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ABSTRACT

EXPLORING THE PROGRESSION IN STUDENTS’

UNDERSTANDING OF CHEMICAL REACTIONS

ACROSS DIFFERENT GRADE LEVELS

This study aimed to map students’ conceptual progression of how and why chem-

ical reactions happen across different grade levels. This study also investigated how

students’ patterns of understanding change with respect to the type of chemical re-

action under analysis. A total of 77 students participated in the study from different

grade levels: Grade 12 students in high school level (n=20), Undergraduate 1 chem-

istry students (n=20), Undergraduate 4 chemistry students (n=20), and Graduate

chemistry students (n=17). Grounded theory was utilized as the research method-

ology and semistructured individual interviews were conducted with the participants.

Semistructured interview protocol included four types of chemical reactions (i.e., single

displacement, double displacement, decomposition, and combination) based on parti-

cle arrangements. Through constant comparative analysis of the data, dimensions and

conceptual modes were identified and conceptual modes were sequenced based on in-

creasing sophistication. Data analysis showed that students’ understanding of how and

why chemical reactions happen depended on the grade level and the reaction type un-

der analysis. The findings showed that the participants’ understanding demonstrated

progression regarding how chemical reactions proceed and chemical causality as the

grade level increased. The participants mostly struggled while explaining the agents,

processes, energetic, and entropic factors affecting chemical reactions. Therefore, the

expression of the conceptual modes regarding the dimensions of what causes chemi-

cal reactions and what drives chemical reactions was lower when compared with the

other dimensions. The findings of the study seemed to provide insights into designing

curriculum, developing assessment tools and instructional practices.
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ÖZET

FARKLI SINIF SEVİYELERİNDEKİ ÖĞRENCİLERİN

KİMYASAL TEPKİMELERE İLİŞKİN KAVRAMSAL

GELİŞİMLERİNİN İNCELENMESİ

Bu çalışmanın amacı farklı yaş gruplarındaki öğrencilerin kimyasal tepkimelerin

nasıl ve neden gerçekleştiğine dair kavramsal gelişimlerinin incelenmesidir. Çalışmada

ayrıca, öğrencilerin kimyasal tepkimelerin neden ve nasıl gerçekleştiğine ilişkin kavram-

sal anlamalarının farklı tepkime türleri için ne gibi değişiklikler gösterdiği araştırılmıştır.

Çalışmaya dört farklı sınıf seviyesinden toplam 77 öğrenci katılmıştır. Bu çalışmaya

20 lise 12. sınıf öğrencisi, kimya bölümünden 20 lisans 1. sınıf öğrencisi, 20 lisans 4.

sınıf öğrencisi ve 17 lisansüstü öğrencisi katılmıştır. Araştırma metodu olarak temel-

lendirilmiş kuram kullanılmış olup, katılımcılarla yarı-yapılandırılmış birebir görüşmeler

yapılmıştır. Yarı-yapılandırılmış görüşmeler taneciklerin dizilimine göre sınıflandırılmış

dört farklı tepkime türü içermektedir ve bu tepkime türleri şunlardan oluşmaktadır:

tekli yer değiştirme, ikili yer değiştirme, ayrışma ve birleşme. Elde edilen verilerin

sürekli karşılaştırmalı analiz tekniğiyle incelenmesi sonucunda temalar ve kategoriler

belirlenip, kategoriler kendi içlerinde kapsayıcılık seviyelerine göre sıralanmıştır. Yürü-

tülen veri analizi ortaya koymuştur ki; öğrencilerin kimyasal tepkimelerin neden ve nasıl

gerçekleştiğine dair algıları sınıf seviyesi ve tepkime türüne göre değişkenlik göstermek-

tedir. Ayrıca, ilerleyen sınıf seviyesi ile birlikte öğrencilerin kimyasal tepkimelerin

sürecine ve sebeplerine ilişkin kavramsal anlamalarında önemli gelişme olduğu gözlem-

lenmiştir. Katılımcıların en çok kimyasal süreçleri etkileyen etkileşimler, enerji ve en-

tropi gibi faktörleri açıklarken zorlandıkları, ve ilgili kategorilerin frekanslarının diğer

kategorilere kıyasla düşük olduğu görülmüştür. Çalışmanın bulguları, müfredat hazırla-

ma, ölçme-değerlendirme araçları oluşturma ve öğretim yöntemleri geliştirme gibi araş-

tırma alanlarında fayda sağlayabilecek çıkarımlar ortaya koymuştur.
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1. INTRODUCTION

Understanding, describing, and predicting chemical reactions are essential to

make sense of physical sciences (i.e., physics and chemistry), as well as other domains

of science. Demonstrating sophisticated understanding of chemical reactions depends

on mastery of various concepts such as, particulate nature of matter, intermolecular

and intra-molecular forces, particle interactions, energy, and laws of thermodynamics.

More importantly, students’ ability to integrate these concepts and adapt them to var-

ious contexts play a crucial role in deeper understanding of chemical reactions (Yan

and Talanquer, 2015). Because of the content requirements and cognitive skills that

students need to demonstrate, they have difficulties in making sense of chemical reac-

tions (Talanquer, 2006). Thus, this study focuses on the reasoning patterns of students

on chemical processes and builds a data informed learning progression that describes

how their reasoning develops as they progress through chemistry education.

1.1. Chemical Reactions in Science Education Standards and National

Curriculum

National Research Council (NRC, 2012) established that chemical reactions is

one of the fundamental ideas in physical sciences (chemistry and physics) based on

previous works for enhancing science education in the USA, such as Benchmarks for

Science Literacy established by American Association for the Advancement of Science

(AAAS, 2009). Systems and processes at any scale depend on physical and chemical

sub-processes. Understanding such processes and natural phenomena requires compre-

hending particulate nature of matter, interactions among particles, and energy transfers

(NRC, 2012). Therefore, it is essential to enhance students’ understanding of cause and

effect mechanisms in systems of any scale with an emphasis on physical and chemical

processes. In order to present the significance of the study through the lenses of chem-

ical reactions and related concepts, this section describes the accumulation of chemical

reactions and concepts related with chemical reactions in the science education stan-

dards of the USA and in the science and chemistry curricula in Turkey.
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NRC considers chemical reactions among the component ideas of the disciplinary

core idea of Matter and Its Interactions. Other component ideas are: Structure and

Properties of Matter and Nuclear Processes (NRC, 2012). NRC strongly suggests cre-

ating learning environments for students to understand these ideas and their relations

with one another. Furthermore, NRC proposes learning progressions for each of the

component ideas which is in alignment with the ideas proposed by AAAS (AAAS,

2009). In the subsequent paragraphs, first, learning progressions regarding chemical

reactions proposed by NRC (2012) are described in the USA context. Then, accumula-

tion of the concepts regarding chemical reactions in the context of Turkey is presented

to establish similarities and differences between these contexts.

By the end of Grade 2, students are expected to comprehend that heating and

cooling substances may result in physical changes (i.e., phase changes) or chemical

changes (e.g., burning, cooking), which are described as reversible and irreversible

processes, respectively. By the end of Grade 5, students are supposed to realize that

mixing substances together may cause formation of a new substance. This formation

depends on temperature and the nature of the substances that are mixed together. It

was also mentioned that total weight is conserved. By the end of Grade 8, students

are introduced to the fact that some substances react together by the rearrangement of

the particles that these substances are composed of. They are also expected to realize

that the new substances formed as a result of such chemical reactions have different

properties than the reactants. In addition, students are expected to understand that

total number of particles and mass are conserved. At this stage, they are expected

to be familiar with the fact that some reactions release energy, some of them absorb

energy. Finally, by the end of Grade 12, students get familiar with collision theory,

bond energies and dynamic nature of forward and reverse reactions. Thus, they are

expected to connect these ideas and comprehend chemical reactions in terms of energy

changes (whether energy is released or absorbed) as a result of particle collisions and

rearrangements to form new substances, and changes in total bond energies. NRC

suggests that, understanding rearrangement of the particles to form new molecules

helps students to explain and predict chemical reactions.
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In Turkey, there is a central science curriculum for Grades 3-8 (MoNE, 2013b).

This science curriculum suggests that the main purpose of the science course is to

enhance scientific literacy of the students with an emphasis of science, technology, so-

ciety, environment, and basic domains in science; such as, biology, matter and changes

in matter, physical phenomena, and the earth and the universe (MoNE, 2013b). Chem-

ical reactions have a fundamental place under matter and changes in matter domain.

In Grade 3, in addition to classifying matter based on hardness, color, texture, etc.

by using five senses, students are expected to classify matter according to their phys-

ical states without mentioning their properties. In Grade 4, students are supposed to

classify matter based on their physical states and give examples for each state. Ad-

ditionally, they are expected to compare the properties of different states and design

experiments related to phase changes upon heating and cooling. Finally, students are

expected to classify everyday materials as pure and mixtures with an emphasis on

differences between them. However, it was specified that particulate nature of mat-

ter is not mentioned at this stage. In Grade 5, states of matter and phase changes

are introduced in a more detailed manner. In addition, effects of heating on matter

are discussed in terms of expansion and contraction. Particulate nature of matter is

introduced to the students in Grade 6, followed by physical and chemical change con-

cepts with an emphasis on the differences between these changes. In Grade 7, students

are supposed to be familiar with the concepts of atom, molecule, proton, neutron,

and electron. They are expected to comprehend that the same or different kinds of

atoms form molecules. They also classify substances as pure and mixtures, specifically,

as element, compound, and mixtures. Grade 8 students are expected to explain the

concept of chemical bond and classify them in terms of ionic and covalent character-

istics. Finally, Grade 8 students are introduced to the chemical reactions and define

chemical reactions in terms of bond breaking and bond formation with an emphasis

on the conservation of mass. Concerning chemical reaction types, they are only in-

troduced to the combustion and acid-base reactions (MoNE, 2013b). In high school

(Grades 9-12), chemistry is started to be taught as a separate discipline and has a

separate centralized core curriculum (MoNE, 2013a). Recently, Ministry of National

Education established a new updated chemistry curriculum (MoNE, 2018). However,
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during the data collection period (at the end of Spring 2017 term), the participants of

this study were received their instruction based on the chemistry curriculum published

in 2013 (MoNE, 2013a). Therefore, chemical reactions and related concepts in the

Turkish context were described regarding the chemistry curriculum published in 2013

(MoNE, 2013a). Concept of chemical reactions has a fundamental place in the chem-

istry curriculum. Throughout the chemistry education, students are re-introduced to

particulate nature of matter, electrostatic interactions among particles, and physical

and chemical changes in a more detailed manner. In the subsequent years, they deal

with different types of chemical reactions (e.g., combustion, acid-base, precipitation,

and redox reactions) in addition to basic laws of thermodynamics and spontaneity of

chemical reactions. Furthermore, they study chemical reactions in terms of molecu-

lar collisions, activation energy, chemical kinetics, reaction mechanisms, and chemical

equilibrium (see Chapter 3.3) (MoNE, 2013a).

Considering the learning progressions that NRC proposed and the curricular pro-

gression described for Grades K-12 by the Ministry of National Education, students

are supposed to explain, describe, and predict chemical reactions as dynamic processes

in terms of energy related concepts and the dynamic process of the interactions among

the particles of the reactants. As students progress through chemistry education over

the years, they get familiar with the particulate nature of matter, intermolecular and

intra-molecular attractions among the particles and their effects on the physical and

chemical properties of the substances, and thermochemistry.

1.2. Rationale and Significance of the Study

1.2.1. Learning Progressions

Constructivist view of learning suggests that students actively build knowledge

about natural phenomena, rather than receiving a transferred form of knowledge (Driver

et al., 1994). Students come to science classes with preexisting ideas about the natural

phenomena, as a result of their physical and social interactions with their environments

and instruction (Driver, 1989; Talanquer, 2006; Vosniadou, 2014). Research suggested
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that these ideas often differ from the scientifically accepted predictions, explanations,

and practices which are to be introduced in the science classes (Barke et al., 2009;

Driver, 1989; Talanquer, 2006). These ideas affect students’ learning and are found

to be resistant to change (Driver, 1989). Therefore, identification of these ideas helps

students build scientifically accepted understandings and is important to characterize

the conceptions held by students in certain age groups to develop learning progressions

(Adadan and Yavuzkaya, 2018; Talanquer, 2006).

Over the several years, researchers have been investigating the development in

students’ ideas in particular domains. Learning progressions help educators develop

and connect standards/objectives, instructional strategies, and assessment tools (Dun-

can, 2009; Furtak, 2012; Furtak et al., 2014; Songer et al., 2009). Furtak (2012) stated

that learning progressions, as a basis for curriculum, may also guide instructors and

teachers in interpreting students’ ideas of a particular scientific concept by shaping

their instruction and assessment practices.

NRC (2007) defined learning progressions as “descriptions of the successively

more sophisticated ways of thinking about a topic that can follow one another as chil-

dren learn about and investigate a topic over a broad span of time” (p. 214). Songer

et al. (2009) then suggested that in addition to sequencing topics of a particular con-

tent based on increasing levels of sophistication, learning progressions should also in-

clude increasing levels of sophistication in reasoning skills. It is argued that learning

progressions place the scientific literacy at the core of the development of standards,

instruction, and assessment tools (Duncan, 2009; Duncan et al., 2009). Therefore, big

core ideas from a particular science discipline that are essential to promote scientific

literacy are selected by the educators. However, this does not reveal students’ path

of learning as they progress through a science discipline. Learning progressions also

encourage the organization of these ideas based on how students’ thinking improves

from näıve to sophisticated (Alonzo and Gotwals, 2012). This range of sophistication

in students’ understanding of a scientific content is described by synthesizing existing

literature on a particular content under analysis or based on empirical research such

as cross-sectional designs and longitudinal studies (Duncan, 2009). To be more spe-
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cific, learning progressions are anchored by upper and lower ends. Upper end describes

what students are supposed to know at the end of the progression. This anchor is based

on the particular disciplinary content and the expectations of the society. Lower an-

chor is based on the knowledge of the learning progression developers about students’

preexisting knowledge at the beginning of the progression. Yet, learning progressions

also propose intermediate steps of understanding between upper and lower anchors

(Plummer, 2014). These steps are determined by the literature analysis and empirical

research (Duncan, 2009; Mohan et al., 2009; NRC, 2007; Stevens et al., 2010). Sequenc-

ing these steps also provides evidence for curriculum development while sequencing the

standards (Fortus and Krajcik, 2012). Therefore, it is clear that there is a need for

empirical research on students’ thinking on a particular scientific content in order to

inform the development of learning progressions.

1.2.2. Core Concepts in Chemistry

Current science education framework suggests that understanding science and

engineering enhances scientific literacy in addition to helping future scientist and engi-

neers since individuals need to make decisions related to everyday life, such as choosing

containers for food or alternatives among various fuel types. Therefore, scientific liter-

acy is essential for every individual, not just to the ones who pursue careers in science

and engineering (NRC, 2011). In order to promote students’ understanding in science

and engineering, NRC (2011) suggests that students’ understanding in crosscutting

core concepts of science and engineering should be deepened. Through the K-12 edu-

cation, students are expected to engage in scientific inquiry and engineering practices

in order to pose answers to these issues.

In the context of chemistry education, there is a tendency to introduce various

chemistry concepts in an isolated way. However, chemistry, as a scientific discipline,

requires posing and answering authentic questions, such as how to synthesize a targeted

product (for example, a surfactant), how to identify and store a pollutant. In order

to address this authentic concerns of chemistry discipline, big core ideas and practices

should be determined and integrated (Sevian and Talanquer, 2014). Smith et al. (2006)
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suggested that these big ideas should have the following characteristics as they devel-

oped learning progressions on matter and atomic-molecular theory for particular big

ideas:

(i) Central to the discipline and have a broad explanatory power

(ii) Contribute to the growth of the discipline and interconnect with the other fields

(iii) Understood progressively in sophisticated ways

(iv) Should form a foundation for the progressive learning

Research on learning progressions and students’ alternative conceptions in chem-

istry usually focuses on mapping students’ understanding of fundamental chemistry

concepts, such as, chemical bonding. However, Sevian and Talanquer (2014) proposed

another approach which emphasizes on tracking students’ conceptual progression of

crosscutting disciplinary concepts which are found to be fundamental for the basic

practices of chemistry discipline, namely, investigation (understanding and predicting

chemical properties), design (analyzing, synthesizing, and transforming matter for a

particular purpose), and evaluation (evaluating the benefits and the costs of chemical

practices). The crosscutting key concepts determined by Sevian and Talanquer (2014)

are:

• Chemical identity: How chemical substances are identified

• Structure-property relationships: How properties of chemical substances are de-

termined

• Chemical causality: Why chemical reactions happen

• Chemical mechanism: How chemical reactions happen

• Chemical control: How chemical reactions are controlled

• Benefits-costs-risks: How the effects of chemical transformations are determined

These crosscutting disciplinary concepts are considered to be fundamental in tracking

students’ understanding of fundamental chemistry concepts such as chemical bonding.

