = 6.000, p<.05. This is illustrated in Figures 5.5a where we
show the average number of different features used by students at each level of expertise
and the corresponding proportion of explicit and implicit features. We also analyzed the
number of times each participant referred to explicit features during the classification
tasks and summarize our results in Figure 5.5b. In general, the frequency of use of
explicit features also decreased with the level of expertise, F(2,37) = 3.273, p<.05.
Students’ identification of explicit features also seemed to be influenced by the
type of representations used in the classification task. In general, all of the participants
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used a larger variety of features during the classification of chemical reactions
represented at the microscopic level (M = 6.45, SD = 1.26) than at the symbolic level (M
= 5.40, SD = 1.86), t(39) = 3.852, p < .05. This trend can be seen in Figures 5.6a and 5.6b
where we depict the average number of features for each type of representation as a
function of the level of expertise. The proportion in which explicit features were
considered by novice and intermediate students was similar for both types of
representations. However, advanced students identified a larger proportion of explicit
features at the microscopic level than at the symbolic level, t(10) = -2.549, p<.05. The
majority of the interviewed students were less familiar with the particulate images of
chemical reactions than with their symbolic counterparts and struggled to recognize
chemical properties and processes (implicit features) represented at the microscopic level.
The frequency with which explicit features were used during the classification
task also varied significantly between the symbolic and microscopic representations. On
average, participants referred to explicit features 12.4 (SD = 3.4) times per interview
when classifying reactions represented at the microscopic level, with no significant
difference among different groups of students. However, for reactions in symbolic form
advanced students used explicit features much less frequently, 4.3 (SD = 1.5) times per
interview, than intermediate, 6.8 (SD = 3.5), and novice, 7.2 (SD = 2.3), students, F(2,37)
= 4.796, p<.05.
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Figure 5.5 a) Average number of explicit and implicit features considered per student at
different levels of expertise. The proportion of explicit features significantly decreases
with increasing expertise, F(2,37) = 6.000, p<.05, while the proportion of implicit
features decreases, F(2,37) = 5.076, p<.05. b) Frequency of use of explicit and implicit
features at different levels of expertise. The frequency of use of explicit features
decreases with increasing expertise, F(2,37) = 3.273, p<.05, while that of implicit
features increases, F(2,37) = 5.303, p<.05.
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Figure 5.6 Average numbers of explicit and implicit features considered per student at
different levels of expertise. a) Reactions represented in symbolic form. The proportion
of explicit features significantly decreases with increasing expertise, F(2,37) = 9.150,
p<.05, while the proportion of implicit features increases, F(2,37) = 9.150, p<.05.
b) Reactions represented in particulate form. The proportion of explicit features
significantly decreases with increasing expertise, F(2,37) = 3.431, p<.05, while that of

Average number of features/student

implicit features increases, F(2,37) = 3.494, p<.05.
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The analysis of the transcripts revealed that participants used explicit features for
different purposes while working on the classification tasks. In particular, the data
suggests that students in our sample used explicit features for two main purposes:
categorization and sense-making. When applying an explicit feature for categorization
purposes, students would typically use this feature to either differentiate between reactions
or as a classification criterion. Students who considered explicit features for sense-making
purposes would use these features to identify species involved in the reaction or to
describe their properties and the changes induced by the chemical processes.
Figure 5.7a illustrates the percentage of times that explicit features were
considered for categorization purposes by students with different levels of expertise. In
general, students at all levels used these types of features primarily for categorization
purposes when the chemical reactions were represented in symbolic form. However, as
this figure shows, participants used explicit features almost as frequently for
differentiating among reactions as for making sense of these chemical processes when
they were represented in particulate form. Although we did not find a quantitative
difference in the application of explicit features among different levels of expertise, the
analysis of the transcripts revealed major qualitative differences between novice and
advanced students. Novice students tended to use explicit features as major classification
criteria, building groups around perceived similarities in the states of matter of reactants
and products or the presence of specific substances in a chemical reaction. More
advanced students used these features as clues to identify discipline-based types of
reactions, such as precipitation or acid-base reactions. Additionally, although all of the
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students expressed similar levels of unfamiliarity with the microscopic images of
chemical reactions, advanced students were more adept at using the available
representational features to build chemical meaning.

Figure 5.7 Percentage of different types of features used for classification purposes for
reactions represented at the symbolic and microscopic levels. a) Explicit features; b)
Implicit features.
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Implicit Features
Participating students also paid attention to a variety of implicit features during
the classification tasks, as Table 5.4 illustrates. Most of the students involved in our study
looked at three main implicit features:
− Chemical properties: students focused on the chemical properties of the
substances involved in the reaction (e.g. acid or bases);
− Displacement: students identified the transfer or exchange of atoms or ions
between different species;
− Electron transfer: students identified the transfer of electrons or charge from one
substance to another.
Additionally, participants considered other implicit features such as oxidation number or
proton transfer; these types of features were mostly identified by the advanced students.
Expertise in Chemistry certainly affected both the variety of implicit features
considered during the classification task and the frequency of their use as shown in
Figures 5.5a and 5.5b. Following an opposite trend to that described for explicit features,
the number of implicit features and its frequency significantly increased with the level of
expertise. On average, advanced students referred to implicit features over fifteen times
during a single interview compared to less than ten instances in the case of the novice
students (see Figure 5.5b). Compared to other levels of expertise, advanced students used
a larger proportion of implicit features than explicit features, t(10) = 6.640, p<.05 (Figure
5.5a), but used both with similar frequency (Figure 5.5b). For these participants, chemical
reactions represented at the symbolic level seemed to facilitate the identification of
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implicit features; this effect can be seen by comparing the proportion of implicit features
considered by these students when working with symbolic and microscopic
representations as shown in Figures 5.6a and 5.6b, t(10) = 2.390, p<.05. This effect is not
significant for the other types of students.
The analysis of the interview transcripts revealed that novice students used
implicit features more frequently to describe or make sense of a chemical process than to
differentiate reactions or build categories (see Figure 5.7b). The application of these types
of features for categorization purposes increased with the level of expertise. No
significant differences were observed in the way each group of students applied implicit
features to the analysis of symbolic and microscopic representations of chemical
reactions.

Classification strategies
Classification strategies used by the participants were influenced by the level of
expertise and the different types of chemical representations used in this study. The effect
of each of these factors is analyzed in the following two subsections.

The Role of Expertise
Comparatively, novice and intermediate students had more difficulties
recognizing underlying concepts and used less systematic strategies to deal with the tasks
than more advanced students. Novices paid attention to a variety of elements in the
representation of a chemical process, but were largely focused on surface or explicit
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features. One common classification strategy among over a third of the novice students
(seven out of 18 students) and a few intermediate students (two out of 14) was to rely on
a specific set of explicit features to recognize members of one or two discipline-based
classes of chemical reactions (e.g. acid-base or addition). However, if these features were
not present or they failed to recognize them, students would tend to switch their attention
to a different explicit criterion and create a non-discipline-based grouping:
“I was trying to recognize certain characteristics of each molecule and see what I
could recall about their reaction with the other one” … “this one I haven’t really
seen before and I don’t know what to do with it … so I will leave it on the side by
itself … but I don’t know what I’m gonna call it.” (GCII1-Novice)
“Gas reacting with a solid it’s not something that I have really been accustomed to
too much so I’ll put it off to the side … I will label it ‘other’” (SS1-Intermediate)
Over a quarter of the novice students (five out of 18) relied exclusively on explicit
features to classify the chemical reactions and created classification schemes composed
of only non-discipline-based categories. Other novice students (four out of 18) correctly
identified relevant features characteristic of discipline-based groupings, but they were
unable to associate the features with a chemically meaningful class:
“It seems like at the beginning that’s probably OH- … and it’s taking in the H+
ions to make more water and leaving the other atoms … I’m trying to think what
it would fit in ... maybe … I don’t know! … I guess I think I would put it in here
(group liquid to aqueous) just because I’ll say it goes from a liquid to some kind
of aqueous solution.” (OCI4-Novice talking about reaction 4 in Table 5.2)
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The analysis of the interviews also revealed that novice students relied on explicit
features in order to reduce the cognitive demand of the task. Four out of 18 novice
students explicitly stated in their interviews that they considered explicit features because
of their simplicity, as the following excerpts illustrate:
“I think knowing that I’m supposed to be categorizing them it’s easy for me to go
to the most simple and the most obvious difference which is usually the phases.”
(OCI1-Novice)
“I think the first thing I see is the phases because that’s the easiest; you look at it,
you can tell what it is, you don’t have to think about it … hum … I guess just
looking back on it I could have looked at the charges maybe because there are
charges among the reactants… but I think the easiest it’s definitely the phase
changes to look at.” (OCI4-Novice)
Moreover, three out of 18 novice students recognized that they should consider implicit
features but they decided not to do it because of the high cognitive demand that
identifying this type of features requires:
“If I had a lot of time to think about it and thought about it really hard, I might
regroup them based on oxidation state you know whether that’s an oxidation or
reduction reaction … but that would take a while to think through so without
doing that I would leave them as they are.” (SS5-Novice)
In general, novice students tended to use a larger proportion of explicit features than
implicit features to build categories, while advanced students exhibited a reverse trend
(see Figures 5.5a and 5.5b).
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The analysis of the transcripts suggests that students’ level of analysis was also
influenced by recently acquired knowledge or recent experiences in the courses they were
enrolled. This effect was more pronounced at the lower levels of expertise (nine out of 18
novices; six out of 14 intermediates, and three out of 12 advanced students):
“Let’s call this a synthesis reaction just because when we did this kind of reaction
in my lab that was a synthesis of zinc iodide.” (GCI1-Novice)
“This one I think I will put it here too because it kind of reminds me of this type
of reaction where the addition of one soluble salt, because of its reactivity or its K
value, is more inclined to precipitating with another and so it sort of replaces state
with the other.” (GCII1-Novice, solubility is a subject covered in this class)
“Well, for the first one, I could do it because I was playing with copper oxide this
morning ... and the picture was easier to think of for me … because I worked in
material sciences in industry so we dealt with a lot of metals.” (GS1-Advanced)