The main purpose of this framework is to analyze how students use these fundamental

chemistry concepts, like chemical bonding, while thinking about how chemical reactions



8

happen (chemical mechanism). Sevian and Talanquer (2014) claimed that students’

reasoning on these concepts gets sophisticated as they progress through chemistry

education.

Among these crosscutting disciplinary concepts, this study focuses on chemical

mechanism and chemical causality. More specifically, this contribution aims to identify

and characterize how students’ conceptual modes manifest themselves when analyzing

different types of chemical reactions. This approach allows us to highlight concep-

tual progression of students from various educational backgrounds and from various

chemistry education levels (i.e., grade levels). Investigating how students’ conceptual

modes regarding chemical processes evolve as they progress through chemistry edu-

cation serves as a template. Furthermore, it enables educators to develop research

based assessment tools, instruction techniques, and curricula, which promote students’

understandings regarding these crosscutting disciplinary concepts.

1.3. Purpose of the Study

The main purpose of this study was to explore students’ conceptual progression of

how (chemical mechanism) and why (chemical causality) different chemical reactions

(i.e., displacement, decomposition, and combination reactions) happen across differ-

ent grade levels (i.e., Grade 12, Undergraduate 1, Undergraduate 4, and Graduate).

In doing so, the study identified the patterns in students’ understanding about how

and why chemical reactions happen and organized them according to their levels of

explanatory power. Consequently, the study explored how students’ patterns of under-

standing about how and why chemical reactions happen change across different grade

levels (i.e., different levels of chemistry education). Finally, the study also investigated

how students’ patterns of understanding change with respect to the type of chemical

reaction under analysis.
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1.4. Research Questions

In order to attain the goals stated in Section 1.3, following research questions

guided this study:

(i) How do students’ conceptual modes related to chemical mechanism change across

different grade levels?

(ii) How do students’ conceptual modes related to chemical causality change across

different grade levels?

(iii) How do students’ conceptual modes related to chemical mechanism and chemical

causality change with respect to the type of reaction under analysis?

1.5. Summary

This chapter started with emphasizing on the importance of chemical reactions

among the core ideas as a fundamental basis for scientific literacy since it is connected

with and form a foundation for understanding various ideas in chemistry, as a scien-

tific discipline. Then, it was suggested that in order to develop a research informed

curriculum, instruction and assessment practices, it is a necessity to investigate stu-

dents’ thinking on a particular scientific content and how their thinking evolves as

they progress through chemistry education. Therefore, this study is based on two ba-

sic elements. First, as the scientific content, this study focuses on chemical reactions

since it was established that chemical processes are among the big ideas to promote

scientific literacy. Most of the research studies on students’ conceptions in chemistry

focuses on establishing students’ understanding in fundamental concepts in chemistry,

such as, chemical bonding. However, the framework used in this study suggests an-

alyzing students’ understanding of big ideas as lenses to see students’ conceptions of

the fundamental chemistry concepts, such as chemical bonding and particulate nature

of matter. Second, it is essential to track how the understanding of the crosscutting

disciplinary concepts evolve as students move through chemistry education in order to

design and align curriculum, instruction, and assessment practices that revolve around

the core ideas of chemistry to enhance scientific literacy.
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Based on the two basic elements described above, this study aims to map stu-

dents’ conceptual progression on chemical mechanism and chemical causality as they

progress through chemistry education. The following chapter describes the literature

on students’ understanding of chemical reactions with an emphasis on the construc-

tivist view of learning. In Chapter 3, participants and the research methodology, which

is a cross sectional design based on grounded theory on students’ conceptual progres-

sion of chemical mechanism and chemical causality, is introduced. Chapter 4 describes

the findings of the study and poses detailed answers for the research questions. Chap-

ter 5 summarizes the findings and proposes implications for curriculum, instruction,

assessment practices in addition to the implications for the future research.
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2. LITERATURE REVIEW

2.1. Overview

The main purpose of this study was to investigate students’ conceptual progres-

sion of how and why chemical reactions (displacement, decomposition, and combination

reactions) happen across different grade levels (Grade 12, Undergraduate 1, Undergrad-

uate 4, and Graduate). Specifically, the study aimed to identify students’ reasoning

patterns of about how and why chemical reactions happen and explore how students’

patterns of understanding about how and why chemical reactions happen change across

different grade levels (i.e., different levels of chemistry education). The study also aimed

to investigate how students’ understanding of why and how chemical reactions happen

change with respect to the type of chemical reaction under analysis.

In order to address the purposes of this study, in the previous chapter, the research

objectives were introduced as a need to explore students’ understanding how and why

chemical reactions happen and to create a research-based learning progression that

depicts students’ sophisticated manners of understanding of those two crosscutting

disciplinary concepts of chemistry. This contribution may help researchers to develop

aligned curriculum, instruction, and assessment tools that promote scientific literacy.

This chapter, first, describes constructivist view of learning, conceptual under-

standing and how learning progressions are related with constructivism and conceptual

understanding frameworks. Then, it summarizes research studies on learning progres-

sions in chemistry discipline. Finally, research studies on students’ understanding of

chemical reactions are described in detail. These studies cited in this chapter provide

insight into what is known about students’ understanding of chemical reactions and

what remained unexplored.
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2.2. Students’ Conceptions and Learning Progressions

Research in science education and cognitive psychology shows that students come

to science classes with preexisting knowledge about natural phenomena, because from

early ages, they explore their surroundings by constant experimentations and social

interactions and build concepts about various phenomena (Barke et al., 2009; Duit and

Treagust, 2003). These concepts are called preconceptions (Vosniadou, 2013). However,

research on students’ conceptions also show that these concepts that students build

might differ from scientifically accepted ones and they are resistant to change (Driver,

1989; Reiner et al., 2000; Taber, 2001; Treagust and Duit, 2008). Such conceptions are

frequently called as alternative conceptions/presuppositions or synthetic models which

can be held before and even after particular interventions to overcome them (Chi et al.,

2012; Vosniadou, 2013).

Students’ preconceptions affect their interpretation of newly introduced phe-

nomenon, and this affects the knowledge that they construct, their reasoning, and

problem solving skills (NRC, 2000; Taber, 2003). This view of learning is based on con-

structivist view suggesting that students are active learners constructing their knowl-

edge based on what they already know, their prior experiences, social interactions,

attitudes, and beliefs (Barke et al., 2009; Driver, 1989; Driver and Leach, 1993; NRC,

2000; Taber, 2001; Taber, 2014). In other words, learning is an active process on which

students have control (Clements and Battista, 1990; Driver, 1989). Conceptual under-

standing refers to constructing knowledge, using it in another contexts and problems,

and connecting ideas (Stevens et al., 2010). On the other hand, when students come to

classes with unorganized knowledge structures, they have difficulties in applying their

knowledge to new problems and contexts. Additionally, it might be difficult for stu-

dents to make sense of the presented ideas in the class because of their already existing

ideas (Brown, 2014). Contrary to novice students, experts demonstrate well organized

knowledge revolved around big ideas and core concepts in their disciplines (NRC, 2000;

Stevens et al., 2010).
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Researchers and teachers explore students’ conceptions in order to diagnose their

knowledge. By doing so, they determine appropriate intervention strategies and design

curricula to promote their understanding. Driver (1989) claimed that even though such

studies provide evidence for instruction and curriculum designs, they do not depict the

dynamics of how students’ conceptions change. Similarly, Wilson (2009) stated that a

developmental perspective depicts how students’ understanding of a particular concept

progresses over time. Driver (1989) put an emphasis on the importance of tracking the

patterns of change in students’ conceptions (conceptual progression), because concep-

tual progression studies inform curriculum, assessment, and instructional strategies.

Driver’s claims (1989) indicate that research on learning progressions is not a new

idea. Educators and cognitive psychologists have been investigating the development

in students’ conceptions over several years in various disciplines (Duncan, 2009). In

NRC’s report (2007), it was mentioned that learning progressions align curriculum,

instruction, and assessment. In contrast with the current standards, which include too

many isolated concepts, NRC suggested organizing the standards and science curric-

ula which are based on big ideas and crosscutting disciplinary concepts (NRC, 2007).

According to NRC (2007), making such organization allows tracking the conceptual de-

velopment that students are supposed to demonstrate. This understanding encourages

considering students’ already existing knowledge and their subsequent understandings

(Duncan, 2009). It was stated that research informed assessment tools provide evidence

for students’ thinking about natural phenomena and the extent of their thinking. These

assessment tools, therefore, help teachers to understand their students’ thinking and

align curriculum standards and students’ experiences about natural phenomena (Smith

et al., 2006). Learning progressions help connecting standards and students’ thinking

to develop assessment tools because standards mostly include only the statements of

knowledge that students are expected to demonstrate, not the operational definitions

of understanding. Lack of operational definitions in the standards creates a need for

elaboration in order to develop assessment. Research on students’ learning plays a

complementary role for developing standards revolving around the big ideas of the do-

main under consideration which can provide basis for valid assessment tools (Smith

et al., 2006).
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Smith et al. (2006) defined learning progressions as “... descriptions of succes-

sively more sophisticated ways of reasoning within a content domain based on research

syntheses and conceptual analyses.” (p. 1). In their report, NRC (2007) elaborated

this definition as “... descriptions of the successively more sophisticated ways of think-

ing about a topic that can follow one another as children learn about and investigate

a topic over a broad span of time.” (p. 214). As a contribution to these definitions,

Songer et al. (2009) then suggested that in addition to sequencing topics of a particular

content based on increasing levels of sophistication, learning progressions also include

increasing levels of sophistication in reasoning skills. In addition to the content focus,

learning progressions also put emphasis on inquiry skills, which are central to scientific

literacy (Duncan, 2009). In order to promote scientific literacy and provide deeper con-

tent coverage, it was suggested that curricula and standards should limit the content

and focus on crosscutting disciplinary concepts and core ideas (Bernholt and Sevian,

2018; NRC, 2011; Opitz et al., 2017). Therefore, current focus of science education is

to explore students’ understanding of crosscutting disciplinary concepts and core ideas

across a time span (Bernholt and Sevian, 2018). Bernholt and Sevian (2018) suggested

that there is a need for research on students’ conceptual development across a time

period and students’ reasoning pathways that lead to intended learning outcomes.

Research studies on learning progressions in science have emerged in various types

(Duncan, 2009). First, learning progressions are hypothetical which represent develop-

ment of students’ conceptions on core ideas or crosscutting concepts over time. These

learning progressions are developed based on existing literature on the science con-

cepts under consideration and the analysis of that science discipline (Duncan, 2009).

For example, Smith et al. (2006) developed a hypothetical learning progression for K-8

level based on matter and atomic-molecular theory concepts. In this study, the authors

determined the big ideas regarding matter and atomic-molecular theory and created a

framework for assessment. Moreover, they elaborated the standards based on research

on science education and developed assessment tasks based on the standards that they

elaborated. A similar study was conducted by Duncan et al. (2009) on modern genetics

for Grades 5-10. First, the authors determined the big ideas and the learning outcomes

(i.e., knowledge and skills) regarding modern genetics by the end of education. Second,
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the authors described the progression in students’ learning as they progress through

curriculum. Finally, assessment tools were determined based on the learning progres-

sion that the authors described. Stevens et al. (2010) developed a hypothetical learning

progression on nature of matter for Grades 7-14 and proposed instructional strategies

to facilitate students’ construction of structured knowledge. Such studies aimed to pro-

vide insight into developing aligned curriculum/standards, instruction, and assessment

tasks and items in order to promote students’ understanding of core scientific concepts

and enhance their scientific inquiry skills. Moreover, these studies provided basis for

empirical research studies on learning progressions in science.

It was suggested that there is a need for empirical research studies in order to

validate the hypothetical learning progressions (Duncan, 2009). These empirical stud-

ies are based on cross-sectional and longitudinal designs that track the development of

students’ conceptions of core ideas or crosscutting disciplinary concepts. This type of

research does not involve instructional interventions. Rather, they depict the develop-

ment of pathways in students’ understanding of core ideas and crosscutting disciplinary

concepts (Duncan, 2009). These empirical studies are mostly based on cross-sectional

designs in which data are collected from various student groups (e.g., different grade

levels) at a single point of time. Longitudinal designs, on the other hand, require a

long period of time and are difficult to perform (Yan and Talanquer, 2015). These

empirical studies usually involve both development and the empirical validation of

the progressions (Mohan et al., 2009; Schwarz et al., 2009). Other studies, focus on

students’ conceptual progression on crosscutting disciplinary concepts and core ideas

such as energy (Opitz et al., 2017). Opitz et al. (2017), for example, aimed to ex-

plore progression in middle school students’ (Grades 6, 8, and 10) understanding of

energy concept in physics, chemistry, and biology contexts. The researchers found that

the students held single energy concept across physics, chemistry, and biology contexts.

Results also showed that students’ understanding of energy across different disciplinary

contexts improved from Grade 6 to 10. In order to improve teaching and learning of

energy concept across different disciplinary contexts, several instructional approaches

were proposed such as relating energy concept across different disciplines.
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Finally, some research on learning progressions involve sequentially designed in-

structional interventions and demonstrate students’ potentials when they are scaffolded

with a series of interventions. These intervention studies focus on learning contexts,

curriculum, and assessment items and the relationship of these elements with students’

complex thinking and reasoning skills (Cooper et al., 2012; Plummer, 2014; Plummer

and Krajcik, 2010; Plummer and Maynard, 2014; Songer et al., 2009). These multi-step

studies, first, design the learning progressions and instructional interventions and then

track the progress in students’ understanding with various methods, such as individual

interviews and surveys (Cooper et al., 2012; Plummer, 2014; Plummer and Krajcik,

2010; Plummer and Maynard, 2014; Songer et al., 2009).

Given the research background on learning progressions in science, there are var-

ious methods of embedding learning progressions in science education to promote stu-

dents’ understanding of science and their scientific literacy. It was suggested that

longitudinal studies, which integrate curriculum, instruction and assessment practices,

are required to validate proposed learning progressions because under current instruc-

tional conditions, students’ reasoning skills are not well developed (Duncan, 2009).

2.3. Learning Progressions in Chemistry

Currently, teaching approaches in chemistry seem to introduce chemistry con-

cepts in a fragmented and isolated way (Sevian and Talanquer, 2014). However, this

approach contradicts with current vision of science education, which intends to develop

students’ understanding of crosscutting disciplinary concepts and core ideas in the con-

text of scientific inquiry over several years of science education (NRC, 2011). In order

to enhance students’ understanding of the crosscutting concepts and core ideas of a

scientific discipline, learning tasks should engage students in scientific inquiry in which

students learn to pose and answer authentic questions (NRC, 2011; Talanquer, 2016).

In order to engage students in authentic practices, it was suggested to integrate

core ideas and practices within and across disciplines. Specifically, in chemistry, this

pursuit involves studying chemical substances and explaining their properties and their
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interactions (Sevian and Talanquer, 2014). In the context of recent learning progres-

sions that Sevian and Talanquer (2014) developed, they introduced the term chemical

thinking as “... the development and application of chemical knowledge and practices

with the main intent of analyzing, synthesizing and transforming matter for practi-

cal purposes.” (p. 10). Core ideas related with analyzing (identifying, quantifying,

and separating chemical substances), synthesizing (designing synthesis mechanisms for

chemical substances), and transforming (control of chemical processes) matter are seen

as fundamental for scientific literacy, because every individual, whether they are seeking

career in science or not, has to make informed decisions concerning scientific issues (e.g.,

choosing an appropriate fuel and how to store food) in everyday life. With the hypo-

thetical chemical thinking learning progressions, Sevian and Talanquer (2014) described

the pathways that students progress through based on core practices of chemistry as

they engage in chemical thinking (i.e., analyzing, synthesizing, and transforming mat-

ter) during chemistry education. These core practices are investigation (understanding

and predicting chemical properties), design (analyzing, synthesizing, and transforming

matter for a particular purpose), and evaluation (evaluating the benefits and the costs

of chemical practices). Instead of the dominant approach which investigates students’

understanding on certain chemistry concepts (e.g., chemical bonding, chemical kinet-

ics, and energy), chemical thinking learning progressions focus on investigating the

progression in students’ understanding of crosscutting disciplinary concepts found to

be fundamental in chemical thinking. Crosscutting disciplinary concepts determined

by Sevian and Talanquer (2014) are:

• Chemical identity: How chemical substances are identified

• Structure-property relationships: How properties of chemical substances are de-

termined

• Chemical causality: Why chemical reactions happen

• Chemical mechanism: How chemical reactions happen

• Chemical control: How chemical reactions are controlled

• Benefits-costs-risks: How the effects of chemical transformations are determined
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These crosscutting disciplinary concepts provide basis for investigating students’ un-

derstanding of fundamental chemistry concepts. For example, students’ understanding

of chemical bonding can be investigated while they are engaged in a core chemistry

practice based on determining the properties of chemical substances. However, it is

important to note that if these concepts are introduced by transferring basic knowledge

without addressing the authentic issues that these crosscutting concepts refer to, stu-

dents’ learning will not be more than knowledge acquisition as it is done by traditional

instructional and assessment practices (Talanquer, 2016).

The foci of this study were the two crosscutting disciplinary concepts, namely,

chemical mechanism and chemical causality that are judged to be critical in mastering

core practices of chemistry discipline. Regarding the crosscutting concepts that Sevian

and Talanquer (2014) proposed, some empirical studies and critical analyses of the

literature and the discipline were performed. These studies will be discussed in the

subsequent paragraphs.

Chemical identity, as a crosscutting disciplinary concept, deals with one of the

core practices of chemistry which is “how chemical substances are identified” and in-

volves knowledge and skills regarding identifying chemical substances (Ngai et al., 2014;

Talanquer, 2016). It is considered as one of the crosscutting disciplinary concepts that

scientifically literate individuals need to be familiar with in order to identify chemical

substances (Ngai et al., 2014). Ngai et al. (2014) proposed a hypothetical learning pro-

gression on chemical identity based on the existing literature on students’ alternative

conceptions and analysis of chemistry discipline. They analyzed the papers investigat-

ing how students identify and define different types of matter and what features they

pay attention to while classifying matter. Ngai et al. (2014) investigated the change

in assumptions that the students hold as they progress through chemistry education.

They found that students’ understanding of chemical identity progress in time but

this progress is not linear. For example, they reported that novice students’ reasoning

regarding chemical identity is affected by appearance, usage, and history which are

similar to the properties considered while identifying objects. With the introduction of

chemistry concepts in submicroscopic level in high school years, students’ views seemed
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to shift from macro to submicroscopic, but even in graduate level, criteria that students

used for categorization of matter were not stable and depend on the type of substance

under analysis and the representation of the substances in the classification tasks.

These results indicate that even though students’ understanding of chemical identity

gets sophisticated gradually as they progress through chemistry education, there is

still a need for scaffolding students in developing their understanding. Therefore, it

was suggested that students should be scaffolded by engaging them in investigating,

designing, and evaluating tasks in contextual learning environments instead of simply

covering fundamental chemistry concepts such as chemical bonding (Ngai et al., 2014).

The concept involving structure-property relationships focuses on the fact that

physical and chemical properties of matter are based on submicroscopic structure and

interactions among particles. This concept plays a key role in determining, analyzing,

synthesizing, and evaluating chemical substances and controlling chemical processes

(Talanquer, 2016, 2018). In a recent paper, Talanquer (2018), performed a critical anal-

ysis of the literature to portrait students’ conceptual progression on structure-property

relationships. Critical analysis of the literature showed that students’ reasoning about

structure-property relationships seem to develop as they progress through education.

However, it seemed that students’ reasoning is affected by a set of implicit schemes that

are slightly affected by instruction. Basically, students associate chemical composition

of the substances and the properties as they ignore structural properties of the materi-

als. Novice students tend to think that properties of materials depend on the natural

characteristics. As they progress through chemistry education, they start to consider

particulate nature of matter and think that the properties of materials depend on the

type and number of atoms composing that material. More advanced students, on the

other hand, consider dynamic interactions of the particles of chemical substances. Even

though students’ understanding gets sophisticated over the years, it depends on the

system under analysis and students’ familiarity and prior experiences with the sys-

tem. Talanquer (2018) suggested that targeted instructional interventions should be

developed to facilitate students’ reasoning about structure-property relationships.
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The concept involving benefits-costs-risks is related to the economic, environ-

mental, and social consequences of analyzing, synthesizing, and transforming matter

(Sevian and Talanquer, 2014; Szteinberg et al., 2014; Talanquer, 2016). In order to

investigate students’ progression in reasoning about making choice among different

types of fuel, researchers conducted individual interviews with middle school (senior),

high school (senior), and first year undergraduate students about deciding on the best

fuel to use for a GoKart (Banks et al., 2015). Results revealed that, among the six

crosscutting disciplinary concepts mentioned above, students’ reasoning is based on

structure-property relationships and benefits-costs-risks. Novice students mostly relied

on surface characteristics, familiarity, and their impressions based on real life experi-

ences. On the other hand, advanced students focused on processes, to be more specific,

the process of using the fuel. They also focused on the efficiency of the fuel in terms

of energy and they considered the impacts on economy and the nature. In terms of

structure-property relationships, novice students thought that number of atoms and

type of elements composing the fuel determine its properties. Furthermore, novice

students thought that shape and size of the molecule and the presence of particu-

lar chemical bonds affect the fuel’s energy outcome. Advanced students related the

properties of the fuel with its submicroscopic characteristics as they were focusing on

reaction processes. The authors suggested that in order to help students in applying

their knowledge into relevant contexts, teachers should focus on context based learning

by creating relevant situations (Banks et al., 2015; Szteinberg et al., 2014).

Chemical mechanism and chemical causality, which are the main foci of this study,

refer to how and why chemical reactions happen. Chemical control, on the other hand,

is derived from the question “How can chemical processes be controlled?”. In order to

track students’ conceptual progression about chemical mechanism and chemical causal-

ity, Yan and Talanquer (2015) conducted a research study targeting undergraduate and

graduate chemistry students. Analysis of semistructured interviews with the partici-

pants revealed that most of the students tended to think that chemical reactions are

initiated by an active agent or an external force. They also thought that chemical

reactions are driven by the “needs” of the reactants to become more stable. Results

also showed that students mostly lack the dynamic view of chemical reactions. Novice
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students, for example, explained that chemical reactions occur by simply combina-

tion or decomposition of the aggregates without mentioning submicroscopic properties

and dynamic processes. However, more advanced students mentioned bond break-

ing and bond formation processes and some of them mentioned electron transfers and

electrostatic interactions among the particles. In another study, undergraduate and

graduate students’ reasoning while thinking about the reaction process to synthesize a

targeted product was investigated (Weinrich and Talanquer, 2015, 2016). Data anal-

ysis revealed the conceptual modes that the students held while thinking about the

feasibility of chemical reactions to synthesize a targeted product, and these concep-

tual modes showed various levels of sophistication. Even though explanatory power of

the responses improved as students progress through chemistry education, there was

not a clear sequence. Similar with the previous research (Yan and Talanquer, 2015),

novice students tended to evaluate chemical reactions at macro level by focusing on

active reactants, external agents, and physical changes. Even though more advanced

students tended to explain chemical processes with submicroscopic and dynamic view,

their thoughts about a need for external agents or active compounds still persisted.

Critical analyses of the literature and limited number of empirical studies on stu-

dents’ conceptualization of crosscutting chemistry concepts revealed that students have

difficulties in applying chemistry knowledge into relevant contexts due to the traditional

instruction lacking interdisciplinary and cross-disciplinary integration of crosscutting

concepts in chemistry. Moreover, research on students’ conceptual progression about

chemical reactions is very limited in terms of sample size and lack of high school stu-

dents in the sample of empirically driven progressions (Weinrich and Talanquer, 2015,

2016; Yan and Talanquer, 2015). The present study aimed to draw a detailed portrait

of reasoning patterns in students’ conceptualization of why and how chemical reactions

happen for different types of chemical reactions. Different groups of students, namely,

high school, undergraduate, and graduate students, participated in this study were

selected based on the accumulation of the concepts involving chemical reactions and

fundamental concepts that are strongly related with chemical reactions (e.g., chemi-

cal bonding, kinetics, chemical equilibrium, and thermodynamics) in the curriculum.

Chemical mechanism and chemical causality as two crosscutting disciplinary concepts,
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play a critical role in chemical thinking and serve as lenses for understanding how

students apply and integrate these fundamental concepts into new contexts (i.e., dif-

ferent types of chemical reactions). Findings from the current study may uncover

the progression in students’ conceptualization of two crosscutting disciplinary concepts

which may also affect students’ understanding of other chemistry concepts (Weinrich

and Talanquer, 2015). Furthermore, mapping students’ conceptual progression may

uncover how to promote students understanding, develop instructional practices, and

make curricular arrangements.

2.4. Students’ Understanding of Chemical Reactions

Over several years, students’ understanding of chemical reactions and students’ al-

ternative conceptions about chemical reactions were investigated by researchers (Barke

et al., 2009; Eilks et al., 2007). In this section, research on students’ understanding

of chemical reactions will be discussed through the lenses of chemical mechanism and

chemical causality. Moreover, students’ common alternative conceptions about chemi-

cal reactions will be summarized.

Various research studies investigated students’ understanding of chemical change

and how students categorize physical and chemical changes (Ayas and Demirbas,

1997; Calik and Ayas, 2005; Johnson, 2000, 2002; Stavridou and Solomonidou, 1998;

Tsaparlis, 2003). Stavridou and Solomonidou (1998) conducted a cross-age (ages 12-

18) study with secondary school students to investigate the development of chemical

reaction concept across years. Scientific identification of chemical changes increased

with the increase of grade levels. Most 14-year-old students focused on macro prop-

erties such as gas formation and color changes while identifying chemical reactions.

However, some 14-year-old and 16-year-old students distinguished chemical and phys-

ical changes focusing on the combination of multiple reactants to form a product. On

the other hand, 18-year-olds defined chemical changes in terms of submicroscopic level.

They mentioned the changes in the particles of the reactants without relating it to the

formation of the product. In the following years, similar studies were conducted with

various age groups. For example, in order to investigate how students distinguish chem-
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ical and physical changes, Tsaparlis (2003) conducted a research with Grade 10 and

first year undergraduate students. It was found that fist year undergraduate students

were better at distinguishing chemical and physical changes. However, since students

mostly focused on macro properties (e.g., gas formation) they classified evaporation

and boiling as chemical change. Another study conducted with Grade 8 students and

student teachers revealed that students in both groups relied on observable changes to

identify chemical change similar with the previous studies cited above. However, some

participants in student teacher group also mentioned that chemical change took place

because of bond breaking and bond formations (Calik and Ayas, 2005).

Another body of research investigated how and why chemical processes take place

(Ahtee and Varjola, 1998; Ben-Zvi et al., 1987; Boo, 1998; Boo and Watson, 2001;

Van Driel et al., 1998). A research study conducted with students from Grade 7, Grade

8, first year senior secondary school, and first year undergraduate levels investigated

how students define chemical reactions (Ahtee and Varjola, 1998). Researchers catego-

rized students’ responses based on particular criteria. For a response to be acceptable,

it should include bond breaking, bond formation, electron transfer in submicroscopic

level, and property changes. As grade level progressed, students tended to describe

chemical processes in terms of bond breaking and bond formation by mentioning par-

ticle interactions in submicroscopic level, contrary to the novice (Grade 7 and Grade

8) students focusing on macroscopic properties while explaining chemical processes.

In another study, Boo and Watson (2001) investigated the progression in high school

students’ understanding of chemical reactions. The authors conducted individual inter-

views with two groups of students (Grade 12 and Grade 13). Analysis of the interviews

revealed a progress in students’ understanding of chemical reactions over years. Results

showed that students were good at predicting the outcomes of the reactions presented

in the interviews. However, students’ understanding of reaction energy in terms of

supplying or releasing energy and the bond energies was found to be weak. Addition-

ally, students’ understanding of reaction process was weak. Their explanations were

lacking dynamic view of particle interactions and collisions. Finally, students’ explana-

tions regarding driving force of chemical reactions mostly did not include concepts of

kinetic and thermodynamic stability. Findings of this research in terms of alternative



24

conceptions were worth noting. Even though students demonstrated progression in

understanding of chemical reactions, various alternative conceptions were held by stu-

dents from all groups. The most common alternative conception is about the driving

force of chemical reactions. Instead of mentioning kinetic and thermodynamic stabil-

ity, almost all students focused on external agents (e.g., heat, reactive substances, and

solvent) as driving force and cause of chemical reactions. Another common alternative

conception is that when the ions attract each other, students thought that they form

a molecule. Almost half of the students thought that bond breaking is an exothermic

process while bond formation is a endothermic process regarding the energy of reac-

tions. Similar number of students held the alternative conception that solvents do not

have any role in chemical reactions.

2.5. Summary

This chapter began with explaining constructivist view of learning and conceptual

learning in science education. Students come to science classes with preexisting knowl-

edge about the natural phenomena that are to be taught. However, these conceptions

may differ from scientifically accepted body of knowledge and therefore may result

in building alternative conceptions upon instruction. In order to determine appropri-

ate interventions to promote students’ understanding of scientific concepts, researchers

have been investigating students’ preconceptions and alternative conceptions over sev-

eral years.

In order to develop research informed curriculum, assessment, and instructional

practices it was suggested to investigate students’ conceptual progression over several

years. Learning progressions, with the same vision, align curriculum, instruction, and

assessment practices that revolve around big ideas and crosscutting disciplinary con-

cepts to promote scientific literacy. Similarly, integrating big ideas and crosscutting

disciplinary concepts in chemistry education plays a critical role in students’ devel-

opment of chemical thinking. Core ideas related with analysis, synthesis, and trans-

forming matter are seen fundamental for scientific literacy. Based on core practices

of chemistry, namely, investigation, design, and evaluation there were six crosscutting
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disciplinary concepts which were found to be fundamental in chemical thinking. These

concepts include chemical identity, structure-property relationships, chemical causal-

ity, chemical mechanism, chemical control, and benefits-costs-risks. The main foci of

this study were chemical mechanism and chemical causality since there were limited

number of empirical studies investigating the progression in students’ understanding

of these crosscutting disciplinary concepts with limited number of participants.

There were various research studies investigating students’ understanding of chem-

ical reactions. Basically, students’ identification of chemical change and understanding

of chemical processes were investigated by several researchers and it was found that

students from multiple age groups tended to identify chemical change based on macro-

scopic properties, such as gas formation, color change, and explosions. Additionally,

some advanced students mentioned the changes of the particle structure in submicro-

scopic level and mentioned bond breaking and formation processes. While explaining

chemical processes, most students had weak understanding of how reactions proceed

(e.g., bond breaking, bond formation, and interactions among particles) and energetic

factors affecting reactions (e.g., endothermic processes, exothermic processes, kinetic

stability, and thermodynamic stability).

Literature survey showed that studies regarding students’ understanding of chem-

ical reactions are very limited in terms of sample and in terms of qualitative descrip-

tions of students’ reasoning. Mostly, alternative conceptions held by the students were

emphasized in the literature. In this respect, this study focused on describing the pro-

gression in students’ understanding of chemical mechanism and chemical causality in

detail and partraying how students apply their knowledge of fundamental chemistry

concepts into new contexts (i.e., different types of chemical reactions) through the

lenses of chemical mechanism and chemical causality.
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3. METHODOLOGY

The main purpose of this study was to map students’ conceptual progression of

how and why chemical reactions (displacement, decomposition, and combination reac-

tions) happen across different grade levels (Grade 12, Undergraduate 1, Undergraduate

4, and Graduate). In doing so, the study identified the patterns in students’ under-

standing about how and why chemical reactions happen and organized them according

to their levels of explanatory power, and consequently explored how students’ patterns

of understanding about how and why chemical reactions happen change across differ-

ent grade levels (i.e., different levels of chemistry education). Finally, the study also

investigated how students’ patterns of understanding change with respect to the type

of chemical reaction under analysis. In order to attain these goals, following research

questions guided this study:

(i) How do students’ conceptual modes related to chemical mechanism change across

different grade levels?

(ii) How do students’ conceptual modes related to chemical causality change across

different grade levels?

(iii) How do students’ conceptual modes related to chemical mechanism and chemical

causality change with respect to the type of reaction under analysis?

In the following sections, research design, participants and context of the study,

instrument and data collection procedures, data analysis, and the strategies adopted to

enhance validity and reliability are described in detail, in order to address the research

questions.

3.1. Research Design

The research questions mentioned above guided and shaped this research study.

Research questions (i) and (ii), required identifying patterns in students’ understand-

ing of how and why chemical reactions happen and comparing how these patterns of
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understanding change across different grade levels (i.e. different levels of chemistry edu-

cation). In research question (iii), it was aimed to explore how students’ understanding

about how and why reactions happen depend on the reaction type under analysis. In

order to address the research questions, it was required to explore and understand pat-

terns in students’ understanding in a complete manner and represent the relationship

between them. In other words, to make sense of the meaning that the students derived

from the concepts, namely chemical mechanism and chemical causality, a qualitative

research approach was adopted (Creswell, 2013).