In comparison, advanced students in our sample tended to use specific rules that
they methodically applied throughout the classification tasks. They considered a well
defined set of features to identify different types of chemical reactions and used them in a
systematic way as the following excerpts illustrate:
“… as long as there is two aqueous making a solid it fits in that category
(precipitate) and if they are exchanging electrons then it fits into that category
(redox).” (GS4-Advanced)
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“I’m basing my decision on … if there is a difference in charge for the element like
here take the iron one for example we start with iron solid but we go to ferric ions
and we go from cuprous to copper solid … so these ones there is an oxidativereductive reaction happening ... over here for the acid base reaction ... everything is
aqueous or liquid and all of our charges on each element stay the same … and then
for the precipitation reactions although there is no charge difference there is a
precipitate at the end of the reaction.” (GS1-Advanced)

Symbolic vs. Microscopic
The classification of symbolic and microscopic representations of chemical
reactions triggered different classification strategies among all types of students. Our
analysis revealed that all of the participants more frequently used explicit features for
sense-making purposes when classifying reactions at the microscopic level than when
classifying reactions at the symbolic level (see Figure 5.7a). However, some novice and
intermediate students (3 out of 18 novices and 3 out of 14 intermediates) were more
inclined to rely on recall and memorization to classify chemical reactions represented at
the symbolic level. They were more likely to carefully compare the representations of
reactants and products and to identify the changes that had occurred when classifying
chemical reactions at the microscopic level. The following excerpts from the interview
with one novice student (SS12) are representative of the answers that novice chemists
gave to the question “What do you pay attention to in making your decision?” which was
asked during the symbolic and microscopic classification tasks.
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“I think the first thing I always look for is something that I recognize … like
chemicals that I recognize … and I know this is a strong acid, this is a strong base
or this is a strong reducing agent … at this point in Chemistry, I’m a senior and
I’ve seen a bunch of chemicals on the board and … professors like to say
“everybody know that this is a strong reducing agent”; so you hear that kind of
stuff a lot, so you want to pick that out … and the only time that this happens with
these is here (for acid base) … and everything else I just kind of look at it and say
well where would I see these being used.” (SS12-Novice referring to the symbolic
representations)
“Hum … kind of different actually from … the symbolic ones I look for
something that I recognize and all these visual ones they are more intuitive so I’m
looking for what’s changing … like what’s the big change going on …” (SS12Novice referring to the microscopic representations)
The different strategies that students used in the symbolic and microscopic classification
tasks may be due to students’ inability to transfer their knowledge from the symbolic
level to the microscopic level. For example, some novice and intermediate students (three
out 18 novices and six out of 14 intermediates) were able to identify reactions like NaCl
(aq) + AgNO3 (aq) Æ AgCl (s) + NaNO3 (aq) as either precipitation or double
displacement reactions at the symbolic level but were unable to do so when the same
reaction was represented at the microscopic level (reaction 2 in Table 5.2). Some students
seemed to think that there were no interactions between substances in the reactions
represented in particulate form:
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“It kind of seems like you shake something up and then it settles down at the
bottom as a solid.” (OCI4-Novice talking about reaction 2 in Table 5.2)
Others didn’t understand the chemical composition of the reactions:
“It just looks like for me the blue and the purple ions are forming anything so … I
think I’m gonna put it in the synthesis reaction just because all the other ions and
molecules are just the spectators ions … they are not really doing anything in the
reaction” (GCI4-Intermediate talking about reaction 2 in Table 5.2).
As mentioned before, the lack of familiarity with particulate representations of chemical
reactions made it more difficult for participants at all levels of expertise in our study to
identify implicit features that could guide their thinking and help them make sense of the
nature of the chemical process.

Conclusions and Implications for Science Teaching and Learning
Chemistry problems often require students to correctly apply classification
schemes based on the identification of chemically meaningful features that differentiate
one group from another. However, results from this study indicate that the appropriate
identification of these features demands relatively high levels of expertise. Interestingly,
the present study also suggests that advanced levels of expertise in chemical classification
do not necessarily evolve in a linear and continuous way with academic training (a
significant proportion of undergraduate participants in this study, regardless of their level
of preparation in Chemistry, exhibited similar reasoning patterns in the classification of
chemical reactions). Recent learning experiences and graduate work in Chemistry seem
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to have a strong impact on the students’ ability to identify chemically meaningful groups.
Given the small size of our samples for each of the different subgroups of participants,
further studies are needed to better understand the relationship between level of
preparation and level of expertise in classification tasks.
In general, we found that expertise in Chemistry influenced the number and type
of groups that students created during the classification tasks. Novice students in our
study, mostly undergraduate students, built classification schemes that contained a wider
variety of smaller groups than the classification schemes of advanced students, most of
them from the graduate level. The analysis of the data also revealed that novice students
created significantly fewer discipline-based groupings than their advanced counterparts.
Similar results have been previously reported in a variety of studies focused on expertnovice differences (Chi et al., 1981; Ericsson, 2003; Kozma & Russell, 1997). Deviations
from this pattern seem to be due to the influence of recently acquired knowledge
specifically relevant to the classification task at hand. However, our analysis of the
classification decisions of students enrolled in more advanced undergraduate courses
raises serious doubts about the lasting effects of those learning experiences. As shown in
Figures 5.1 and 5.3, a large proportion of GCI participating students exhibited an
intermediate level of competence during the interviews, while most undergraduate
students in more advanced courses performed at the novice level. This may indicate that
the required knowledge and skills to complete chemical classification tasks are not being
learned in meaningful and enduring ways.
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All of the participating students referred to explicit and implicit features of the
symbolic and microscopic representations of chemical reactions during the associated
classification tasks. Advanced students were able to identify and use a significantly larger
number of implicit features for sense-making purposes than novice students did. The
latter students were more inclined to base their classification schemes on surface or
explicit features of the different representations, either because they failed to recognize
relevant implicit features or because they were trying to reduce the cognitive demand of
the task. The identification of surface versus deep approaches to the interpretation of
representational features by novice and expert chemists has been previously reported by
other authors (Kozma & Russell, 1997; Shane & Bodner, 2006).
The nature of the representations also influenced students’ reasoning during the
classification process. The more familiar representations of chemical reactions in
symbolic form seemed to trigger the recognition of a larger number of chemically
meaningful features, while most students struggled in assigning chemical meaning to the
microscopic representations of chemical reactions. However, these types of
representations forced novice and intermediate students to think more deeply about the
nature of the chemical processes by reducing their ability to rely on rote recall. The
complexity and the lack of familiarity with the microscopic representations made most
participants analyze more carefully the nature of the chemical processes that were
represented.
The comparison of students’ performance in the classification of chemical
reactions represented at the symbolic and microscopic levels revealed a limitation of our
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study. In our experimental design, we chose to begin the interview with the set of
reactions represented in symbolic form to reduce the effect of lack of familiarity with a
given representation on the understanding of the actual classification task. Although this
decision was justified by our results which showed that most students had problems
interpreting the microscopic representations, it introduced an unexpected effect to the
classification strategies of a few students, particularly at the novice level. These students
consistently tried to classify the reactions represented in particulate form by comparing
them with those represented in symbolic form, looking for a match. This behavior
highlighted the need to complete additional studies to explore the effect on our results of
reversing the order of completion of the classification task.
The apparent lack of a major differentiation in the classification skills of
undergraduate chemistry students and the significant difference between this group of
participants and the graduate students raise questions about the factors that determine the
difference. Given the diverse nature of the course work that the participating graduate
students had completed, we suspect that their academic experiences in the classroom
were not the major influence. One may speculate that graduate students’ involvement in
long term research projects may have created opportunities for them to reflect on the
nature and importance of central chemistry concepts, and to better recognize the
explanatory and predictive power of the classification systems used by chemists. It is also
possible that graduate students represent a group of self-selected students with greater
interest and knowledge in Chemistry. Additionally, their advanced expertise may be the
result of their participation in experiences that required them to communicate their
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knowledge to others. Whether as teaching assistants or tutors, graduate students learn to
look at problems and build explanations using canonical ways of thinking in Chemistry.
Their constant participation in specialized seminars and research group meetings serves
to enculturate them in the explanatory practices of the discipline, developing their ability
to recognize features and patterns valued in the domain.
Although classification certainly plays a major role in chemical knowledge and
ways of thinking, it is also of central importance in other scientific disciplines.
Meaningful understanding of the differences between types of objects, interactions and
processes in physical, biological, geological, and planetary systems is a necessary
condition for students to build adequate explanations and make predictions. However, our
results and analysis indicate that developing this understanding may be a challenging task
for most undergraduate students. Traditional teaching practices at the college level
assume that students will be able to recognize the explanatory and predictive power of the
ways of thinking in the discipline by mere exposure to the accumulated knowledge,
without need to explicitly reflect on the underlying assumptions and ways of knowing in
the field. Similarly, we expect students to learn to navigate between the different types or
levels of representation used in the various disciplines without targeted training.
Unfortunately, these assumptions and expectations are unfounded and run counter to
educational research on how people learn (Bransford, 2000).
Our results and analysis highlight the need to create more learning opportunities
for college students to reflect on the implicit structure of scientific knowledge and to
contrast it with their own knowledge representations. We have an urgent need to reform
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education at the college level and foster teaching practices that not only encourage
reflective and metacognitive thinking, but that also connect central ideas from one course
to another (vertical integration). The sharp differences in classification skills between
participants in our study suggest that novice students may benefit from opportunities to
engage in teaching and research experiences that can help them develop abilities to
analyze problems, create models, build explanations, and communicate ideas using the
intellectual and practical tools of the trade.
The characteristic knowledge structures or representations that arise as expertise
develops in a given field are always partially determined by domain-specific properties
(Moss et al., 2006). However, the study of the stages or trajectories of expertise in a given
area and the analysis of the approaches used by different types of learner when engaged
in the solution of relevant problems can provide useful information about limitations of
the cognitive system that may affect their performance in other disciplines.
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CHAPTER VI: CONCLUSIONS, IMPLICATIONS AND FUTURE
WORK