Among various qualitative approaches, grounded theory was utilized as the re-

search methodology in this study. In grounded theory research, the meaning is de-

rived from the data inductively and substantive theories can be generated (Corbin and

Strauss, 2015; Merriam, 2009). In other words, the theory is grounded in the qualita-

tive data (Charmaz, 2006; Merriam, 2009). Grounded theory research is also utilized

when there is a need for explaining a process that takes place over a time period. Such

processes include education related events and interactions. Grounded theory research

requires collecting qualitative data, identifying categories (themes), describing the re-

lationship among these categories, and generating the theory about the process under

analysis (Creswell, 2012).

In order to map and track the changes in students’ conceptualization of how and

why chemical reactions happen across different grade levels, there are two alternative

designs, namely, longitudinal and cross-sectional. However, since longitudinal studies

depend on collection of data over time, such research study is difficult to conduct due

to time restrictions. Alternatively, cross-sectional designs allow researchers to collect

data from multiple groups at a single point of time to track a process (Creswell, 2012).

Therefore, a cross-sectional design was used in this study, since it allows mapping

students’ understanding from multiple groups varying in level of chemistry education

(Yan and Talanquer, 2015).
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3.2. Participants of the Study

Four groups of students participated in this study based on their level of chemistry

education (i.e., different grade levels) and milestones in curriculum regarding chemical

reactions. These groups included Grade 12 students at high school level, first-year

undergraduate students (i.e., freshmen students) majoring in chemistry, fourth-year

undergraduate students (i.e., senior students) majoring in chemistry, and graduate

students from Master of Science and Doctor of Philosophy programs in chemistry.

A total of 20 participants from high school level (Grade 12) were recruited from

four public high schools located in Sarıyer and Beşiktaş districts in İstanbul upon pre-

senting permission letter from the directorates of National Education of corresponding

districts (see Appendix A). Five students were selected from each high school by their

chemistry teachers based on a wide range of achievement in chemistry. Among Grade

12 participants, the gender distribution was almost equal (55% female, 45% male) as it

was summarized in Table 3.1. Grade 12 participants were 17-18-year-old college-bound

students, intending to study science, engineering, or medicine in the university. During

the data collection period, Grade 12 students progressed through chemistry curriculum

published in 2013 (MoNE, 2013a). In Grade 9 and Grade 10, the participants involved

in Basic Level Chemistry Program, in which students are expected to get familiar with

chemistry concepts and symbolic language of chemistry while relating these concepts

with everyday life in order to discover the relationship between properties of chemical

substances and their functions. Furthermore, they are expected to relate properties of

chemical substances and socio-scientific issues (MoNE, 2013a). Then, because Grade

12 participants aimed to pursue career in engineering, medicine, and natural sciences

they continued with Advanced Level Chemistry Program in Grade 11 and Grade 12

(MoNE, 2013a). In the Advanced Level Chemistry Program, students get familiar

with chemistry concepts, such as structure of atom, laws of thermodynamics, chemical

kinetics and chemical equilibrium, and structure-property-usage relationship of chem-

ical substances (MoNE, 2013a). In Grade 9 and 10, the participants had 2 hours of

chemistry lessons per week, and in Grade 11 and 12, they studied 4 hours of chemistry

per week.
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Undergraduate and graduate participants of the study were recruited from the

Department of Chemistry in a public research university located in İstanbul. In order to

conduct individual interviews with undergraduate and graduate students, a permission

letter was obtained from Institutional Review Board for Research with Human Sub-

jects (İNAREK). The permission letter was presented in Appendix A. Undergraduate

1 participant group included 20 students, and the participants were 20 years old on av-

erage. This participant group consisted of 17 (85%) female and 3 (15%) male students.

During the period of data collection, they were registered in a General Chemistry II

course and a corresponding laboratory course, namely Qualitative Analysis. Before

these courses, they took General Chemistry I and its corresponding laboratory course,

namely Introduction to Practical Chemistry. These courses were required chemistry

courses (22 ECTS credits) for Undergraduate 1 chemistry students and they did not

take any elective chemistry courses at this stage.

Fourth-year undergraduate students were registered in advanced undergraduate

courses such as Physical Chemistry III, Biochemistry, and the related laboratory course

at the data collection period. A total of 20 Undergraduate 4 students were participated

in this study. Undergraduate 4 group consisted of 15 (%75) female and 5 (%25) male

students, and the participants were 25 years old on average. From senior year to

this period, Undergraduate 4 students took several required (122 ECTS credits) and

elective chemistry courses. The participants took 23 undergraduate chemistry courses

on average worth of 119 ECTS credits (on average) during their undergraduate years.

Graduate participants were master and PhD students in chemistry department.

Some graduate participants were enrolled in advanced graduate courses in addition to

laboratory work, and the others were working toward their theses and dissertations.

This participant group included 14 (%82) female and 3 (%18) male graduate stu-

dents, and they were 29 years old on average. Master students took Advanced Organic

Chemistry, Advanced Physical Chemistry, and Graduate Seminar courses in addition

to several graduate elective courses. Doctoral students only took a research course as

a required course in addition to graduate elective chemistry courses. The participants

took 7 graduate chemistry courses on average worth of 47 ECTS credits (on average).
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Table 3.1. Participant demographics.

Gender

Level of education Group name Number of participants Female Male Age

n (N =77) f (%) f (%) M

Grade 12 G12 20 11 (55) 9 (45) 18

Undergraduate 1 UG1 20 17 (85) 3 (15) 20

Undergraduate 4 UG4 20 15 (75) 5 (25) 25

Graduate GR 17 14 (82) 3 (18) 29

As it can be seen from the demographic characteristics of the participant groups

(see Table 3.1), gender distribution among high school students were almost even.

However, the gender distribution of Undergraduate and Graduate groups was female

dominant. In order to confirm that this gender distribution reflects the demographic

characteristics of the Department of Chemistry, the number of female and male stu-

dents were obtained and percentage values were computed. Frequencies and percent-

age values showed that female students outnumber male students in the Department

of Chemistry in this particular university. For example, Undergraduate 1 students

registered in the Department of Chemistry included 45 female and 23 male, which cor-

responds to 66% and 34%, respectively. Similarly, 66% of Undergraduate 4 students

and 82% of graduate students were female in the Department of Chemistry. When par-

ticipant demographics and gender distribution in the Department of Chemistry were

compared, such participant characteristics in the sample were expected due to the gen-

der distribution in the department that the participants were recruited from. Each

participant was identified with a number and in the subsequent chapters, interview ex-

cerpts will be labeled with group abbreviation and participant number. For example,

seventh participant from Grade 12 is mentioned as G12P7 and 12th participant from

Undergraduate 4 group is mentioned as UG4P12.
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A total of 77 students, including 20 high school (Grade 12) students, 20 first-

year undergraduate students , 20 fourth-year undergraduate students, and 17 graduate

(master/PhD) students volunteered to participate in this study. A total of 20 partici-

pants from each group (except the Graduate group) were interviewed until a saturation

was reached where addition of new data would not change the coding scheme (Charmaz,

2006; Creswell et al., 2007). Students from each group were recruited based on their

level of chemistry education and the accumulation of knowledge in chemical reactions

throughout the curriculum.

3.3. Context of the Study

In Turkey, there is a centralized core curriculum for high school chemistry course.

In 2018, Ministry of National Education published a new chemistry curriculum for high

school level (MoNE, 2018). However, Grade 12 students during the data collection

period (Spring 2017), progressed through the Turkish chemistry curriculum which was

published in 2013 (MoNE, 2013a). Therefore, research context regarding Grade 12

students is represented through the lenses of the chemistry curriculum published in

2013 (MoNE, 2013a). Students are introduced to chemistry as a separate discipline

at the first year of secondary education (Grade 9 in high school level) and chemical

education continues with Grade 10. Students who aim to pursue career in engineering,

medicine, and natural sciences are continued to be taught chemistry in Grade 11 and

Grade 12. Chemistry curriculum in the research context includes Basic Level Chemistry

Program for Grade 9 and Grade 10 and Advanced Level Chemistry Program for Grade

11 and Grade 12 (MoNE, 2013a). However, both Basic Level Chemistry Program and

Advanced Level Chemistry Program mainly focus on developing scientific literacy and

science process skills as an outcome of recent curricular reform in Turkey (Erdogan and

Koseoglu, 2012). Teaching and learning approaches of the programs include context

based chemistry learning in a constructivist learning environment (MoNE, 2013a).

However, Demircioglu et al. (2015) stated that even though the chemistry curriculum

encourages a constructivist learning environment as a result of curriculum reforms,

chemistry teachers avoided reading curriculum and did not change traditional teaching



32

methods in their classrooms. Furthermore, research also showed that teachers did not

include classroom activities into their teaching practices, such as laboratory sessions,

due to time restrictions (Demir et al., 2017; Demircioglu et al., 2015; Uce and Saricayir,

2013).

In this research context, high school students study chemical reactions from dif-

ferent points of view as they progress through chemistry curriculum. In Grade 9,

students are introduced to the concepts of atom, molecule, element, compound, and

states of matter. They learn concepts of element and compound as types of chem-

ical substances. Furthermore, they study electrostatic interactions (intra-molecular

and intermolecular interactions) and physical and chemical changes on the basis of

bond breaking and bond formation. They start to form chemical equations of basic

reaction types, namely, combustion, acid-base, and precipitation reactions. In Grade

10, Mixtures unit is dedicated to introduce homogeneous mixtures as solutions and

heterogeneous mixtures in detail with an emphasis on the concept of dissolving at

the particulate level. Students are also introduced to concepts acid, base, salt, and

pH. They discover acid-base reactions as interactions between acids and bases. Fur-

thermore, they learn how acid-base reactions proceed on macro level by focusing on

acid-base indicators. In Grade 11, the students are re-introduced to the chemical reac-

tions with a quantitative approach, namely stoichiometry. They are also dealing with

the reaction types, namely, combustion, acid-base, precipitation, and redox reactions

as well as learning about the basic laws of thermodynamics and spontaneity of chemical

reactions. In the Chemical Kinetics and Equilibrium unit, Grade 11 students exam-

ine chemical reactions in more detail, involving the concepts of molecular collision,

activation energy, catalysts, chemical kinetics, reaction mechanisms, chemical equilib-

rium, acid base definitions, acid-base reactions, and precipitation reactions. In Grade

12, students are introduced to redox reactions and spontaneity of redox reactions in

Chemistry and Electricity unit.

In the undergraduate chemistry program, the first-year chemistry students take

general chemistry courses (General Chemistry I and General Chemistry II) and the

related laboratory courses (Introduction to Practical Chemistry and Qualitative Anal-
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ysis) separately as required courses. In the second semester general chemistry course,

the first-year chemistry students study thermochemistry, thermodynamics, chemical

kinetics, chemical equilibrium, acids and bases, solubility, and electrochemistry topics

in detail. Both of the general chemistry courses are based on direct instruction and

problem solving during lecture hours and problem sessions. Laboratory courses, on

the other hand, require students to perform one or more experiments each week and

report the results based on a laboratory report template. During the lecture hours of

the laboratory courses, students are introduced to the experiments of that week and

theoretical knowledge related to the experiments. The participants stated that they do

not have discussion sessions about the chemical reactions included in the experiments.

Fourth-year chemistry students take numerous required and elective chemistry

courses. In addition to general chemistry courses, fourth-year chemistry students take

required courses such as Organic Chemistry I-II-III and related laboratory courses,

Inorganic Chemistry with a laboratory course, Physical Chemistry I-II-III with lab-

oratory courses. In addition to the required courses, students take several elective

chemistry courses based on their interests. For example, most of the students take

more than one undergraduate research courses from several chemistry fields. Among

the elective courses that the students take, there are environmental chemistry, textile

chemistry, polymer science and technology, and medicinal chemistry. Again, most of

the courses they take are based on direct instruction and problem solving.

Master students take Advanced Organic Chemistry, Advanced Physical Chem-

istry, and Graduate Seminar as required courses. In addition to them, they take six

elective graduate chemistry courses based on their research interests and thesis top-

ics. Among these courses, there are Advanced Inorganic Chemistry, Polymer Chem-

istry, Advanced Computational Chemistry, and special topic courses such as Polymer

Composites and Organometallic Chemistry. Doctoral students also take their elective

courses from the same pool with the master students. As it can be seen from the

courses they take, graduate students start to specialize in chemistry. In addition, they

start their laboratory work with their supervisors in addition to the courses until they

finish their theses/dissertations.
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3.4. Instrument and Data Collection Procedures

Data were collected through semistructured interviews. Interviewing is a proce-

dure in which the participants are asked open ended questions in parallel with the re-

search questions of the study and the answers of the participants are recorded (Creswell,

2012). Since the research questions required participants’ in depth explanations, in-

terviews were utilized as the data source. In this study, individual interviews (also

called one-on-one interviews) in which only one participant was interviewed at a single

time were adopted (Creswell, 2012). Since targeted information is required from the

participants (i.e., chemical mechanism and chemical causality), there were structured

questions in the protocol (e.g., How does this reaction start? Why does this reaction

happen?). However, the protocol allows probing and elaboration of the ideas for the

researcher to explore emerging ideas during the interviews and exact wording was not

used in the questions (Merriam, 2009). The interview protocol included four chemical

reactions representing various types of chemical reactions, namely double displacement,

single displacement, decomposition, and combination. Each of these reactions was cho-

sen by considering their variety in types of chemical bonds, types of physical states,

types of substances, and types of driving forces. Furthermore, high school textbooks

were scanned and the representative reactions for each type included in this study were

selected to ensure their familiarity to the Grade 12 students. The reactions selected for

the study were categorized according to the replacement of the particles. Each reac-

tion was presented with their symbolic and particulate representations in the interview

protocol. Chemical reactions included in the interview protocol are presented in Table

3.2 and the interview protocol can be seen in Appendix B.

For individual interviews, Grade 12 students were selected by their chemistry

teachers based on their achievement in chemistry and their willingness to participate

in an interview study at the end of Spring 2017 term. Chemistry teachers were informed

about the purposes of the research and the data collection procedures which involves

one by one interviews. Since shy and hesitant interviewees cause challenges to the inter-

viewer and they do not express their ideas in detail (Creswell, 2013), the teachers were

asked to select students who were willing to share their ideas. Undergraduate and grad-
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Table 3.2. Chemical reactions included in the interview protocol.

Type of reaction Chemical equation

Double displacement AgNO3(aq) + NaCl(aq) → AgCl(s) + NaNO3(aq)

Single displacement Fe(s) + CuSO4(aq) → FeSO4(aq) + Cu(s)

Decomposition CaCO3(s) → CaO(s) + CO2(g)

Combination 2 Mg(s) + O2(g) → 2 MgO(s)

uate participants were recruited from the Department of Chemistry in a public research

university located in İstanbul. The first-year undergraduate students were recruited

through an announcement during a general chemistry laboratory course hour at the end

of Spring 2017 and Spring 2018 semesters. The fourth-year undergraduate participants

were invited during an undergraduate seminar course and an undergraduate physical

chemistry course (Physical Chemistry III) in Fall 2017 semester. Furthermore, an invi-

tation e-mail was sent to all senior chemistry students by their academic advisor. The

graduate students were recruited via e-mail invitations and through announcements in

chemistry laboratories in Fall 2017 and Spring 2018 semesters.

Before the individual interviews, the participants were informed about the pur-

pose of the research and they were informed that their responses would be used only

for research purposes. The researcher stated that their participation in this study

would not affect their grades and that they can withdraw from the study anytime

without penalty. In addition, they were informed that right or wrong answers were

not interested by the researchers. Rather, the participants were encouraged to express

their thinking during interview tasks in detail. Then, they were asked to fill out the

demographic information forms, which are different for high school and undergradu-

ate/graduate students (see Appendix C and Appendix D).
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Figure 3.1. An example representation used in the interview protocol

Because the interview protocol included colored representations, each reaction

was shown on a computer screen one by one. The participants were shown particulate

and symbolic representations of each chemical reaction. First, each participant classi-

fied the reaction under analysis. Then the participants were asked to explain how the

reaction under analysis starts and proceeds. Then, they were asked to explain why the

reaction under analysis happens. They were also asked to support their explanations

with drawings, if possible. Thus, they were provided with pencil, paper, and periodic

table. Participants’ drawings and interview transcripts were merged later for a better

understanding of their responses. Finally, the participants were asked when the reac-

tion would stop. An example of the representations given in the interview protocol can

be seen in Figure 3.1. The participants were encouraged to think aloud while answer-

ing the questions. The participants were asked probing questions in order to explore

their thinking about chemical reactions under analysis in detail. Probing questions,

which are subquestions under each of the interview questions, allow the interviewee to

express his/her ideas in detail in order to obtain clarity and elaborate his/her ideas

(Creswell, 2012). The participants’ responses to the main interview questions shape

the probing questions during the interviews (Merriam, 2009). The following interview

excerpt demonstrates how the reactions (e.g., CaCO3(s) → CaO(s) + CO2(g)) were

introduced to the participants:
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Researcher: “[...] This is the third reaction. Here [in the visual] we see calcium
carbonate. Calcium carbonate reacts to produce calcium oxide and carbon dioxide
gas. Let’s start with the type of this reaction.”
UG1P8: “[...] Decomposition reaction... Carbon dioxide leaves the medium in a
gas form while calcium oxide remains as a solid.”
Researcher: “[...] Okay, how do you think this reaction starts and proceeds?”

Interviews were conducted in a proper place in participants’ schools (e.g., libraries,

laboratories, offices, meeting rooms, and classrooms). The individual interviews took

between 30 and 60 minutes, and they were audio-recorded and transcribed verbatim for

analysis. In order to understand the participants’ explanations better, their drawings

were scanned and integrated with the corresponding transcription parts.

3.5. Data Analysis

The major data source of this research study was the transcripts of individual

interviews. In order to address the research questions, individual interviews were tran-

scribed verbatim. Then, qualitative analyses were performed. In this section, data

analysis procedures will be explained in detail.

In order to analyze the data, interview transcripts were read, reread, and coded

initially. Coding of the transcripts allowed the researcher to understand the data deeply

(Charmaz, 2006). For coding process, NVivo qualitative data analysis software, version

11 was used. Charmaz (2006) defined coding as categorizing pieces of the data and

naming them with labels that summarize these pieces. In coding process, naming pieces

of the data (initial coding) was followed by a more focused coding phase in which the

data were organized, synthesized, and integrated (Charmaz, 2006). During the coding

process, constant comparative method was utilized. In constant comparative method,

pieces of data were coded, and new codes emerged or the data fit into an existing code.

During the coding process, each piece of data that was coded was compared with the

other data coded under the same category (Glaser and Strauss, 1967). In this research

context, this process was applied within the same transcript (the responses of the same

participant) and among all of the transcripts (the responses of all participants). As the
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properties of the codes emerged, some codes were integrated and some of them were

eliminated (Glaser and Strauss, 1967). In other words, coding process was shaped by

the addition of the new codes, as the data analysis progressed. Constant comparative

method of analysis proceeded iteratively with simultaneous data collection and analysis.

Data collection and analysis processes continued until a saturation was reached where

new addition of data would not change the coding scheme (Charmaz, 2006; Creswell

et al., 2007).

In the current context, students’ conceptual progressions were investigated under

two concepts, namely chemical mechanism and chemical causality. For each concept,

the following dimensions emerged:

(i) Concept: Chemical mechanism (How do chemical reactions happen?)

• Dimension: How chemical reactions start

• Dimension: How chemical reactions proceed

• Dimension: When chemical reactions stop

(ii) Concept: Chemical causality (Why do chemical reactions happen?)

• Dimension: Why chemical reactions happen

• Dimension: What causes chemical reactions

• Dimension: What drives chemical reactions

These dimensions and categories emerged for each dimension were named by uti-

lizing the scheme developed in the previous studies (Weinrich and Talanquer, 2015; Yan

and Talanquer, 2015). However, as it was mentioned in the previous paragraphs, coding

scheme was modified by addition, elimination, and integration of the codes as the data

collection and data analysis progressed. In this study, each code (category) emerged

under these dimensions are named conceptual mode as suggested by the previous stud-

ies (Weinrich and Talanquer, 2015; Yan and Talanquer, 2015). For example, for the

dimension “when chemical reactions stop”, some participants assumed that chemical

reactions would stop when all reactants were consumed. Such way of conceptualization

was categorized under “when reactants are gone” conceptual mode. On the other hand,

some participants assumed that chemical reactions would not stop. Instead, competing



39

processes would keep going as a dynamic equilibrium. Such conceptualization of the

participants was categorized under “dynamic equilibrium” conceptual mode. Concep-

tual modes under each dimension were arranged according to the sophistication and

explanatory power. For each reaction, frequency and percentage of participants holding

such conceptual modes were calculated and represented as visual models (see Chap-

ter 4). In addition, dimensions and conceptual modes under analysis were depicted

visually in the following chapter (see Chapter 4).

The rest of this section was dedicated to explain concepts of chemical causality

and chemical mechanism. Additionally, related dimensions and conceptual modes were

defined and described with corresponding coding keys in detail in Sections 3.5.1 and

3.5.2.

3.5.1. Chemical Mechanism: How do Chemical Reactions Happen?

Sevian and Talanquer (2014) suggested investigating the progression in students’

conceptions of cross-cutting disciplinary concepts considered as fundamental in chem-

istry understanding and practice. These concepts involve chemical identity, struc-

ture–property relationships, chemical causality, chemical mechanism, chemical control,

and benefits–costs–risks. This study focused on two of these concepts, namely, chem-

ical mechanism and chemical causality. The question “How do chemical reactions

happen?” targets the concept of chemical mechanism. In the context of this study,

this concept consists of three dimensions, namely, how chemical reactions start, how

chemical reactions proceed, and when chemical reactions stop.

The first dimension how chemical reactions start focuses on the participants’ con-

ceptions of how different types (i.e., double displacement, single displacement, decom-

position, and combination) of chemical reactions start. Participants’ responses under

this dimension were categorized into five conceptual modes as shown in the Table 3.3.
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Table 3.3. Coding key for the conceptual modes regarding “how chemical reactions

start”.

Conceptual modes Description

Just happens Chemical reactions happen spontaneously or when the reac-

tants are mixed

Active agent The reactant with more reactivity, mobility or electronegativ-

ity starts the reaction

External forces External forces (e.g., heat, light) starts the reaction

Mutual attraction Chemical reactions start by the electrostatic attraction be-

tween particles of the reactants

Random collisions Chemical reactions start when the particles of the reactants

collide with each other

Table 3.4. Coding key for the conceptual modes regarding “how chemical reactions

proceed”

Conceptual modes Description

Combination of aggregates Reactions are combination of the particles of the

reactants

Displacement of aggregates Reactions are displacement of particles of the re-

actants

Decomposition of aggregates Reactions are decomposition of a reactant

Bonds broken and reformed Chemical bonds are broken and reformed to pro-

duce the product

Changes through interactions As chemical bonds are broken and reformed, elec-

tron transfer and/or electrostatic interactions take

place
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Table 3.5. Coding key for the conceptual modes regarding “when chemical reactions

stop”.

Conceptual modes Description

When reactants are gone Chemical reactions stop when the reactants are

consumed

When external force is removed Chemical reactions stop when the external force is

removed

Stops at equilibrium Chemical reactions stop at equilibrium

Dynamic equilibrium The reaction never stops, dynamic equilibrium

continues

The dimension of how chemical reactions proceed classifies participants’ concep-

tual modes according to their responses about how the particles of reactants of different

types of chemical reactions interact to form the targeted products. Five conceptual

modes emerged from participants’ responses regarding this dimension. Explanations

of the conceptual modes were summarized in Table 3.4.

When chemical reactions stop dimension classifies participants’ conceptual modes

according to their responses about when no more chemical changes are observed. Par-

ticipants’ conceptual modes regarding this dimension were summarized in Table 3.5.

3.5.2. Chemical Causality: Why do Chemical Reactions Happen?

The question “Why do chemical reactions happen?” targets the concept of chem-

ical causality. In this research context, this concept is classified into three dimensions,

namely, why chemical reactions happen, what causes chemical reactions, and what

drives chemical reactions.
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The dimension of why chemical reactions happen is categorized into six conceptual

modes based on participants’ responses regarding the reasons and necessary conditions

behind chemical changes. The conceptual modes emerged under this dimension were

described in Table 3.6.

The dimension of what causes chemical reactions categorizes participants’ re-

sponses about how properties and interactions of the particles involved in chemical

changes affect these processes. Furthermore, this dimension involves external agents

(e.g., heat, electricity, catalysts) that influence chemical reactions.

Table 3.6. Coding key for the conceptual modes regarding “why chemical reactions

happen”.

Conceptual modes Description

Active agent Reactions happen due to the reactant with more reac-

tivity or electronegativity

External forces Reactions happen due to the external forces (heat, light)

Attractive forces Reactions happen due to the strong electrostatic attrac-

tions between the particles of reactants

Teleological explanations Reactions happen due to the needs or wants of the par-

ticles of the reactants

Causal explanations Reactions happen due to the reactants’ features which

affect their interactions

Probability Reactions happen due to the random interactions of par-

ticles of the reactants
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Table 3.7. Coding key for the conceptual modes regarding “what causes chemical

reactions”.

Conceptual modes Description

Central agent Reactions are driven or caused by one central agent

(e.g., heat or a reactive substance)

Multiple agents in sequence Reactions are driven or caused by two or more reac-

tant or agents acting sequentially

Multiple interacting agents Reactions are driven or caused by multiple interacting

agents (concomitant mutual interactions)

The last dimension regarding chemical causality is what drives chemical reac-

tions. This dimension categorizes participants’ responses regarding whether chemical

processes are driven by energetic or entropic factors based on the changes in Gibbs

energy (Muller, 1994). Three conceptual modes emerged under this dimension were

described in Table 3.8.

Table 3.8. Coding key for the conceptual modes regarding “what drives chemical

reactions”.

Conceptual modes Description

Energy driving Reactions are driven by only energetic factors

Energy-entropy merged Reactions are driven by both energetic and entropic

factors, but some alternative conceptions included

in the explanations regarding distinguishing between

energy and entropy concepts

Energy and entropy driving Reactions are driven by both energetic and entropic

factors



44

3.5.3. Interpreting the Data

Findings from this study are presented in Chapter 4. Conceptual modes emerged

for chemical mechanism and chemical causality are described qualitatively along with

representative interview excerpts given in the separate tables dedicated to each dimen-

sion. Then, frequency and percentages calculated for the expressions of the conceptual

modes are presented in tables for all educational levels.

In order to address the research questions (i) and (ii), the conceptual modes

expressed for a particular dimension for all reaction were added and divided by the total

conceptual modes expressed for the dimension under analysis (see Section 4.1). Then,

the ratios were transformed into percentages. Table 3.9 represents the distribution of

the conceptual modes for a particular dimension. In order to provide a clear expression

and to prevent any confusion with the hypothetical data and the actual conceptual

modes, the hypothetical dimension given in Table 3.9 is called “dimension 1” and the

hypothetical conceptual modes given in the table are named “Conceptual mode 1”,

“Conceptual mode 2”, and “Conceptual mode 3”. The data represented in Table 3.9

are hypothetical as well. Hypothetical conceptual modes and the data are given to

provide a clear understanding of how frequencies and percentages of the expressed

conceptual modes were calculated.

Table 3.9. Hypothetical representation of the conceptual modes regarding “dimension

1” across different grade levels.

Conceptual modes G12 (n=20) UG1 (n=20) UG4 (n=20) GR (n=17)

f (%) f (%) f (%) f (%)

Conceptual mode 1 12 (60) 6 (33) 14 (47) 3 (15)

Conceptual mode 2 6 (30) 5 (28) 10 (33) 7 (35)

Conceptual mode 3 2 (10) 7 (39) 6 (20) 10 (50)

Total 20 (100) 18 (100) 30 (100) 20 (100)
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As it can be seen from Table 3.9, UG1 column shows that 6 of 20 students in the

group expressed “Conceptual mode 1”, 5 of 20 students expressed “Conceptual mode

2”, and 7 of 20 students expressed “Conceptual mode 3”. Out of 20 students of UG1

group, 18 conceptual modes are expressed in total for “dimension 1”. This indicates

that there are some students that do not have any response regarding “dimension 1”.

On the other hand, UG4 column shows that, 14 of 20 students expressed “Conceptual

mode 1”, 10 out of 20 students expressed “Conceptual mode 2”, 6 out of 20 students

expressed “Conceptual mode 3”. This distribution shows that some students expressed

more than one conceptual mode for “dimension 1”. GR column also shows that there

are students expressed more than one conceptual mode for “dimension 1”. Percentage

values are calculated for a particular student group by computing total frequencies of

the conceptual modes for “dimension 1”.

In order to address the research question (iii), the percentages of the conceptual

modes for each educational level for a single reaction type were calculated (see 4.2).

Therefore, total frequencies of the conceptual modes for each group are calculated

for the reaction under analysis. Since the reactions were investigated one by one,

for some conceptual modes, there existed only one or two explanations. In order

to obtain a meaningful description of the distributions of the conceptual modes, total

frequencies of the conceptual modes were divided by the number of participants. Then,

the ratios were transformed into percentages. In order to enhance clarity, frequencies of

students providing no response were represented in the corresponding tables. Because

the percentages were calculated by using the number of participants, total percentages

exceeded 100% if some students expressed more than one conceptual modes for some

dimensions.

3.6. Validity and Reliability in Qualitative Research

Regarding the validity and reliability of qualitative research, various terminolo-

gies, definitions, and validation procedures were proposed by several authors (Creswell,

2013; Merriam, 2009). It should be noted that underlying philosophical assumptions of

qualitative research designs differ from quantitative approaches. Therefore, definitions
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of validity and reliability should be in alignment with such philosophical assumptions,

which have different views on reality (Merriam, 2009).

Several authors use the term validity for trustworthiness and credibility of quali-

tative research designs and consider validity as a goal which depends on the purposes

of the research study and the research questions (Creswell, 2013; Creswell and Miller,

2000; Merriam, 2009). It can be defined as how accurately participants’ reality about

the phenomena under analysis is represented (Creswell and Miller, 2000). On the other

hand, reliability of qualitative research designs is referred as the stability of the data to

various coders. In the following paragraphs, the procedures used in order to enhance

validity and reliability of this research study were discussed.

3.6.1. Validation Strategies Utilized in the Study

In this research study, terminologies and validation procedures were adopted from

various authors (Creswell, 2013; Creswell and Miller, 2000; Merriam, 2009). Validation

is defined as the procedures used by the researchers in order to enhance the credibility

of the research study (Creswell and Miller, 2000).

3.6.1.1. Triangulation. In this validation strategy, various sources of data, multiple

researchers, or theories can be used to generate categories and codes (Creswell, 2013;

Creswell and Miller, 2000; Merriam, 2009). In this study, the only data source was

the interview transcripts. In constant comparative analysis of the data, participant re-

sponses corresponding each of the categories (conceptual modes) were compared for the

whole sample. Furthermore, within the transcript of a single participant, the responses

were compared for each category, for each reaction under analysis. This comparison

allowed the researcher to synthesize, eliminate, or separate the codes. In addition, the

coding process for the whole sample was performed with another researcher (thesis

supervisor) and the codes and the instances were compared to ensure that the same

meaning for each code was driven by the researchers.
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3.6.1.2. Adequate Engagement in Data Collection. This validation strategy requires

spending adequate time with data collection until saturation is reached (Merriam,

2009). In this study, data collection and data analysis procedures applied simultane-

ously in order to reach various categories and the cases that invalidate the categories

until a saturation is established. Such cases were reported in detail in Chapter 4.

3.6.1.3. Clarifying Researcher Bias. This validation strategy is also called researcher

reflexivity (Creswell and Miller, 2000). This strategy requires the researcher to establish

and describe her assumptions, biases, and position that may shape the research process

(Creswell, 2013; Creswell and Miller, 2000; Merriam, 2009). In this study, researcher’s

perspectives and theoretical orientation that shaped her interpretation were discussed

in chapters dedicated to the theoretical framework of the study, literature review,

research context, and discussion related to this study (see Chapters 1, 2, 3, and 5).

3.6.1.4. Thick, Rich Descriptions. This validation strategy requires the researcher to

describe the characteristics of the research context, characteristics of the participants,

and codes in detail (Creswell, 2013; Creswell and Miller, 2000; Merriam, 2009). Such

detailed descriptions help the readers feel that they are familiar with the research

context, the participants, and the participants’ experiences about the phenomenon

under investigation. Moreover, thick and rich descriptions allow the readers to decide

whether the characteristics described in the research are similar to their situations.

This helps the readers to decide whether they can transfer the findings described in the

research study to their situation or to similar contexts. In order to enhance validity from

this perspective, context of the research, the curriculum and the learning environment

that the participants are involved, data collection procedures and environment, and

the participant characteristics were described in detail in Chapter 3.

3.6.1.5. Maximum Variation. Finally, variation and diversity in sample characteristics

were recommended by Merriam (2009). This helps the readers to transfer the findings

to the various situations and contexts, a purpose which is similar to the thick, rich

descriptions strategy. In order to enhance validity with this strategy, participants were
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tried to be selected from various educational backgrounds (for Grade 12 participants,

various high schools) and a range of academic achievement (see Sections 3.2 and 3.3).