The analysis of the classification processes that students follow when classifying
chemical substances and reactions suggests that many students have difficulties applying
fundamental chemistry classification schemes. Surprisingly, it also indicates that the
mastering of these schemes does not necessarily increase linearly with academic training
in Chemistry.

Acquisition of Expertise
In general, we found that expertise in classification in Chemistry is not
necessarily associated with increasing level of preparation in Chemistry. Both studies
demonstrate that knowledge recently acquired improves students’ abilities to recognize
relevant features and classify entities. For example, GCI students were significantly more
successful in classifying E2 substance as an element than the other undergraduate
students. Similarly, recent experimental work seemed to influence the thinking of
graduate students during the classification task of chemical reactions. However, this latter
study also shows that most of the undergraduate students, regardless of their level of
preparation in Chemistry, performed at a novice level in terms of the types of groups
created, the types of features considered and the patterns of reasoning followed. This
worrisome result implies that there are little transfer and connections made from one
course to the next.
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Characteristics of Novices and Experts
The primary goals of the project were to characterize the basic features that
students pay attention to, to understand how students use these features to make their
classification decisions and how students’ expertise in Chemistry affects the classification
process. Table 6.1 summarizes our findings. It presents the differences between experts
and novices in the outcome of the classification tasks, the features they pay attention to
and the patterns of reasoning that they follow. From these results, we built some
assumptions about the differences in the organization of experts’ and novices’ knowledge
of Chemistry.
In general, our results reinforce findings from studies on expert-novice
classification of natural entities or problems, which indicate that similar reasoning
processes occur when classifying theoretical construct and natural entities. For example,
we found that during classification tasks novices created significantly fewer disciplinebased groups than experts (Chi et al., 1981; Ericsson, 2003; Kozma & Russell, 1997),
that novices considered a large variety of explicit features and that experts could more
easily identified meaningful implicit features (Kozma & Russell, 1997; Shane & Bodner,
2006).
However, new findings also emerged from this project. Both studies suggest that
novice students rely on common-sense reasoning to solve classification tasks. For
example, General Chemistry students from the study on classification of chemical
substances had difficulties differentiating between certain concepts (e.g. compound and
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Table 6.1 Characteristics of experts and novices when solving classification tasks in
Chemistry.

−
Classification
−
task
outcomes
−
−
−
−
Features
−
−
−
−
Patterns of
reasoning

−
−
−

Organization
of knowledge
in scientific
non-core
domains

−
−

Novice -------------------------------------→ Expert
− Creation of few but large groups;
Creation of numerous small
groups;
− Label assignments mostly
Label assignments mostly nondiscipline-based;
discipline-based;
− Frequent correct classifications
Frequent misclassifications of
of entities in discipline-based
entities in discipline-based groups.
groups.
− Larger variety of implicit
Similar number of explicit and
features than explicit features
implicit features considered;
considered;
Greater frequency of use of
− Equal frequency of use of
explicit features than implicit
implicit and explicit features;
features;
− Larger variety of implicit
Similar number of implicit and
features considered with entities
explicit features considered
represented at a familiar level of
regardless of levels of
representation than with entities
representation.
represented at an unfamiliar
Explicit features used as
level of representation;
classification criteria.
− Increased relevance of certain
Overlooking of important and
features with increased practice
relevant features and consideration
in the discipline.
of irrelevant features.
− Specific set of rules followed
No specific rules followed and
throughout the classification
dependence on memorization;
task;
Use of common-sense reasoning to
− Similar reasoning processes with
classify;
familiar and unfamiliar level of
Reduction of the cognitive demand
representations.
of the task;
Pressured to use deeper thinking
processes with unfamiliar levels of
representation.
Weak connections between
− Strong connections between
concepts and their associated
concepts and their associated
features;
features;
Either undifferentiated or
− Recognition of overlap of
unconnected concepts;
features among different
concepts;
Concepts represented by only one
major feature.
− Connection between concepts;
− Modification of associations of
some features to concepts due to
the framework used when
practicing the science.
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mixture). In both studies, we found that novice students had a tendency to apply
definitions and interpretations in an automatic fashion without considering the nature of
the task or other meanings (e.g. students overgeneralized the definition of compounds –‘a
compound always contains the same ratio of its component atoms’). Our results also
suggest that novice students solve classification activities by reducing the cognitive
demand of the task. However, unfamiliar levels of representation such as microscopic
representations of chemical reactions seem to force novice students to engage in more
meaningful, in-depth thinking processes. Interestingly, we also found that experts’
knowledge is affected by their practice in the field. Indeed, the nature of the practice
seems to shift the focus from one feature to another. This shift seems to result in a
mismatch between traditional and practical descriptions of concepts. For example,
experts in the first study mistakenly classified molecular elements such as O2 in the
compound category. The analysis of the interviews suggested that experts gave more
importance to the structure (i.e. bonding) of substances than their composition (i.e. types
of atoms) unlike typical textbook definitions.
Overall findings about features that students consider and patterns of reasoning
that they follow allowed us to reinforce assumptions about the differences between
experts and novices in the organization of knowledge of non-core domains such as
Chemistry. They also allowed us to develop new ones (see Table 6.1). This work shows
that novice students are unable to differentiate between certain concepts (e.g. mixturecompound) and/or to recognize common features between concepts (e.g. elements and
compounds can have bonds). Novice knowledge thus seems to contain concepts that are
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disconnected or undifferentiated. Some concepts seem to be weakly characterized. For
example, the second study showed that some novice students can identify relevant
features without being able to recognize the concept that they correspond to. Others seem
to be described by only one major feature that can be easily retrieved. Experts’
knowledge on the other hand seems to be well structured and concepts seem to be well
defined. The recognition of common features among different concepts makes apparent
the connections between them.

Implications
Findings from this project have strong implications for teaching and science
education research.