Creswell (2013) recommends using at least two validation strategies for a qual-

itative research study. For this research, triangulation, adequate engagement in data

collection, clarifying researcher bias, maximum variation, and thick, rich descriptions

were used, since these strategies were suitable for the research design and data collection

procedures which involves individual interviews with a high number of participants.

3.6.2. Enhancing Reliability in the Study

As it was mentioned before, reliability in qualitative research designs refers to

the stability of the data to the various coders (Creswell, 2013). Therefore, in order

to enhance reliability, inter-coder agreement was adopted in this study. Inter-coder

agreement requires multiple coders to analyze the data.

In the current research, the data source was individual interview transcripts.

Inter-coder agreement was determined in terms of percent agreement as suggested

by Miles and Huberman (1994). First, 15% of the total transcripts were randomly

selected. There were 77 transcripts in total, so 12 transcripts were recoded by the

researcher and another researcher (thesis supervisor) separately. First, total codes in

agreement were counted. In order to determine the codes in agreement, code names

and the passages that were coded were compared. Then, total number of codes were

counted (i.e., total number of agreements + disagreements) as given in Equation 3.1.

Total codes in agreement were divided by the total number of codes.

reliability =
number of agreements

total number of agreements + disagreements
(3.1)

Finally, the ratio was transformed into the percentage value. As a result, 95% agree-

ment was obtained in the current study. Miles and Huberman (1994) suggested that

inter-coder agreement should reach 90%. Therefore, inter-coder agreement obtained in

the current study can be considered as satisfactory.
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4. FINDINGS

Constant comparative analysis of the data revealed the dimensions and conceptual

modes regarding the concepts of chemical mechanism and chemical causality. The

following dimensions emerged for each concept:

(i) Chemical mechanism: How do chemical reactions happen?

• Dimension: How chemical reactions start

• Dimension: How chemical reactions proceed

• Dimension: When chemical reactions stop

(ii) Chemical causality: Why do chemical reactions happen?

• Dimension: Why chemical reactions happen

• Dimension: What causes chemical reactions

• Dimension: What drives chemical reactions

Figure 4.1 represents the conceptual modes regarding each dimension which are

ordered in increasing level of sophistication. Conceptual modes that are judged to

be equal in terms of sophistication are given in the same box. Even though this

map demonstrates the conceptual modes expressed by the participants of this study

in an increasing manner from left to right, it does not indicate a linear increase in

sophistication of the conceptual modes.

Data analysis showed that expression of the conceptual modes by the participants

depended both on the level of chemistry education and the type of reaction under con-

sideration. Students’ expressions of the conceptual modes depended on the grade level

for all reaction types, when the reactions were examined one by one. Descriptions of re-

action process regarding chemical mechanism and all dimensions of chemical causality

depended on the level of chemistry education for all reaction types. These dimensions

are given as following:
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• How chemical reactions proceed

• Why chemical reactions happen

• What causes chemical reactions

• What drives chemical reactions

Progression in students’ understanding of chemical reactions will be explained in de-

tail in Section 4.1. Description of how students’ expression of the conceptual modes

depended on the type of reaction under consideration will be presented in Section 4.2.

Figure 4.1. Dimensions and conceptual modes regarding chemical mechanism and

chemical causality

4.1. Students’ Conceptual Progression of Chemical Reactions

In order to address research questions (i) and (ii), this section firstly described

conceptual modes identified for all grade levels in detail. Secondly, conceptual progres-

sion and patterns in students’ understanding of how and why chemical reactions happen

across different levels of chemistry education were described in detail with frequencies

and percentage values in corresponding tables. The research questions addressed in
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this section are:

• Research Question (i): How do students’ conceptual modes related to chemical

mechanism change across different grade levels?

• Research Question (ii): How do students’ conceptual modes related to chemical

causality change across different grade levels?

4.1.1. Chemical Mechanism

Chemical mechanism, as a crosscutting disciplinary concept, connected to the

question “How do chemical reactions happen?”. Regarding this concept, three dimen-

sions emerged, namely, how chemical reactions start, how chemical reactions proceed,

and when chemical reactions stop. Subsequent paragraphs describe students’ concep-

tual modes and conceptual progressions regarding chemical mechanism in detail.

4.1.1.1. How Chemical Reactions Start. The dimension how chemical reactions start

focuses on the participants’ conceptions of how different types of chemical reactions

(i.e., double displacement, single displacement, decomposition, and combination) start.

Analysis of students’ explanations revealed five types of conceptual modes, namely, just

happens, active agent, external forces, mutual attraction, and random collisions. These

conceptual modes are shown in Table 4.1 with illustrative excerpts from the individual

interviews in increasing levels of sophistication.

Table 4.2 demonstrates the frequencies and percentage values of the conceptual

modes expressed by the different groups of students for all reaction types. The most

expressed conceptual modes regarding how chemical reactions start for all groups was

active agent and external forces. The conceptual mode active agent based on students’

explanations including chemical reactions start by an active agent which has more ac-

tivity, more mobility (e.g., atoms of a gas), or electronegativity (e.g., chloride ions).

This conceptual mode was expressed mostly by Grade 12 (28.9%), Undergraduate 4

(29.6%), and Graduate students (31.8%), and it was less frequently observed among
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UG1 students (20.3%). Moreover, student responses coded as external forces included

expressions such as chemical reactions are started by external forces such as heat and

electricity . This conceptual mode was expressed frequently by students from all groups,

but it was more frequent among Grade 12 (44.7%) and Undergraduate 1 (49.4%) stu-

dents, and it was less frequent among Undergraduate 4 (37.0%) and Graduate (39.4%)

students.

Table 4.1. Interview excerpts for the conceptual modes regarding “how chemical

reactions start”.

Conceptual modes Interview excerpts

Just happens G12P1: “A precipitation reaction occurs here. Silver and

chloride combined and precipitated. Then, this structure is

formed [...] sodium and nitrate.”

Active agent GR1P3: “We need to consider the activity of metals [...] iron

has higher activity than copper. Therefore, iron displaced cop-

per.”

External forces UG1P13: “In order to break apart the molecule, in order to

break the bonds, there is a need for energy. In order to give

energy... we supply heat.”

UG1P6: “[...] in order to break apart magnesium, we need

something like a catalyst, we need heat.”

Mutual attraction UG4P19: “When we mix the solutions, silver and chloride

ions combine due to ionic attraction between them. Because

of the strong attraction between them, water can not separate

them.”

Random collisions GRP5: “Free ions are moving in the water constantly [...] In

the water, there are collisions and movements of the molecules

towards each other [...] As a result of the constant movement

of the particles, silver and chloride combine and start to form

a precipitate. When we stir the solution, the precipitate would

form faster because of the increase in collision rate.”



53

Table 4.2. Frequencies of conceptual modes regarding “how chemical reactions start”

across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Just happens 4 (5.3) 0 (0.0) 0 (0.0) 0 (0.0)

Active agent 22 (28.9) 16 (20.3) 24 (29.6) 21 (31.8)

External forces 34 (44.7) 39 (49.4) 30 (37.0) 26 (39.4)

Mutual attraction 15 (19.7) 22 (27.8) 21 (25.9) 15 (22.7)

Random collisions 1 (1.3) 2 (2.5) 6 (7.4) 4 (6.1)

Some students in the sample demonstrated superficial understanding regarding

how chemical reactions started. These students stated that chemical reactions just hap-

pen when reactants are mixed or when reactants are present in the same medium. Most

of these students focused on the macro properties of the substances while explaining

the initiation of the chemical reactions. For example, they stated that precipitation for-

mation is observed when the reactants are mixed or a slow oxidation process (rusting)

may occur when magnesium is left in an open container. This conceptual mode was

expressed only by a limited number of Grade 12 students (f =4, 5.3%) when thinking

about double displacement and combination reactions.

The most frequent conceptual modes regarding how chemical reactions start ex-

pressed by the students were active agent and external forces. The participants who

expressed the conceptual mode of active agent stated that a chemical that acts as an

active agent (e.g., particles with more electronegativity and particles with more mobil-

ity) starts chemical reactions. The majority of participants expressed this conceptual

mode when thinking about single displacement reaction, which included electron trans-

fer process as well. Regarding the single displacement reaction, the participants focused

on the activity of the metals as it can be seen from the Table 4.1. Participants also

expressed this conceptual mode when thinking about the double displacement reaction

and combination reaction as well. Considering the double displacement reaction, the
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participants focused on the agent which had high electronegativity (e.g., chloride ion).

While considering the combination reaction, participants focused on the particle which

had higher mobility (e.g., oxygen gas). This conceptual mode was expressed mostly by

Graduate (31.8%) and Undergraduate 4 (29.6%) students. It was expressed less fre-

quently by Undergraduate 1 (20.3%) and Grade 12 (28.9%) participants. Conceptual

mode of external forces was the most frequently expressed conceptual mode among

all grade levels (for how chemical reactions start dimension). This conceptual mode

indicated that chemical reactions started when an external agent was introduced to

the reaction medium. These external agents can be heat, flame, or electricity. While

considering the decomposition reaction, the participants expressed only the concep-

tual mode of external forces when thinking about the starting process. In addition,

the majority of the participants expressed this conceptual mode while thinking about

the combination reaction. This conceptual mode was expressed mostly by undergrad-

uate 1 (49.4%) and Grade 12 (44.7%) students. It was expressed less frequently by

Undergraduate 4 (37.0%) and Graduate (39.4%) participants.

Conceptual mode of mutual attraction indicated that chemical reactions start

when the particles of reactants attract each other through electrostatic interactions

to form the targeted products. Data analysis showed that this conceptual mode was

expressed mostly when thinking about the double displacement reaction. It was also

expressed when students were explaining the single displacement reaction. When com-

pared with active agent and external forces, it was less frequently expressed and it

was mostly expressed by Undergraduate and Graduate students. Among students at

university level, Undergraduate 1 (27.8%) and Undergraduate 4 (25.9%) students ex-

pressed the conceptual of mutual attraction mode more than the Graduate students

(22.7%).

Finally, few number of participants expressed the conceptual mode of random

collisions while thinking about how chemical reactions start. This conceptual mode

indicated that particles of the reactants are in a constant motion and collide each

other with various energies and orientations. When these collisions occur with enough

kinetic energy and with proper orientations, chemical reactions start. Similar to the
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other conceptual modes, expression of this conceptual mode depended on the chemical

reaction under analysis. Participants expressed this conceptual mode only when think-

ing about the double displacement reaction taking place in an aqueous medium and

the combination reaction involving a solid metal and a gas. It was expressed mostly by

Undergraduate 4 students (7.4%) followed by Graduate (6.1%) students. While only

one out of 20 Grade 12 students and two of 20 Undergraduate 1 students expressed

this conceptual mode when thinking about the double displacement reaction. Students’

expressions of the conceptual modes for each type of reaction were described in detail

in Section 4.2.

4.1.1.2. How Chemical Reactions Proceed. The dimension how chemical reactions pro-

ceed focuses on the participants’ conceptions of how the particles of reactants of dif-

ferent types of chemical reactions (i.e., double displacement, single displacement, de-

composition, and combination) interact to form the targeted products. Analysis of

students’ explanations revealed five types of conceptual modes, namely, combination

of aggregates, displacement of aggregates, decomposition of aggregates, bonds broken

and reformed, and changes through interactions. These conceptual modes are shown

in Table 4.3 with illustrative excerpts from the individual interviews in an increasing

level of sophistication.

Data analysis showed that students’ explanations of the conceptual modes regard-

ing how chemical reactions proceed depended on the type of reaction under analysis and

the level of chemistry education. Frequencies and percentages of the conceptual modes

expressed for this dimension are presented in Table 4.4. It appeared that the partic-

ipants with higher level of chemistry education (e.g., Undergraduate 4 and Graduate

participants) tended to express conceptual modes with higher explanatory power (e.g.,

bonds broken and reformed and changes through interactions) when thinking about the

chemical processes. Grade 12 and Undergraduate 1 students, on the other hand, tended

to describe chemical processes in terms of combination/displacement/decomposition of

aggregates by stating that chemical reactions proceed as the particles of reactants com-

bine, replace each other, or break apart to produce the targeted products.
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Table 4.3. Interview excerpts for the conceptual modes regarding “how chemical

reactions proceed”

Conceptual modes Interview excerpts

Combination of ag-

gregates

UG4P17: “When we mix silver nitrate and sodium chloride so-

lutions, we will see a white precipitate in a crystal form at the

bottom [...] We know that silver nitrate and sodium chloride

are soluble. When silver and chloride attract each other as plus

and minus ions, they will form a precipitate because they are

insoluble.”

Displacement of ag-

gregates

UG1P6: “Iron displaces copper while donating its electrons be-

cause it is more active than copper [...] Copper will precipitate

in an elemental form. Iron two plus will form FeSO4 compound,

and the color of a solution will change.”

Decomposition of ag-

gregates

G12P17: “Heat helps the decomposition of them [CaCO3

molecules]. It breaks apart the bonds between the molecules.”

Bonds broken and

reformed

GRP7: “Carbonate is a covalently bonded ion which has an ionic

interaction with calcium ion. When we heat it it decomposes

into carbon dioxide and O−2. Then, Ca+2 and O−2 attract each

other.”

Changes through in-

teractions

GRP7: “Silver and chloride ions are freely moving in the so-

lution. Due to the electrostatic attraction between them, they

move towards each other and water molecules can not separate

them [...] At the same time, water-nitrate and water-sodium in-

teractions will remain. Therefore, sodium and nitrate ions will

remain in the solution.”
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Table 4.4. Frequencies of conceptual modes regarding “how chemical reactions

proceed” across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Combination of aggregates 27 (35.5) 29 (36.7) 25 (32.1) 13 (18.8)

Displacement of aggregates 22 (28.9) 18 (22.8) 13 (16.7) 11 (15.9)

Decomposition of aggregates 17 (22.4) 8 (10.1) 9 (11.5) 3 (4.3)

Bonds broken and reformed 3 (3.9) 17 (21.5) 12 (15.4) 21 (30.4)

Changes through interactions 7 (9.2) 7 (8.9) 19 (24.4) 21 (30.4)

More than half of the conceptual modes expressed by Grade 12, Undergraduate 1,

and Undergraduate 4 participants accumulated on combination of aggregates, displace-

ment of aggregates, and decomposition of aggregates. These conceptual modes were

judged to have similar explanatory power since they are all similar in terms of express-

ing the particles of reactants as aggregates combining, replacing, or breaking apart

depending on the reaction type. In other words, the difference showed itself based on

the nature of chemical reaction under consideration. For example, conceptual mode of

displacement of aggregates was expressed only when students were thinking about the

decomposition reaction. Participants who expressed this conceptual mode stated that

the reaction proceeded as the particles of reactant break apart into simpler molecules.

On the other hand, conceptual mode of combination of aggregates was expressed when

thinking about the double displacement reaction which involved a precipitation process

and the combination reaction. Finally, conceptual mode of displacement of aggregates

was expressed when thinking about the double and single displacement reactions.

Conceptual mode of bonds broken and reformed indicated that chemical reac-

tions proceed as the chemical bonds of the reactants break apart and new chemical

bonds are formed while producing the products. Participants usually considered chem-

ical processes several sequential events while expressing this conceptual mode. For
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example, the participants sequenced the events in a reaction as following: heating -

bond breaking - bond formation - product formation. This conceptual mode expressed

mostly when thinking about the decomposition and combination reactions. Only one

of 17 Graduate students expressed this conceptual mode when describing the single

displacement reaction. As it can be seen from the Table 4.4, this conceptual mode was

mostly expressed by Undergraduate and Graduate students. Among the university

level students, this conceptual mode was mostly expressed by the Graduate students

(30.4%). The Graduate students were followed by 21.5% of Undergraduate 1 and 15.4%

of Undergraduate 4 students who expressed bonds broken and reformed while describing

the chemical processes. Expression of the conceptual mode increased with increasing

level of chemistry education. Even though there seemed to be decrease in Undergrad-

uate 4 group, it can be seen that their responses were accumulated in changes through

interactions in among the conceptual modes with higher explanatory power.

Some participants, especially the ones in high grade levels, described chemical

reactions in terms of the properties of the particles affecting the reaction process and

interactions of the particles. Such explanations of the reaction processes were coded as

changes through interactions. As it can be seen in Table 4.4, expression of this concep-

tual mode increased as students progressed through chemistry education. Expression

of this conceptual mode was almost equal between Grade 12 (9.2%) and Undergrad-

uate 1 (8.9%) students. A dramatic increase was observed in the expression of this

particular conceptual mode, such as Undergraduate 4 (24.4%) and Graduate (30.4%).

This conceptual mode was expressed when students think about double displacement,

single displacement, and combination reactions.

4.1.1.3. When Chemical Reactions Stop. The dimension when chemical reactions stop

focuses on the participants’ conceptions of when different types of chemical reactions

(i.e., double displacement, single displacement, decomposition, and combination) would

stop. Analysis of students’ explanations revealed four types of conceptual modes,

namely, when reactants are gone, when external force is removed, stops at equilibrium,

and dynamic equilibrium. These conceptual modes are shown in Table 4.5 with illus-
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trative excerpts from the individual interviews in increasing levels of sophistication.

Data analysis showed that expressions of the conceptual modes by the students

based on the level of chemistry education and the reaction type under analysis. Table

4.6 demonstrates the frequencies and percentage values of the conceptual modes ex-

pressed by the students for all reaction types. Majority of the explanations regarding

when chemical reactions stop accumulated on the conceptual modes when reactants are

gone and when external force is removed.

Table 4.5. Interview excerpts for the conceptual modes regarding “when chemical

reactions stop”.

Conceptual modes Interview excerpts

When reactants are gone G12P5: “This reaction stops when oxygen or magnesium

is consumed. If they are given equally, the reaction stops

when both of them are consumed.”

UG4P13: “The reaction stops when carbon dioxide for-

mation is completed.”

When external force is

removed

UG1P8: “When we stop heating, the reaction would

stop, because we need energy to break the bonds.”

GRP1: “Because this reaction is not spontaneous, it

would stop when we stop giving energy.”

Stops at equilibrium UG4P9: “The reaction stops when it reaches chemical

equilibrium. When ion concentrations reach equilibrium

constant, it stops.”

Dynamic equilibrium G12P4: “This reaction doesn’t stop. Precipitation and

dissolving processes keep going on.”

GRP9: “I think this reaction wouldn’t stop [...] electron

transfer would keep going on between iron and copper

[...] for example, iron ions and copper ions would be

present in the solution.”
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Table 4.6. Frequencies of conceptual modes regarding “when chemical reactions stop”

across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

When reactants are gone 70 (76.1) 75 (78.9) 63 (75.9) 62 (72.9)

When external force is removed 14 (15.2) 16 (16.8) 10 (12.0) 18 (21.2)

Stops at equilibrium 2 (2.2) 3 (3.2) 9 (10.8) 1 (1.2)

Dynamic equilibrium 6 (6.5) 1 (1.1) 1 (1.2) 4 (4.7)

Conceptual modes of when reactants are gone and when external force is re-

moved were judged to be having the similar complexity in terms of explanatory power.

Conceptual mode of when reactants are gone refers to the explanations stating that

chemical reactions stop when all reactants or limiting agent are consumed. In addi-

tion, it refers to the statements expressing that the reactions stop when all products are

formed. While mentioning the formation of the products, the participants focused on

the macroscopic evidences, such as “when the gas formation stops” or “when the pre-

cipitate formation stops”. For the reactions including heating (e.g., decomposition and

combination reactions) the participants also expressed the conceptual mode of when

external force is removed by stating that the reactions would stop if the external force

(e.g., heat) is withdrawn from the reaction medium. These conceptual modes were

expressed by the majority of the participants from all educational levels. Percentages

and frequencies of the expressions of these conceptual modes can be seen in Table 4.6.

Conceptual mode of stops at equilibrium referred to explanations stating that

chemical reactions stop when a certain equilibrium constant is reached or when the

substances reached certain concentrations (e.g., molarities). This conceptual mode

was expressed when thinking about double displacement, single displacement, and de-

composition reactions. It was expressed mostly by Undergraduate 4 students (10.8%).

What made this conceptual mode different from dynamic equilibrium was that concep-
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tual mode of stops at equilibrium does not include the particulate level explanations,

indicating that backward and forward reactions occur simultaneously. Here, it was

stated that the reactions would stop even though an equilibrium state was mentioned.

On the other hand, conceptual mode of dynamic equilibrium indicated that chemical

reactions would not stop and considered dynamic process of backward and forward

reactions. Dynamic equilibrium was mostly expressed when thinking about double

displacement reactions. Some participants expressed this conceptual mode when they

think about single displacement and decomposition reactions as well. It was expressed

mostly by Grade 12 (6.5%) and Graduate (4.7%) students. When compared with when

reactants are gone and when external force is removed, expression of these conceptual

modes were quite rare for all educational levels.

4.1.2. Chemical Causality

Chemical causality, as a crosscutting disciplinary concept, connected to the ques-

tion “Why do chemical reactions happen?”. Regarding this concept, three dimensions

emerged, namely, why chemical reactions happen, what causes chemical reactions, and

what drives chemical reactions. Subsequent paragraphs describe students’ conceptual

modes and conceptual progressions regarding chemical causality in detail.

4.1.2.1. Why Chemical Reactions Happen. The dimension why chemical reactions hap-

pen focuses on the participants’ conceptions regarding the reasons and necessary con-

ditions behind different types of chemical reactions (e.g., double displacement, single

displacement, decomposition, and combination). Analysis of students’ explanations

revealed six types of conceptual modes, namely, active agent, external forces, attractive

forces, teleological explanations, causal explanations, and probability. These conceptual

modes are shown in Table 4.7 with illustrative excerpts from the individual interviews

in increasing levels of sophistication.
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Table 4.7. Interview excerpts for the conceptual modes regarding “why chemical

reactions happen”.

Conceptual modes Interview excerpts

Active agent G12P8: “This reaction happens due to the activity of the

metals. Activity of iron leads to electron transfer.”

External forces UG1P16: “This reaction occurs because we are giving

energy to the system.”

Attractive forces G12P9: “Usually ions form ion-dipole interactions with

water and they dissolve [...] Water molecules surround

plus and minus ions. However, when silver and chloride

interact with each other, water molecules are not strong

enough to separate and dissolve them.”

Teleological explanations UG1P11: “Why this reaction happens... Because...

When we give energy to the system, they [magnesium

and oxygen] prefer forming bonds with each other to be-

come more stable.”

Causal explanations UG4P9: “Both of them [iron and copper] have empty d

orbitals. This allows electron transfer between them. As

a result of the electron transfer, they form more stable

products.”

Probability GRP5: “Free ions are moving in the water constantly

[...] In the water, there are collisions and movements

of the molecules towards each other. For example, even

though silver nitrate dissolve in water, they have mo-

mentary interactions. We can see them interacting in a

t moment. As a result of the constant movement of the

particles, silver and chloride combine and start to form

a precipitate. When we stir the solution, the precipitate

would form faster because of the increase in collision

rate.”
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Data analysis revealed that participants’ expressions regarding why chemical reac-

tions happen accumulated on the conceptual modes of active agent, external forces, and

attractive forces. Explanation of the conceptual modes with more explanatory power

depended on educational level. Frequencies and percentage values of the conceptual

modes regarding why chemical reactions happen can be seen in Table 4.8.

Table 4.8. Frequencies of conceptual modes regarding “why chemical reactions

happen” across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Active agent 20 (30.3) 23 (31.5) 25 (32.5) 24 (37.5)

External forces 16 (24.2) 28 (38.4) 17 (22.1) 13 (20.3)

Attractive forces 22 (33.3) 18 (24.7) 20 (26.0) 12 (18.8)

Teleological explanations 4 (6.1) 2 (2.7) 9 (11.7) 2 (3.1)

Causal explanations 4 (6.1) 2 (2.7) 5 (6.5) 12 (18.8)

Probability 0 (0.0) 0 (0.0) 1 (1.3) 1 (1.6)

Conceptual modes of active agent and external forces were considered having

similar explanatory power. Conceptual mode of active agent emerged for double dis-

placement reaction, single displacement reaction, and combination reaction. In the

double displacement reaction, this conceptual mode refers that chemical reactions hap-

pen because of presence of an active agent which has more electronegativity (e.g.,

chloride ion). On the single displacement reaction, it refers that the reactions happen

due to the presence of an active agent which has more activity (i.e., activity of met-

als). On the combination reaction it refers to the presence of an agent which has more

mobility (e.g., oxygen gas). Conceptual mode of external forces was expressed when

explaining the reasons behind the decomposition and combination reactions. While

expressing this conceptual mode, the participants stated that the reaction happened

due to introducing heat or another type of energy source to the reaction medium. In

other words, the participants stated that the reaction happened because it was forced
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to happen by the external agents. More than half of the participants from all groups

expressed these two conceptual modes when explaining why chemical reactions happen.

Conceptual mode of attractive forces was among the most expressed conceptual

modes by the participants. It was mentioned mostly when explaining the double dis-

placement reaction. It was also expressed while describing the reasons behind the other

three types of chemical reactions (i.e., single displacement, decomposition, and com-

bination) even though the frequencies were relatively low (see Tables 4.16, 4.18, and

4.20). Conceptual mode of attractive forces refers that the reactions happen due to the

electrostatic interactions between particles of the reactants as seen in Table 4.7. This

conceptual mode was expressed mostly by Grade 12 students (33.3%), and it was less

frequent among the Graduate students (18.8%).

Conceptual modes of teleological explanations and causal explanations were mostly

expressed by the students with higher educational level (e.g., Undergraduate 4 and

Graduate). Students who utilized teleological explanations stated that the reactions

happen due to the wants, urges, or needs of the substances. In other words, stu-

dents attributed human characteristics (e.g., to want and to need) to the chemical

substances. When the reaction types were examined one by one, it was found that

conceptual mode of teleological explanations was expressed for all reaction types. The

students who stated teleological explanations focused on substances’ needs for being

thermodynamically and/or kinetically stable or their need for being in a lower energy

state. Such explanations were observed mostly among the Undergraduate 4 students

(11.7%). It was less frequent among Undergraduate 1 (2.7%) and Graduate (3.1%)

students. Conceptual mode of causal explanations, on the other hand, focuses on the

features of the reactants as reasons behind chemical reactions. Even though it was

mostly expressed when explaining the decomposition reaction, it was mentioned for all

reaction types. While expressing this conceptual mode, the participants refer to the

energetic and/or kinetic stability of the substances mostly by referring to their proper-

ties instead of their wants and needs. This conceptual mode was frequently expressed

by the Graduate students (18.8%).
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Finally, conceptual mode of probability indicates that chemical reactions hap-

pen due to the random collisions and interactions of the particles. A total of two

students, one from Undergraduate 4 group and one from Graduate group, expressed

this conceptual mode when explaining double displacement and combination reactions,

respectively (see Tables 4.14 and 4.20).

4.1.2.2. What Causes Chemical Reactions. The dimension what causes chemical re-

actions focuses on how properties and interactions of the particles involved in different

types pf reactions affect these chemical processes. Furthermore, this dimension involves

external agents (e.g., heat, electricity, catalysts) that influencing chemical reactions.

Analysis of students’ explanations revealed three types of conceptual modes, namely,

central agent, multiple agents in sequence, and multiple interacting agents. These con-

ceptual modes are shown in Table 4.9 with illustrative excerpts from the individual

interviews in increasing levels of sophistication. Frequencies and percentages regarding

the conceptual modes are given in Table 4.10.

Data analysis showed that more than half of the Grade 12 (64.3%) and Under-

graduate 1 (81.3%) students thought that a central agent affects chemical processes

and makes them keep going. This central agent could be an external agent such as

heat, or particles of the reactants. Type of the central agent that the participants

were referring to depended on the reaction type. For example, for the decomposition

reaction of CaCO3, some participants expressed that heat makes the reaction keep

going. They stated that the reaction would not continue if one stopped heating the

reaction medium. For the displacement reaction of Fe and CuSO4, the participants

expressed that iron, as an active metal, makes the reaction keep going. Expression

of this conceptual mode was less frequent among the Undergraduate 4 (40.8%) and

Graduate students (46.7%).
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Table 4.9. Interview excerpts for the conceptual modes regarding “what causes

chemical reactions”.

Conceptual modes Interview excerpts

Central agent G12P20: “At the beginning, these atoms are bonded to-

gether. In order to make carbon dioxide leave the reac-

tion medium in a gas form, these bonds need to break

apart. There is a need for energy to break the bonds [...]

and energy is needed to make this reaction keep going.

We supply energy to this reaction by heating.”

Multiple agents in se-

quence

GRP16: “Because magnesium is a metal, it is able to

donate its free electrons when we give energy. When it

donates its electrons to oxygen, the bonds between oxy-

gen atoms will be broken and magnesium oxide will be

formed. Similarly, second oxygen atom will do the same

with another magnesium atom. At the end, two magne-

sium oxide molecules will be formed.”

Multiple interacting

agents

GRP3: “When we mix two solutions [silver nitrate and

sodium chloride solutions], silver and chloride attract

each other because of the strong interactions between

them. Water molecules don’t have enough attractive

forces to separate these ions. Interactions between water

molecules and silver ions and interactions between wa-

ter and chloride ions are weaker than the interactions

between silver and chloride ions. Therefore, when silver

and chloride ions attract each other, they don’t separate

and therefore, form a precipitate. Even though sodium

and nitrate ions attract each other, the interaction be-

tween these ions is weaker than the interaction between

the water molecules and these ions [sodium and nitrate

ions]. Therefore, water molecules can separate them and

they remain in the solution.”
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When thinking about the factors affecting the chemical processes, some partici-

pants expressed that multiple agents in sequence make the reactions keep going. While

expressing this conceptual mode, participants put multiple events in a sequence in the

reaction process as it can be seen in the example given in Table 4.9. This conceptual

mode was expressed mostly by Undergraduate 4 (22.4%) and Graduate (33.3%) partic-

ipants when thinking about decomposition, and combination reactions. Furthermore,

some participants expressed this conceptual mode when thinking about the single dis-

placement reaction.

Conceptual mode of multiple interacting agents includes students’ explanations

claiming that the reactions are affected and driven by multiple agents (i.e., particles)

interacting to form the targeted products. During their explanations, students explic-

itly mentioned the dynamic nature of the reaction media and expressed how properties

of the particles affected the reaction process as they are in constant interaction (see

Table 4.9). This conceptual mode was expressed mostly by the Undergraduate 4 stu-

dents (36.7%) followed by the Graduate students (20.0%) while analyzing the double

displacement reaction. Some students also mentioned this conceptual mode while ex-

plaining single displacement and combination reactions as well.

Table 4.10. Frequencies of conceptual modes regarding “what causes chemical

reactions” across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Central agent 18 (64.3) 26 (81.3) 20 (40.8) 28 (46.7)

Multiple agents in sequence 6 (21.4) 2 (6.3) 11 (22.4) 20 (33.3)

Multiple interacting agents 4 (14.3) 4 (12.5) 18 (36.7) 12 (20.0)

4.1.2.3. What Drives Chemical Reactions. The dimension what drives chemical reac-

tions focuses on participants’ responses regarding energetic and entropic drivers of

different types of chemical reactions (i.e., double displacement, single displacement,
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decomposition, and combination). Analysis of students’ explanations revealed three

types of conceptual modes, namely, energy driving, energy-entropy merged, and energy

and entropy driving. These conceptual modes are shown in Table 4.11 with illustrative

excerpts from the individual interviews in increasing levels of sophistication.

Data analysis showed that explanations of the conceptual modes regarding what

drives chemical reactions depended on the level of chemistry education. Furthermore,

it is important to note that only one of 20 Grade 12 students provided explanations

regarding this dimension. Frequencies and percentages of the conceptual modes can

be seen in Table 4.12.

Half of the Undergraduate 1 students, 38.5% of Undergraduate 4 students, and

39.1% of Graduate students expressed the conceptual mode of energy driving regard-

ing energetic and entropic drivers of chemical reaction. This conceptual mode was

expressed for all reaction types, but mostly for combination reaction and decomposi-

tion reactions. Participants who expressed this conceptual mode focused on kinetic

and/or thermodynamic stability of the particles as well as reactions’ status in terms of

being endothermic or exothermic.

Conceptual mode of energy-entropy merged was the least expressed conceptual

mode among the three (i.e., energy driving, energy-entropy merged, and energy and

entropy driving). It was expressed mostly by Undergraduate 4 students (23.1%) among

the Undergraduate and Graduate participants. Almost equal number of students ex-

pressed this conceptual mode among Undergraduate 1 (16.7%) and Graduate (17.4%)

participants. When thinking about energetic and entropic drivers of chemical reactions,

the participants who expressed this conceptual mode had alternative conceptions re-

garding energy and entropy terms or they used these terms interchangeably as it can

be seen from the example in Table 4.11. In the example given in Table 4.11 an Under-

graduate 4 participant stated that:

UG4P15: “When silver and chloride ions collide and precipitate, they form a
more stable product. They form a solid [...] Entropy is decreasing here, so this
reaction is favorable.” - (Energy-entropy merged)
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In the representative interview excerpt given above, the participant expressed that

the reaction was favorable, because there was a decrease in entropy. However, before

this explanation, he stated that the precipitate was a more stable product. One can

interpret that this participant used entropy and energy terms interchangeably or had an

alternative conception regarding the relationship between spontaneity of the reactions

and entropy changes.