Instructional strategies
The work presented here can be used to develop instructional strategies that
would help novice chemists build an expert-like knowledge framework. Similar attempts
have been done in the past. For example, Mestre and his colleagues (Mestre, Dufresne,
Gerace, Hardiman, & Touger, 1993) used results from expert-novice problem solving
studies to develop a software designed to teach novice students to use expert-like
strategies to solve problems. Our project suggests that students within the same class
have different levels of expertise and that novices have difficulties identifying relevant
features. We suggest that there is a need to help novice students be more metacogntive
about the implicit structure of the scientific knowledge. Here is an example of teaching
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strategies that could address these issues. A science teacher could start a lesson by
identifying the different levels of expertise among his/her students using a free
classification task on the topic taught (e.g. classify molecules based on polarity or
classification of spatial objects). The teacher could then group together students with
different levels of expertise and engage them in concept map activities that would force
them to reflect on their content knowledge and its structure: what concepts do they know
about the topic? What characterizes these concepts and how are they related to each
other? These activities will also inform the teacher about the different levels of
understanding of his/her students. Students could then engage in group discussions on the
different types of features that can be considered for the classification task and the
reasons why some are more relevant than others. Expert students could help novice
students reorganize their knowledge around relevant features, concepts and connections.
A class discussion on how the concept maps created provides a good support to solve the
classification task could highlight the usefulness of an organized knowledge. This
strategy is just a suggestion and has not been tested. More research needs to be conducted
in this area and different types of instructional materials need to be developed and tested.

Implications for teachers
Our study shows that students often follow common-sense patterns of reasoning
which seem to lead them to misconceptions. They also seem to have difficulties
transferring their knowledge from one class to the next. Science teachers should take
these results into consideration when teaching. They need to emphasize the relationships
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between concepts taught in their course and concepts that students have seen in previous
courses. They also need to familiarize themselves with the literature on common-sense
reasoning. They can find information on the different types of common-sense reasoning
that chemistry students engaged in, in this project and in a study conducted by Talanquer
(2006), for example. Similar patterns of common-sense reasoning have also been
identified in fields other than Chemistry, suggesting that novice scientists follow similar
reasoning regardless of the discipline areas (Driver et al., 1985; Viennot, 2001). Few
instructional materials addressing this issue in Chemistry have been developed and tested.
However, it seems that a concept map activity would be suitable to help students
understand differences between concepts. One could also develop an activity that asks
students to identify all the relevant variables that they should take into considerations
when solving specific problems. This strategy could help students recognize that reducing
their analysis to one variable does not provide a satisfactory solution.
Finally, results from the second study suggest that students have trouble
transferring their understanding from one level of representation to another. Teachers
should present concepts using different types of representations and help students identify
the features relevant to each type.

Effective tools to study expertise and reasoning
Classification tasks have traditionally being used to characterize the features that
people associate with concepts and to analyze classification techniques (e.g. novices
classify more slowly than experts and do not use specific rules). The experimental
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approach followed in this project provides a new avenue to study the classification
process that people follow and to identify different levels of expertise among groups of
students. Two different types of classification tasks were used in this study: the
constrained classification task in which students had to classify entities in labeled groups
and the free classification task in which students classified entities in groups that they
create. While both classification tasks provided the traditional information (e.g. types of
features considered, types of groups created), they also allowed us to identify students
with different levels of expertise (free classification task) and to characterize patterns of
reasoning that students follow when classifying (constrained classification task).
Therefore, the methodology followed in this project could be used by science education
researchers to study students’ thinking processes and expertise.

Future Work
Chemists are interested in characterizing matter and understanding how it reacts
and interacts. This project furthers our understanding of how students classify and think
about chemical substances and reactions. The next logical step is to explore student
thinking about interactions among substances. We have thus developed and collected data
for a new study that specifically looks at the classification processes that students engage
in when classifying substances based on the similarities of their interactions. The protocol
followed was similar to the protocol used in the second study (see Appendix E). We
asked students to freely classify substances represented at the symbolic and microscopic
levels based on their intermolecular forces (e.g. London forces, hydrogen bonding). Some
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substances were presented at both levels. The substances were chosen based on a review
of the literature on students’ difficulties in this area. Since students could correctly
classify entities in discipline-based groups without conceptual understanding, students
were also asked to draw the interactions between molecules of one substance at the
microscopic level. We interviewed students from 7 different courses: ten General
Chemistry students (first and second semester), 8 Organic Chemistry students (both
semesters), 4 senior students, 4 first year graduate students and 5 advanced graduate
students. The goal of the study is to characterize the features that students consider and
the patterns of reasoning that they follow during this classification task.
Preliminary findings confirm the results from this project. For example, there
were different levels of expertise among students within the same class. Expertise also
did not seem to be linearly associated with increased level of preparation. Novices had a
tendency to create more groups and the majority of these groups were non-disciplinebased (e.g. “large compounds”, “linear molecules”, “C, H, O compounds”).
The acquisition of expertise in Science is still relatively misunderstood. While this
project offers some clues, more research needs to be done not only in Chemistry but also
in other scientific disciplines. This project developed our interest in understanding the
intellectual processes that are required for novice students to develop into expert
chemists. The results of this dissertation show that Chemistry courses do not necessarily
provide expertise skills to most students. The large differences between graduate students
and senior students in their ability to classify chemical reactions suggests that academic
experiences different from traditional coursework play a central role in building expertise
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in chemistry (e.g. collaborating in scientific research, teaching assistantships). We have
thus a strong interest in both designing and implementing innovative academic
experiences for high-school, freshmen and sophomore college students (such as
preceptoring, mentoring younger students, participating in research projects, etc.), as well
as in investigating the actual effect of these experiences on students’ understanding of the
science content and the scientific enterprise. We have thus included in the last study
described in the previous paragraphs questions about students’ experience in Chemistry
(e.g. course works, tutoring, preceptoring, research in laboratories or industries). We also
plan to study students from the Research Experiences for Undergraduate program, which
will run this summer. These undergraduate students (freshman, sophomore and junior)
will conduct research for 10 weeks in the research laboratories of the Chemistry and
Optics departments. From our experience with this program, most of these students start
the summer with little experience and knowledge about the topic of their research but are
able to achieve high levels of understanding of the topic and the research investigations
by the end of the summer. This thus seems to be a perfect setting to study the effect of
research experiences on the development of expertise.
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APPENDIX A
Classification of chemical substances: the questionnaire and interview
protocols

The Questionnaire:
Students were given the answer sheet presented in Figure A1 to record their answers
during the projection of the 20 microscopic representations of substances on a screen in
the classroom.

Figure A1. Answer sheet

Element, compound or mixture
CHEM:
Classify each microscopic representation of a specific material as an element (E), a
compound (C) or a mixture (M) by crossing out the corresponding letter.
1 E C M

6

E C M

11 E C M

16 E C M

2 E C M

7

E C M

12 E C M

17 E C M

3 E C M

8

E C M

13 E C M

18

4 E C M

9

E C M

14 E C M

19 E C M

5 E C M

10

E C M

15

E C M

20

E C M

E C M
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The Interview Protocols:
Three different interview protocols were used to collect our data. The differences
between each protocol are the type of activities proposed and the sequence of these
activities.


Protocol A
Form A
Composition of Matter

1. Using the following symbolism, draw a microscopic representation of an element,
a compound and a mixture.

Element

Compound

Mixture

2. Can you define each of the following concepts: Element, Compound and
Mixture?
3. Classify the following microscopic representations of materials as an element, a
compound or a mixture and explain your reasoning.

1B

1F

1D

1A

1E

1G

1H

1I

1C
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4. Classify the following microscopic representations in the element or compound or
mixture group using or changing your previous groups.

2E



2C

2F

2B

Protocol B
Form B

Composition of Matter

1. Classify the following microscopic representations of materials in groups based
on the similarities and differences that you see. Explain your reasoning.

1B

1F

1D

1A

1E

1G

1H

1I

1C

2. Classify the following microscopic representations of materials with the previous
set based on the similarities and differences that you see. Explain your reasoning.

2E

2C

2F

2B

3. Can you define each of the following concepts: Element, Compound and
Mixture?
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5. Using the following symbolism, draw a microscopic representation of an element,
a compound and a mixture.

Element


Compound

Mixture

Protocol C
Form C

Composition of Matter

1. Using the following symbolism, draw a microscopic representation of an element,
a compound and a mixture.

Element

Compound

Mixture

2. Write the first word that comes into your mind when I tell you: Element,
Compound and Mixture.
Element

______________________

Compound

______________________

Mixture

______________________

Now write the first word that comes into your mind when I tell you: Element,
Compound and Mixture but think at the microscopic level.
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Element

______________________

Compound

______________________

Mixture

______________________

3. Can you show me how these concepts are related and what is the nature of their
relationships (Draw a concept map)?

4. Classify the following microscopic representations of materials as an element, a
compound or a mixture and explain your reasoning.

1B

1F

1D

1A

1E

1G

1H

1I

1C

5. Classify the following microscopic representations in the element or compound or
mixture group using or changing your previous groups.

2E

2C

2F

2B
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APPENDIX B
Example of an interview transcript of a participant in the study
“classification of chemical substances”
Subject 8A, Female
•

Drawing

I: Please draw an element, a compound and a mixture in these boxes using those symbols
(see Figure B1).
Figure B1. Student’s drawings of an element, a compound and a mixture

I: Can you describe what you did?
Elements are just made of 1 type of atom, and then the compound you have two different
types of atoms bonded to each other and then the mixture is one or two or several
different types of atoms kind of mixed together but they are not bonded.
I: And these atoms are they bonded here in the element?
I guess it could be bonded but then that would be a compound. Like if you had H2, you
would have two hydrogen atoms bonded but that would be a compound so they are not
bonded there.
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I: What is the difference between a compound and a mixture?
In a compound the atoms are bonded but in a mixture they are not; like a mixture would
be like sand where you have a bunch of different atoms but they are not bonded. But a
compound would be like water with hydrogen bonded to oxygen.
I: What is the difference between an element and a compound?
An element is just one type of atom and a compound is two or more types of atoms
bonded together.
I: Could a mixture have compounds in it?
Yes.
•

Definition

I: How would you define element compound and mixture in your own word?
An element it’s just one type of atom, hum that’s found naturally … like all the elements
on the periodic table; a compound is either atoms of the same element or different atoms
from different elements bonded together either covalently or ironically and then a mixture
is just a bunch of different types of atoms mixed together but the mixture you could take
it apart you could take the atoms and put them into groups and take them apart..
•

Concept Map

I: Could you draw a concept map around for each of these concepts (see Figure B2)?
I: Lots of atoms: it’s like in the picture you made here?
Yeah …
I: What do you mean by ‘not bonded’?
Hum … well they are not bonded at all they are just mixed together, you could take
pieces out, you didn’t have to add energy to take it apart and break bonds.
I: Is there any relationships between these three concepts?
Well compounds are made up of different elements and mixtures also contains. So I
guess …. Yeah.
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I: so for element you wrote one atom? Is it always like that close to each other? Would it
be always represented like you did in this picture?
No they could be spread apart … like if you have fluorine it would be one atom of
fluorine that has a certain number of protons, neutrons and electrons; so I guess this one
would not actually be like that, there would be one here and then over here another one.
Like an element would be one of the circles.
I: You linked molecule to compound: what do you mean by that link?
A molecular compound has different elements making a molecule so …
I: Do you think that compounds and molecules are the same thing?
Yes.
Figure B2. Student’s concept map

•

Classification

I: Can you classify these substances as either elements compounds or mixtures?
Well 1A would be an element because it’s made up of one type of atom and it’s not
interacting, they are just the same atom of element floating around.
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Let me see … 1E would be a mixture because it contains two different types of elements
but they are not interacting at all, they are just combined like you could take the blue
apart from the green without putting any energy and you could just separate them.
Hum … 1G would be a bunch of compounds because it contains two different elements
and they are bonded together.
Hum … 1C would be a mixture cause again two different types of elements and they are
not interacting at all. Well … yeah. They are just … I guess that’s sort of organized …
hum … we will come back to that one …
I: Why are you debating?
Because it seems to be organized, it’s not like just a random mixture like all the red are
exactly inline with the green.
1I would be a mixture but in the mixture there is also a compound but it would be a
mixture because the elements and the compounds are not interacting at all …
I: What do you mean by interacting?
Bonding; there is no attraction they are not bonded.
1B would be a mixture, two different elements again not bonding.
Hum … 1F would be the same.
1H would be a compound cause all the blues are bond to the red and there are a bunch of
red left over but if there were more blues they would bond and the same is true for 1D it
would be a compound cause you have the two different elements bonding and there are
blue left over but there is no free red for them to bond to …
And I guess 1C I’ll stick with mixture…
I: How confident are you about this?
Not very confident!!!! I guess the pattern could be just like dispersion forces or like mild
attraction of the electron cloud or whatever, so it could be a compound, but I guess it’s
not … well … I don’t know … cause it doesn’t … they are far enough away that it
doesn’t make it look like it’s bonded but there is obviously some sort of pattern, it’s not
just random like a mixture. So I think it would be compound …
I: What do you look at when you try to make sense of these pictures? What
characteristics you pay attention to?
Euh compound you have to have either … well you have elements bonded to each other
so and you have to have all of them paired up like in 1D and 1H you have on type of
element left over so it could kind of look like a mixture but … because there are not all
bonded but because you have just one type of elements left over and not any others then
it will be a compound. Mixture it’s just kind of random, the elements are not bonded at

131

all, they just kind of floating around with each other and you could easily just pick them
apart and put them in two or three different groups.
I: So you are looking at the colors, the bonding, what kinds of things?
Hum … the colors and the bonding; I guess the colors and the placement of them,
whether they are overlapping meaning that they are bonding or whether they are just
seating next to each other.
I: in 1H, you would say that the red don’t count, it’s a compound because the red is just
extra?
Yeah.
I: Why did you put 1G in compound again?
Because there is two different elements you have the red and the black that are bonded
together and if you had more … cause you have the one that has the red, the black and the
red and the one that has just red and black but if added more red, cause I’m guessing
that’s one positive and negative, negatively charged so if you added more red to the one
that are red and black they would probably be red on the other side of the black so you
would have all of them having red black red.
I: Let me give you some more substances.
Well 2A would be element because it’s just one type of atom and even though there are
several atoms bonded to each other like some forms of elements naturally occur with
more than one atom so element.
2F would be a compound because there are two different elements and they are bonded to
each other and there is just a bunch of red left over so the extras they don’t really count.
2C would be a compound because there are two different elements bonded to each other.
2B would be a mixture because you have … hum compound and element mixed up but
they are not interacting at all, you could separate them.
2D would be a mixture you have two different types of compounds mixed together and
again they are not interacting or bonding at all, you could separate them apart.
2E would be a mixture also you have two different types of elements all mixed together
but they are not interacting or bonding and you could take them apart.
I: When you defined mixtures, you were saying that you can separate the entities so do
you think you could separate the entities in these compounds 1D, 1H or 2F?
You could separate them but you would have to add some sort of energy to take them
apart the different elements so say like on 1D you have the red and the two blue so if that
was water you have an oxygen and two hydrogen and in order to take those apart you

132

would have to put in energy to break the bond between oxygen and hydrogen; in a
mixture you don’t have to add energy you can just separate the different parts.
I: How about separating between the compound and the single atom? Could you separate
them in two groups, one containing the molecule and the other the atom?
Well … hum you would probably have to add energy cause they would be so small there
are just like little atoms, you could technically not really pick them apart; I don’t know …
well in the compound you could not just take them apart.
I: When you talked about element, I think I remember you saying that it was just one
atom and a compound were two atoms?
Yeah I think I was wrong there, cause I think if you have like 2A with four atoms making
it up it’s still this one element, it’s just sometimes you have the naturally occurring form
would not just be just one atom you would have to have two or three or four atoms …
I: Yeah you mentioned that H2 and you were saying that it was a compound so I was just
wondering ... you said something like that so that could be looking like 1A.
Well it’s made up of one element but I guess it would be a compound technically.
I: So what is the difference between an element or compound? Which classifications you
like better this one here or the one earlier?
Each one of these like the 1A and the 2A I guess when they bond together it’s a
compound but it’s just made up of one element. So I guess what I was saying earlier
could be wrong … I guess … I think I’m confusing myself … so what was the question?
I: Which type of classification is more correct for you: the one in which an element is one
atom and a compound is two or more or the classification here where an element can be
two of the same atom bonded together?
Hum … well I guess I would stick with what I said earlier cause an element is just one
atom so I guess I would have to put these in compound cause they are compound made
up of one type of element …
I: So why did you put it in element?
Well cause there was just one element
I: So do you think 2B, 1F and 1I would it be hard to separate these two, the molecules
from the single atoms?
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I guess it depends; cause most of the time when I think of mixture I think of mixing
different cereals together so it would be easy to pull them apart or … like sand or
something with different types of rocks that you could put apart. But if it was actually the
atom then obviously it would be pretty difficult cause they are so small.
I: Let’s go back to 1C; what was your thinking on this one again?
It has the two different elements and they are not bonded at all cause there are no
overlaps which make me think it was a mixture but there is a definite pattern to it so I
didn’t know if that was just how it was meant to be or if that’s just the way it showed up
so it’s actually a mixture or if it is some sort of attraction that made it going to that
pattern. In all other mixtures is just randomly organized but that one is clearly organized
in a specific way.
I: So what are the different things you look at to make your decisions?
Hum … I look at how many different colors they are and then how they are paired up or
matched up, the bonding and then in a mixture their would be no bonding between the
different parts of the mixture so it’s just random so anything that has more than one color
that’s not bonded at all then it goes to mixture, a compound it has to have bonding and an
element would just be one color.
I: You said that compound has to have bonding so do you think there is bonding between
the single blue atoms and the molecules in 1D?
Well no but if there is ... because there is no blue left it could not bond anymore but if
you add more than it would be bonded.
Classification output:
Compound:

Mixture:

1A

1C

1D

2A

2C

2F

1H

1G

1B

1I

2E

1F

2D

1E

2B
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APPENDIX C
The interview protocol of the “classification of chemical reactions”
study
Hi. In this interview, I will ask you to classify chemical reactions represented at the
symbolic and microscopic levels. As you go through the task, I would appreciate if you
could think aloud and tell me explicitly what you look at and what your reasoning is.
1. Classify the following three chemical reactions represented at the symbolic level in
groups based on their similarities and differences. Can you label the groups you
created?
HF (aq) + KOH (aq) Æ KF (aq) + H2O (l)
NH3 (g) + H2O (l) Æ NH4+ (aq) + OH- (aq)
H2 (g) + CuO (s) Æ Cu (s) + H2O (g)
2. What do you pay attention to in making your decision?
3. Classify the following three chemical reactions represented at the symbolic level in
groups based on their similarities and differences. Do not consider the previous three
reactions. Can you label the groups you created?
2Na (s) + 2HCl (aq) Æ H2 (g) + 2NaCl (aq)
NaCl (aq) + AgNO3 (aq) Æ AgCl (s) + NaNO3 (aq)
2 NaOH (aq) + FeCl2 (aq) Æ Fe(OH)2 (s) + 2 NaCl (aq)
4. What do you pay attention to in making your decision?
5. Now, consider the 6 reactions that I gave you. Would you change the groups you
created and their composition or would you create new ones, reorganize them? (If a
new group is created, ask the student to label the group.)
6. Classify these last three chemical reactions represented at the symbolic level in
groups based on their similarities and differences. You can use the groups you already
created, combine groups or create a new group. (If a new group is created, ask the
student to label the group.)
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Fe (s) + 2 CuCl (aq) Æ FeCl2 (aq) + 2 Cu (s)
CO32- (aq) + 2 H+ (aq) Æ H2O (l) + CO2 (g)
Pb2+ (aq) + 2 I- (aq) Æ PbI2 (s)
7. What do you pay attention to in making your decision?
8. Now I will give you 6 chemical reactions represented at the microscopic level.
Classify them in the groups you already have or create new ones and you can also
combine groups. I will give you the reactions one at a time. (If a new group is created,
ask the student to label the group.)

Æ

9. What do you pay attention to in making your decision?

Æ

10. What do you pay attention to in making your decision?

Æ

11. What do you pay attention to in making your decision?
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Æ

12. What do you pay attention to in making your decision?

Æ

13. What do you pay attention to in making your decision?

Æ

14. What do you pay attention to in making your decision?
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APPENDIX D
Interview transcripts of prototypical novice, intermediate and expert
students from the study “classification of chemical reactions”
•

Novice student
Undergraduate Student 7
Senior Student

- Group 1
Ionic: covalent molecules form ions: HF (aq) + KOH (aq) → KF (aq) + H2O (l)
Ionic molecules interact to form a covalent molecule:
NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)
Oxidation or reduction reaction: H2 (g) + CuO (s) → Cu (s) + H2O (g)
I would put these two together because they are both ionic and this one is an oxidation
reduction reaction so I’ll put it separately.
I: what did you look at?
What did I base my decision on? This one ion are created and this one they are ionic and
they just change cation oh the ions are destroyed oh I see ... these two should be separate;
this one create ions and this one destroy ions and make covalent molecule (water). This
one takes the covalent molecules and makes two ions out of it …
Oh this is a reduction oxidation reaction cause the copper and oxygen the copper is
oxidized here and over here it’s just copper metal and hydrogen is the reducer. I know
that because copper is bonded by oxygen and oxygen is an oxidizer and if you also look
at the oxidation number copper has a +2 and in the product the copper is in its solid state
so that’s oxidation number zero
I: did you do that?
Yeah
I: well you are good cause you did it right away.
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- Group 2
Base + salt form different base + salt:
2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
2 salts exchange cations to form 2 other salts:
NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
Metal and acid form salt and gas: 2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)
Ok … I can’t explain them … ok these two reactions they switch the cations and anions
to form different salts (NaOH+FeCl and NaCl +AgNO3) and … some of them form solid
cause they are not soluble in water … and then this one is … well I don’t know it’s the
same cause it also … it’s related cause it also form a solid it take an acid and form a salt
and this is a base and form a salt and this is two salts that form two different salts; they
are all different but kind of related but I don’t know how to explain it …. They are all
separated but they are slightly related because they all form salts but they are different
because their starting materials are not all salt one has two salts and the other two has
acid or base.
- Groups 1and 2
Bases: NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)
2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
HF (aq) + KOH (aq) → KF (aq) + H2O (l)
Acid:

2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)

Oxidation or reduction reaction:

H2 (g) + CuO (s) → Cu (s) + H2O (g)

2 salts exchange cations to form 2 other salts:
NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
With these labels they don’t really fit together but I could make new group that are more
general. Groups that involve gases (laugh) this is harder that you made it sounds! We
could do several different categories bases or what involves acid or we could group
together what involves solid metal or … I could just group them into two separate group
in things that involves ions and thing that don’t involves ions (H2 + CuO);
I: Is there a grouping that you prefer?
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No, it does not really matter.
- Group 3
Ionic molecule interact to form covalent molecule:
HF (aq) + KOH (aq) → KF (aq) + H2O (l)
CO32- (aq) + 2 H+ (aq) → H2O (l) + CO2 (g)
Pb2+ (aq) + 2 I- (aq) → PbI2 (s)
Oxidation or reduction reaction:
H2 (g) + CuO (s) → Cu (s) + H2O (g)
Fe (s) + 2 CuCl (aq) → FeCl2 (aq) + 2 Cu (s)
Covalent molecule form ions:

NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)

Acid and base form salt and water:

HF (aq) + KOH (aq) → KF (aq) + H2O (l)

Metal and acid form salt and gas: 2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)
Base + salt form different base + salt:
2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
2 salts exchange cations to form 2 other salts:
NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
Now I go back to the original grouping these go back over here with those( ionic
molecule interact to form covalent molecule); the more reactions you give me the more
complicated it gets to form group because they are so different from each other ... Look
this is an acid base reaction (HF+KOH) that forms a salt and water. Now there is an extra
group cause I didn’t notice this before.
I: what do you pay attention to?
If they have any charges and what atoms are associated with other ones … and their
electro negativities and what parts of the periodic table they are from … like metals or
non metals …earth metals; I guess if you look at that that means you are considering their
atomic numbers …
I: did you recognize these species (HF and KOH)?
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No rather away but then I realize that it made water and then I realize that those are
charges and are ions … I don’t see HF very often … right now I’m in physical chemistry
so I have not seen it … but when I took a second look at it I realize that it was an acid
because it has an hydrogen on the front and then I realize oh I know about base and acid
and when you add them together they form water and salt but see they could be part of
this other group ion change with the other ions so they are all kind of related there are
salts and then acid and bases and water.
- Drawing
1:
→

Covalent molecule
form ions salt NH3+H2O

This goes over here with these cause they are covalently bonded molecules and there is
some atoms and they forms ions which could be a salt cause they are positively and
negatively charged so they could go on this side of the paper … oh look at that I organize
my paper like that unconsciously!!!
2:
→

2 salts exchange cations to form 2
other salts
NaCl+AgNO3

Oh see this look like they are all alone like a gas (picture 1) but these look like little water
molecules because of their shape and the number of atoms involved so it looks like a
solution and because they are at the bottom of the thing so they looks like they are in
solution and those look like they are floating around so there is different kind of category
… this look like a little beaker … you notice that when you made it?! So this is also ionic
interaction … oh and it looks like this one … it looks like two species in solution came
together and formed a solid …a precipitate … like hum two salts formed two different
salts ... Two salts that were soluble formed two salts one was soluble and one was not it
precipitated out.
I: What do you look at?
The charges … I pay attention to the charges and the shape of the molecules and where
they are in relation to the other ones … and the colors cause they switch and they are
different (maybe)…the colors are helpful.
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3:

Redox
→

It’s too late in the day to think about this things … oh ok this is a redox reaction because
these charge here and suddenly they have no charges but these have no charge and
suddenly they have charge and the negative charge stay the same and so does the water
molecule in the solution and the only thing that changed was the positive or none charged
species … ok so it goes over here
4:

acid and base
→

This looks like … these negatives look like a base …acid and bases that form water
because these that are bases they disappear and now there is no more … there is just
water and there is no blue positively charged blue ions so it goes here with an acid and a
base that form water … this is obviously soluble because they are not together the
positive and negative charges
I: How do you know that’s an acid base?
Because I think of these as water molecules and they increase in number while the small
positive number decrease number and this here that are covalently bonded and negative
that means it’s a base because it’s a charged molecule that is polyatomic so that means
base to me and those disappear.
5:

Metal and acid form salt and gas
Na+HCl
→

See this is a non charged species that was ionized and these form a gas because they are
separate … I would put it in this category metal and acid form salt and gas
6:

NH3
→
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This looks like a gas going into solution and forming acid and bases because they are no
charges here and there are charges here and different number of atoms attached to that
central green one …just like that sort of … like covalent molecules form ions I don’t
have anything that matches with this group (no picture match the symbolic groups) …
I: Do you see any overlaps between the groups?
Well this could become a big group because it’s ionic interactions; there are also acid
base reactions
This is not a covalent bond …this is a metal and a non metal so it forms a salt (PbI2) and
this is also an acid and a base but this could also be over here if this was a metal and this
was a gas picture number could also be over here depends on what the atoms are (redox)
it can go in the two groups but the first group is really general and it could be anything…
I: What do you look at?
I look at the shape the charges and where they are in relation with others in position
within the molecule and within the box
•

Intermediate student
Undergraduate Student 23
GCI

- Group 1
Acid reacts with water to form aqueous ions:
NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)
Acid base: HF (aq) + KOH (aq) → KF (aq) + H2O (l)
Cu is a solid precipitate:

H2 (g) + CuO (s) → Cu (s) + H2O (g)

For me just looking at them I would keep them all separate just because this one has the
solid the copper solid that precipitates out and then both of these solutions what is it, it is
acid base (NH3 one)… so it’s just separating them to aqueous and then this one because it
has the two separate … well this is acid base and this is dissolving the acid in water
making ions so I’ll just keep them separate
I: What do you look at?
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First I just look at the products and I just saw what the products were because that’s
ultimately what determines to me what kind of reaction it is I tend to work backwards I
want to look at what was formed and then based on what’s on the product side I go to the
reactant and just see what’s over there.
I: So for example this one, how did you know that was an acid base?
The acid base because it’s the hydrogen fluoride … there is the hydrogen over there and
the KOH has the OH group and then it produces the salt and the water … just the H told
me that’s an acid and the OH told me that’s a base … and for this one I just know NH3
it’s ammonia
- Group 2
Single displacement: 2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)
Double displacement: 2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
This one I know I just want to keep by itself because it’s a single displacement reaction
… these two I don’t know like I want to keep them together but I don’t just because the
AgCl is … is more of euh a metal chloride obviously because it’s the silver and NaCl
because it’s an aqueous chloride but this one does have the salt again (Fe(OH)2) and this
one has the … the sodium …they both have sodium and chlorides so that’s the only way
I want to keep them together but they just don’t look like they should be together to me.
I: They should be together because they have sodium and chloride both on this product
side?
Yeah and they both have solid and aqueous
I: Why don’t they belong together?
I just think because there is the … hum … because the silver chloride is a solid and … I
just … the different products that wants make me wanted to put them separately
I: Is it because the chloride here is a solid and the on here is an aqueous?
Yeah probably … I think I’ll probably leave them together cause they are double
displacement
I: You can create sub group if you want to.
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I just don’t know what I would call the subgroups it’s like subconsciously I can see there
is differences but I can’t put a name on it so I will keep them together.
- Groups 1 and 2
I think I would just leave them separate as they are only because they are very different
reaction … just because of the way the compounds are formed because the switches that
are taking place and the precipitate ... I would just leave them.
- Group 3
Single displacement: 2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)
Double displacement: 2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
Acid reacts with water to form aqueous ions:
NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)
Acid base: HF (aq) + KOH (aq) → KF (aq) + H2O (l)
Carbonate + acid reaction: CO32- (aq) + 2 H+ (aq) → H2O (l) + CO2 (g)
Synthesis:

Pb2+ (aq) + 2 I- (aq) → PbI2 (s)

Cu as a solid precipitate: Fe (s) + 2 CuCl (aq) → FeCl2 (aq) + 2 Cu (s)
H2 (g) + CuO (s) → Cu (s) + H2O (g)
Oxidation-Reduction reaction:

Fe (s) + 2 CuCl (aq) → FeCl2 (aq) + 2 Cu (s)

This one I would put it in a new group just because it’s a synthesis reaction (Pb) … the
iron and copper chloride I think I’ll put in the Cu has a solid precipitate group ... and then
… I’m not quite sure where that one belongs (CO32-) …
I: Why are you not sure?
Well I’m just looking at the groups that I have now and it doesn’t seem that it belongs in
any of those so … because of the charges of the ions in the reactant side I want to call it
an oxidation reduction but it has the same charges on the other side so it doesn’t make
sense to call it that …
I: What do you mean by charges?

145

Just the charges of the ions of the hydrogen are just plus and the carbonate is 2- …
I: So what do you mean the charges stay the same?
Just how the oxidation number hydrogen is always plus one and it’s still plus one over
here and oxygen is always negative 2 and the carbon on both side is plus 1 so … keeping
looking at it I want to put it with the synthesis just because the two reactants are
becoming something different but because there are two products I don’t know if it
belongs with synthesis
I: Synthesis is two things coming to form one?
Yeah …
I: Do you want to create another group?
I’m trying to remember from class ... I think the professor said that anything with a
carbonate plus an acid produces the water and the carbon dioxide so I just have it be the
carbonate acid reaction.
I: What do you look at?
With the synthesis I just see the two reactants becoming the one product so it’s being
synthesized and then the acid reacts with water to form ions it’s kind of self explanatory I
think the ammonia and the water form aqueous ammonium and OH and the acid base
acid plus base produce the salt and the water and then I just see the solid precipitate from
the product side in this reaction (pay more attention to fact that’s a solid) … looking at
this one now this one is more an oxidation reduction reaction … the (Fe+CuCl) Fe
because it’s standing alone it has an oxidation number of zero and then over here it ahs an
oxidation number of positive two because of the chlorine and the copper was originally
plus one oxidation number and over here it’s zero .. so can I change it ?
I: Yes. What make you start to think about oxidation reaction?
I think the charges on the ions of that reaction (CO32-) got me thinking and then once I
got down here I noticed that the iron standing alone have an oxidation number of zero
and the copper of the product side that means that something was oxidized and something
was reduced so I changed my mind.
- Drawing
1:

Solid precipitate
→

146

Ok this one is being … the diatomic molecule in red and then the green is probably a
metal because not all just stock themselves in order like that and then the same thing in
the ionic solid cause it’s the alternating positive and negative charges so I would probably
put this with euh … I think I’ll put this with the precipitate reaction just because it’s
probably a solid ionic … I’m guessing that it’s probably in an aqueous solution ... it’s
probably floating there.

2:

Synthesis
→

This one … it just looks like for me the blue and the purple ions are forming anything so
… I think I’m gonna put it in the synthesis reaction just because all the other ions and
molecules are just the spectators ions … they are not really doing anything in the reaction
…
3:

Oxidation-reduction reaction
→

This one … it looks again like there is just two different ions reacting the green and the
gold but I’m not sure what I would classify it as only because it just seems that all the
gold one come together and then all the green ones come apart and then I’m not sure why
it would happen … but I think just because the green goes form being stable and having
an oxidation number of zero and then it becomes a 2+ ion and then the goldish brown
was the 2+ ion and then became stable and having an oxidation number of zero I think
I’m just gonna put in the oxidation reduction reaction with this guy …
I: What do you look at?
I’m just trying to pick out the molecules or ions that are active because the red and the
blue are the same in both pictures so I’m just kind of blocking them out and I see the
purple by itself in both pictures so I’m blocking that one out and then just see what stands
out you know the green and gold brown colors …
4:

Acid base
→
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This one I think I want to put with the acid base reaction because the red with two blues
I’m just deciding is water and then the red with one blue would be an OH group and then
the blue by itself would be a hydrogen by itself and then in the products picture all of the
red and the blue are group as water molecules so that looks like an acid base reaction to
me …
5:

Oxidation-reduction reaction
→

Ok so in this reaction the red and the blue molecules are staying the same on both side the
purple ions are staying the same so it’s just the blue positive ions and the black ions that
are changing and … I think I’m gonna call this one an oxidation reduction reaction
because the blue ions are standing alone it’s diatomic molecule in the product side and
then the black ion or molecule or whatever you want to call them they go from being a
solid to just floating around in the mixture so there is a change in their charge and the
oxidation number so I’ll put it over here.
6:

NH3+H2O
→

This one … this one I’m gonna say that the red and the blue is water again and the green
and the blue I’m gonna say is ammonia just because it got the three blue one and blue is
hydrogen on the red and blue molecule that I’m guessing is water and then it’s hydrogen
up there then the green and the blue would become ammonium on the product side and
we have the two OH group because the ammonia took hydrogen from them so … I think
this one is this reaction just in picture the NH3+H2O produces NH4+ +OH- the acid
reacting with water to produce aqueous ions …
I: I think at first you said that this NH3 reaction was an acid base; do you think it is or
why didn’t you put it in the acid base group?
I may I have said it was an acid base to start with just because the NH3 the ammonia is an
acid and water can act as an acid or base but then once I saw the dissociated ions I just …
it’s just acid reacting with water to form ions so … there is no salt or water produced it’s
just the aqueous ions on the product side so it’s just a separate class by itself.
I: And this one, the first picture, you classified it as a solid precipitate, what is it based
on?
Just the fact that there is a solid form.
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•

Advanced student
Graduate student 4
2 year –Major: Physical Chemistry
nd

- Group 1
Acid base: HF (aq) + KOH (aq) → KF (aq) + H2O (l)
NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)
Oxidation/reduction: H2 (g) + CuO (s) → Cu (s) + H2O (g)
So this one is a reduction oxidation and this is acid base and this is acid base so I would
say these two are together cause they are acid base and this on different cause it’s moving
electrons around and euh yeah.
I: What do you use to make your decision?
The pure substances on both side of the equation cause you got a difference this is impure
but then it goes pure so that must have been some electrons cause it has to be neutral
same with hydrogen this has this is pure …. As long as they are pure on both side then
right out off the back oh it’s redox … I don’t go too much in the specifics you know …
soon as there is hydrogen and water then boom that’s definitely a redox
And these two you know ammonia hum ... Ammonia and water and HF and KOH those
are strong acid or weak acid bases and no electrons have been transferred then
I: So for acid base you recognize the species?
Yeah well it’s very depending on their identity ammonia and water and then if we were
gonna make hydrogen gas … that’s what I was looking for to combine it … because if
there was hydrogen gas on there and we were making some other complex then I would
have not put them together but they were acid base and that’s how I classify them.
- Group 2
Redox: 2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)
Precipitation: NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
Here we have a redox again … here a precipitation and … here a precipitation reaction so
I would put it that way
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I: what do you use?
So I mean I saw the redox again cause they were pure substances on both side and here it
didn’t happen but I know that silver chloride precipitate in reaction so I start to look for
this guy to be a precipitation reaction or a redox (NaOH + FeCl2) … and since there is
impure substance I say ok it’s probably a precipitation.
I: What do you look at to know that it was a precipitate not a redox or an acid base?
Cause I knew this one was already redox and this one was precipitate … oh they have to
you know be grouped so I then look at the Chemistry
- Groups 1 and 2
Redox: H2 (g) + CuO (s) → Cu (s) + H2O (g)
2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)
Precipitation: NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
Acid base: HF (aq) + KOH (aq) → KF (aq) + H2O (l)
NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)
So I would say we have three groups: acid base, precipitation and redox.
- Group 3
Precipitation: NaCl (aq) + AgNO3 (aq) → AgCl (s) + NaNO3 (aq)
2 NaOH (aq) + FeCl2 (aq) → Fe(OH)2 (s) + 2 NaCl (aq)
Pb2+ (aq) + 2 I- (aq) → PbI2 (s)
Acid Base: HF (aq) + KOH (aq) → KF (aq) + H2O (l)
NH3 (g) + H2O (l) → NH4+ (aq) + OH- (aq)
CO32- (aq) + 2 H+ (aq) → H2O (l) + CO2 (g)
Redox: H2 (g) + CuO (s) → Cu (s) + H2O (g)
Fe (s) + 2 CuCl (aq) → FeCl2 (aq) + 2 Cu (s)
2Na (s) + 2HCl (aq) → H2 (g) + 2NaCl (aq)
There is an acid base the one with the carbonate; hum and no electron transfer; this is a
precipitation reaction no electron transfer (Pb2+ + 2I-); electron transfer (Fe + CuCl).
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I: So overall what do you look at, what do you pay attention to?
I don’t even look at the identity so much; I mean acid base has more of identify that’s like
the most concentrated like ‘oh I need to know that’s an acid and that’s a base’; But the
other guys they are really independent of what they are doing as long as there is two
aqueous making a solid if fits in that category (precipitate) and if they are exchanging
electrons then it fits into that category (redox).
I: you say that there is two aqueous but it’s not always the case?
I guess if I was looking deeper I could look at Lewis acid and bases and the precipitation
would be acid and bases but I use the other version the proton transfer one.
- Drawing
1:

redox
→

So this one is a redox … cause it looks like you have oxygen or something like oxygen
that goes from a neutral point to -2 so that would look like oxygen diatomic combine …
steel the electrons of the green guy like the +2 so maybe that’s calcium so like calcium
solid mixing with oxygen make calcium oxide so I would consider that a redox… like
here a gas and a solid but they are two pure substances ..maybe copper …can be
copper….
I: So you base your decision on the change of charges?
Oh yeah change of charges …. That’s dominated …the identify of them is based on the
numbers there is only so many diatomic that is gonna form a -2 in an ionic solid.
I: Does it help you to identify the species?
I’m being brain damage so that’s automatic: -2 is oxygen and +2 the late metals and
group 2 and it’s completely ionic at least on the picture it looks completely ionic. And
almost face centered cubic but we would need a couple more layers to make sure.

2:

precipitate
→
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Oh wao look at all this stuff. Hum, it’s an aqueous solution of ions, two different ions and
you are getting a precipitation … so it is a precipitation reaction aqueous precipitation
reaction.
I: What did you use to understand the picture?
Well there is water …and then there is two combining plus and minuses … making a
solid … just like that guy … but there is no charge transfer … like blue didn’t become
neutral and vice versa.
3:

redox
→

Hum … hum … hum …. So this is a redox equation also because my little gold plus 2 are
becoming neutrals and my ... the little green guys that were once 0 are becoming plus 2.
4:

acid base
→

hum ... Hum… well …. Something it’s happening to my polyatomic ions … what’s
happening to it? ….oh there are blue plusses there too… ok so …. Hum blue pluses …oh
right they are combining this is an acid base … yeah definitely I’ll say this is an acid base
…. It looks like you know initially you think it’s redox cause your little polyatomic go
away but then there is no solid made no pure substance made and it’s combining to make
water.
5:

redox
→

This has … hum…this is a redox where you are making hydrogen gas and you are
liberating some metal, a positive so I would say this is a redox reaction .. Giving up
electrons
6:

acid base
→
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Hum … neutrals … hum Lewis … this is more like a Lewis acid base reaction cause the
molecule comes in takes a proton stronger than water and leave hydroxide. So I would
say this is acid base.
I: So in general when you look at pictures what do you pay attention?
Well after I have done it a few times, I was looking for charges, you look at the charges
and you look if the solid you are making is charged or is it not charged and if it’s not
charged is there something else changing charge cause redox you need both to be there ..
Like this one the precipitation one making a solid … well my first thought was that it was
a redox but I look and nothing else was changing charge so I said ok that must be
precipitation... but the redox ones you have to have pairs where one have an oxidation
state and then it changes so I think those are more easily to identify cause there is not
even a color sign there are just plus and minuses …. This one was probably a little bit of
a trickier one cause (6) because hum maybe you could be tempted that it would be a
redox … cause you see neutral and then signs but given that I have already seen this is
hydroxide I felt that I was more prepared … I feel that if I had that question first then I
would have with 4 where I had to identify what was going on.
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APPENDIX E
Interview protocol for the classification of chemical substances based on
their intermolecular forces
During this exercise, you will be asked to classify substances in groups based on the
similarity in their intermolecular forces.
Classification of substances represented at the symbolic level:
For this first part of the exercise, I would like you to classify the following substances in
groups based on the similarity in their intermolecular forces. You can use the periodic
table (see Figure E1) if you need. Please let me know what your reasoning is as you
classify entities.
CH3SH
CH3CH2OH
CO2
CH4

HCl
H2
Ar
HF

CH3NH2
H2NCH2COOH
NH3
NCl3

CH3OH
CH3OCH3
CO
CCl4

CH3F
H2S

What kind of information are you using to make your decisions?
(If they use the periodic table) How does the periodic table help you?
Now that you have created your groups, please choose one substance in each group and
draw at the microscopic level how two molecules of this substance would interact with
each other.
Classification of substances represented at the microscopic level:
For this last part of the exercise, you will classify substances represented at the
microscopic level based on their similarities in their intermolecular forces. You can use
the groups you already created, create new ones or rearrange members in groups. If you
need, you can use this sheet which shows the color code for the atoms (see Figure E2)

154

Here is the first set of substances:

What kind of information are you using to decide?
Here is the second set:

What kind of information are you using to decide?
Here is the last set:

What kind of information are you using to decide?
Finally, can you tell me a little bit about your experience in Chemistry? What kind of
classes have you taken in Chemistry? Did you ever tutor Chemistry? Are you conducting
research studies in a Chemistry or Science laboratory?

155

Figure E1. Periodic table provided during the interview

Figure E2. Color code

Boron

Fluorine

Nitrogen

Carbon

Hydrogen

Oxygen

Chlorine

Iodine
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APPENDIX F
Human subject approval letter
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APPENDIX G
Consent form
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