Table 4.11. Representative interview excerpts for the conceptual modes regarding

“what drives chemical reactions”.

Conceptual modes Interview excerpts

Energy driving GRP12: “In order to form calcium oxide and carbon

dioxide we need to give energy to the system. After we

give energy to the system, the energy of the products

is higher than the energy of the reactants. Because we

supplied heat...”

Energy-entropy

merged

UG4P15: “When silver and chloride ions collide and

precipitate, they form a more stable product. They form

a solid [...] Entropy is decreasing here, so this reaction

is favorable.”

Energy and entropy

driving

GRP7: “Because of the gas formation, entropy of the

reaction increases which is a favorable process. On the

other hand, there is a bond formation and bond break-

ing. A pi bond is formed and a sigma bond is broken.

Because sigma bond is stronger, we need to give energy

to the system, which is an unfavorable process. Since

∆G is affected by ∆H minus T∆S, these two processes

are competing.”
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Finally, some students considered both energetic and entropic factors as drivers of

the chemical reactions by expressing the conceptual mode of energy and entropy driv-

ing. This conceptual mode was mostly expressed by the Graduate students (43.5%)

and frequently by Undergraduate 4 participants (38.5%). This conceptual mode was

expressed for all reaction types, but it was most frequently expressed for the decom-

position reaction. Participants who expressed this conceptual mode focused on both

energetic and entropic factors by considering Gibbs free energy and its equation (∆G =

∆H – T∆S) as it can be seen from the interview excerpt of GRP7 given in Table 4.11.

This conceptual mode was expressed for all reaction types as well, but it was mostly

expressed for the decomposition reaction.

Table 4.12. Frequencies of conceptual modes regarding “what drives chemical

reactions” across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Energy driving 0 (0.0) 9 (50.0) 5 (38.5) 9 (39.1)

Energy-entropy merged 0 (0.0) 3 (16.7) 3 (23.1) 4 (17.4)

Energy and entropy driving 1 (5.0) 6 (33.3) 5 (38.5) 10 (43.5)

4.2. Students’ Conceptual Progression of Chemical Reactions Based on

the Type of Reaction Under Analysis

In order to address the research question (iii), students’ expressions regarding

chemical mechanism and chemical causality were presented based on the reaction types

under analysis. The research question addressed in this section is: “How do students’

conceptual modes related to chemical mechanism and chemical causality change with

respect to the type of reaction under analysis?”
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Data analysis revealed that students’ conceptual modes for chemical mechanism

and chemical causality differed with respect to the reaction types and the level of

chemistry education. In order to demonstrate the common patterns in students’ expla-

nations, the classification categories were first represented in tables for each reaction

type. Then, conceptual modes emerged for each type of reaction were represented in

the corresponding tables.

4.2.1. Double Displacement Reaction

As a representative of double displacement reactions, the participants were given

the reaction between silver nitrate (AgNO3) and sodium chloride (NaCl). In this

reaction, the ions constantly move and collide with water molecules and with each

other resulting in the displacement of the ions to produce NaNO3 and AgCl. When, for

example, Na+ and NO3
– collide, their interactions with the water molecules overcome

their interactions with each other. Therefore, they remain in the solution. However,

when Ag+ and Cl– ions collide with proper orientation and energy, interactions of the

ions overcome their interactions with water molecules. As a result, they form a strong

electrostatic attraction resulting in separation from the solution as a solid aggregate.

The formation of this precipitate as an ionic lattice is an exothermic process, in which

products have lower energy than the reactants. There is a decrease in the entropy of

the system since ions move away from solution to the lattice. Therefore, it can be

concluded that this reaction is energetically driven.

Frequencies and percentages of classification categories in participants’ expres-

sions were given in Table 4.13. Analysis of participants’ classifications revealed that

most of the Grade 12 and more than half of the Undergraduate students tended to

classify this reaction as a precipitation reaction. Frequency of precipitation category

decreased dramatically in the expressions of Graduate participants. More than half

of the Graduate participants classified this reaction as a displacement reaction while

18% of the Graduate participants expressed that this was a precipitation reaction. The

frequency of expressing displacement category seemed to increase as the participants

progress through chemistry education. As the grade level increased, the participants’
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focus shifted from the surface features to the particle arrangements; for example, 40%

of Undergraduate 4 and 71% of Graduate participants seemed to focus on the arrange-

ment of the particles while classifying this reaction.

Table 4.13. Frequencies of classification categories regarding double displacement

reaction across different grade levels.

Classification categories G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Displacement 0 (0) 2 (10) 6 (30) 10 (59)

Precipitation 14 (70) 11 (55) 11 (55) 3 (18)

Displacement and precipitation 2 (10) 7 (35) 2 (10) 2 (12)

Other 4 (20) 0 (0) 1 (5) 2 (12)

Total 20 (100) 20 (100) 20 (100) 17 (100)

Data analysis showed that the dimensions how chemical reactions start, how

chemical reactions proceed, why chemical reactions happen, what causes chemical re-

actions, and what drives chemical reactions seemed to depend on the level of chemistry

education for double displacement reaction. Conceptual modes emerged for double

displacement reaction were given in Table 4.14.

The participants’ expressions regarding how chemical reactions start for the dou-

ble displacement reaction seemed to change with respect to the level of chemistry

education. Only a limited number of Grade 12 students (f = 3, 15%) expressed concep-

tual mode of just happens, specifying that this reaction started when the reactants were

in the same medium. The most expressed conceptual mode among all participants was

mutual attraction, indicating that this reaction started with the mutual interactions of

the ions. Following interview excerpts demonstrate the conceptual modes having less

explanatory power:

G12P17: “Here, silver chloride precipitates. The other [NaNO3] still dissolves. It
starts with displacement of the ions. It is their own property.” - (Just happens)
G12P12: “For example, in periodic table, when we get closer to fluorine, reactivity
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increases. For metals, reactivity increases as we move from top to the bottom.
Maybe these two [Ag and Cl ions] are so reactive that they can combine and form
a precipitate.” - (Active agent)

The conceptual mode of mutual attraction emerged mostly from the responses of Un-

dergraduate 4 (75%), Graduate (70%) and Undergraduate 1 (70%) students. On the

other hand, expressing the conceptual mode of random collisions increased with respect

to the level of chemistry education. The participants who expressed this conceptual

mode focused on the constant, random motion of the ions in the solution and their

constant electrostatic interactions. The conceptual mode active agent which had less

explanatory power than mutual attraction and random collisions was expressed mostly

by Grade 12 students. The distribution of the conceptual modes among the grade lev-

els showed that all Graduate participants expressed the conceptual modes with higher

explanatory power (i.e., mutual attraction and random collisions). The Undergradu-

ate 1 (80%) and Undergraduate 4 (90%) participants mostly expressed the conceptual

modes with higher explanatory power as well, but it seemed that some participants in

both groups expressed that the presence of an active agent (e.g., particle with higher

electronegativity) started this reaction. The Grade 12 students, on the other hand,

mostly focused on the presence of an active agent (25%) in the reaction medium as a

starter and mutual electrostatic interactions among the ions (55%). Following examples

illustrate the expressions of conceptual modes having more explanatory power:

UG4P7: “I can say that strong attraction between silver and chloride starts this
reaction [...] Plus and minus charges stick together [..] and they create strong
intermolecular forces.” - (Mutual attraction)
GRP8: “The particles keep colliding. When they keep interacting and as silver
and chloride keeps colliding, they attract each other.” - (Random collisions)

The participants’ expressions regarding how chemical reactions proceed for the

double displacement reaction mostly included combination of aggregates for all levels of

chemistry education. The conceptual modes regarding how chemical reactions proceed

demonstrated similar characteristics among Grade 12 and Undergrad 1 students (see

Table 4.14). They mostly thought that double displacement reaction proceeded as the

particles of the reactants combined to form a precipitate. Additionally, some Grade 12
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students (f =3, 15%) stated that particles of the reactants replace each other to form the

products. Even though conceptual mode of combination of aggregates was dominant

among Undergraduate 4 and Graduate participants, some participants’ expressions

shifted to a more dynamic view indicating that chemical reactions proceed by the

dynamic interactions of the ions and water molecules in the reaction medium. In other

words, conceptual mode of changes through interactions seemed to be expressed mostly

among Undergraduate 4 (35%) and Graduate (29%) students. The following interview

excerpts demonstrated the increase in sophistication of the conceptual modes regarding

the reaction mechanism:

UG1P9: “[...] When we add silver nitrate solution into sodium chloride solution,
silver and chloride will attract each other due to their plus and minus charges.
When we mix the solutions, they combine and precipitate. This does not take place
between sodium and nitrate ions because they will not precipitate.” - (Combination
of aggregates)
G12P15: “Silver and sodium will displace and silver chloride will be formed.” -
(Displacement of aggregates)
GRP7: “Silver and chloride ions are freely moving in the solution. Due to the
electrostatic attraction between them, they move towards each other and water
molecules can not separate them [...] At the same time, water-nitrate and water-
sodium interactions will remain. Therefore, sodium and nitrate ions will remain
in the solution.” - (Changes through interactions)

While thinking about when double displacement reaction stops, the majority of

all groups expressed that this reaction stops when the reactants are consumed or when

the formation of precipitation stops. Following excerpt illustrates the conceptual mode

of when reactants are gone:

UG1P10: “The reaction stops when the reactants are consumed. Or.. When
the limiting reactant is consumed. It depends on the amount of the reactants.” -
(When reactants are gone)

While 20% of Undergraduate 4 students thought that the reaction stops at equilibrium

(e.g., when a certain equilibrium constant is reached), 20% of Grade 12 (f =4) and

18% of Graduate (f =3) students expressed a process of dynamic equilibrium in which

the precipitation formation and ionization occurred simultaneously. The following

examples show the conceptual modes of stops at equilibrium and dynamic equilibrium:
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UG4P17: “Reactions continue until concentrations of silver and chloride de-
creases to a certain degree. I think the reaction does not finish, I can not collect
all reactants as silver chloride. The probability of interactions [of silver and chlo-
ride ions] will decrease as the concentrations decrease.” - (Stops at equilibrium)
GRP6: “Since there is an equilibrium state here, silver chloride will keep dissolv-
ing and precipitating.” - (Dynamic equilibrium)

The participants’ explanations regarding why double displacement reaction hap-

pened seemed to focus on the conceptual mode of attractive forces for all levels of

chemistry education. Their explanations revealed that double displacement reaction

occurred due to the attractive forces among the ions. Following example shows the

most expressed conceptual mode, namely attractive forces:

G12P1: “There is a strong ionic bond [between silver and chloride]. Therefore,
they [water molecules] can not separate the ions. Other ions [sodium and nitrate]
remain in the water and they can not form ionic bonds.” - (Attractive forces)

However, some participants’ explanations seemed to have more explanatory power,

stating that double displacement reaction happened due to the chemical properties

of the particles which affected their interactions. Such explanations (i.e., causal ex-

planations) were found in the responses of Undergraduate 4 and Graduate students.

The explanations concerning the conceptual mode of causal explanations were low

(f =2, 10%) among Undergraduate 4 students. When students progressed to Graduate

level, their expressions of these conceptual modes increased slightly. Expressing the

conceptual mode of causal explanations increased to 18% in Graduate (f =3) group.

Furthermore, only one student from Graduate group explained that double displace-

ment reaction took place due to the random interaction of the particles. Following

example illustrate the conceptual mode of causal explanations :

GRP4: “Silver chloride is more stable than silver nitrate. Because they are all
ions, they are in the solution. However, silver chloride and sodium nitrate are
more stable than the reactants [...] By using the term stable, I mean that they
have lower energy.” - (Causal explanations)
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Table 4.14. Frequencies of conceptual modes regarding the double displacement

reaction across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

How chemical reactions start

Just happens 3 (15) 0 (0) 0 (0) 0 (0)

Active agent 5 (25) 3 (15) 4 (20) 0 (0)

Mutual attraction 11 (55) 14 (70) 15 (75) 12 (70)

Random collisions 1 (5) 2 (10) 3 (15) 4 (24)

No response 0 (0) 1 (5) 0 (0) 1 (6)

How chemical reactions proceed

Combination of aggregates 14 (70) 18 (90) 12 (60) 10 (59)

Displacement of aggregates 3 (15) 0 (0) 1 (5) 2 (12)

Changes through interactions 2 (10) 2 (10) 7 (35) 5 (29)

No response 1 (5) 0 (0) 0 (0) 0 (0)

When chemical reactions stop

When reactants are gone 15 (75) 18 (90) 16 (80) 14 (82)

Stops at equilibrium 1 (5) 1 (5) 4 (20) 0 (0)

Dynamic equilibrium 4 (20) 1 (5) 0 (0) 3 (18)

No response 0 (0) 0 (0) 0 (0) 0 (0)

Why chemical reactions happen

Active agent 2 (10) 1 (5) 2 (10) 1 (6)

Attractive forces 17 (85) 16 (80) 17 (85) 11 (64)

Teleological explanations 1 (5) 0 (0) 2 (10) 0 (0)

Causal explanations 0 (0) 0 (0) 2 (10) 3 (18)

Probability 0 (0) 0 (0) 0 (0) 1 (6)

No response 0 (0) 3 (15) 0 (0) 1 (6)

What causes chemical reactions

Central agent 0 (0) 5 (25) 2 (10) 3 (18)

Multiple interacting agents 4 (20) 4 (20) 13 (65) 9 (53)

No response 16 (80) 11 (55) 5 (25) 5 (29)

What drives chemical reactions

Energy driving 0 (0) 1 (5) 1 (5) 1 (6)

Energy-entropy merged 0 (0) 1 (5) 1 (5) 0 (0)

Energy and entropy driving 0 (0) 3 (15) 0 (0) 2 (12)

No response 20 (100) 15 (75) 18 (90) 14 (82)
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While thinking about the properties and interactions of the particles affecting the

double displacement reaction, the participants mostly focused on multiple interacting

agents. This conceptual mode was expressed mostly among Grade 12, Undergradu-

ate 4, and Graduate students. However, only four of 20 Grade 12 students provided

an explanation regarding this dimension, and all of them expressed the conceptual

mode of multiple interacting agents. Other than Grade 12 students, Undergraduate 4

and Graduate students thought that the double displacement reaction was affected by

the mutual interactions among the particles (e.g., ions and water molecules). Among

these two groups, the percentage of expressing this conceptual mode was higher in

Undergraduate 4 group (65%). The 25% of Undergraduate 1 students thought that

the double displacement reaction was caused by a single agent, such as an ion with

higher electronegativity. The number of conceptual modes expressed by Undergraduate

1 students was low when compared with Undergraduate 4 and Graduate participants.

Explanations of the conceptual modes can be seen in the following examples:

UG4P20: “Chlorine has high electronegativity. Therefore, it attracts silver strongly
[...] There are no other particles with high electronegativity to separate silver from
chlorine. For example, nitrate can not separate silver because chlorine has high
electronegativity.” - (Central agent)
UG4P3: “Ions need to move and collide. They have vibration and translation en-
ergies. Therefore, they can form chemical bonds. To form chemical bonds, they
need to collide with proper orientation, geometry, and active regions and reach
activation energy.” - (Multiple interacting agents)

For the double displacement reaction, expression of conceptual modes regarding

the driving forces of the reaction was quite low for all grade levels. As a matter of

fact, only Undergraduate and Graduate participants provided explanations regarding

energetic and entropic drivers of the double displacement reaction. While three of 20

Undergraduate 1 (15%) and two of 17 Graduate (12%) participants were expressing that

the double displacement reaction was driven by both energetic and entropic factors,

the Undergraduate 4 participants focused on only energetic factors (f = 1, 5%) or used

energy and entropy terms interchangeably (f =1, 5%). Students’ explanations can be

seen in the following interview excerpts:
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UG1P7: “This reaction is spontaneous because the products have less energy.” -
(Energy driving)
UG4P15: “The products will be more stable... There is a solid formation. There-
fore, entropy is decreasing.It is favorable due to the decrease in entropy.” - (Energy-
entropy merged)
UG1P19: “Due to precipitation formation, disorder decreases. Therefore, en-
tropy decreases as well [...] This is an exothermic reaction and delta G is smaller
than zero. It is negative... As a result, the reaction is favorable.” - (Energy and
entropy driving)

4.2.2. Single Displacement Reaction

As a representative of single displacement reactions, the participants were given

the reaction between iron (Fe) and a copper sulphate solution (CuSO4). In this reac-

tion, iron displaces copper. During this process, electron transfer takes place between

iron atoms and copper ions. Therefore, this reaction can be classified as a redox re-

action as well. Constant movement of the ions in the solution and vibrations of iron

lead to random collisions of the particles. When they collide in proper orientation

and energy to overcome the activation barrier, electron transfer takes place between

Fe atoms and Cu2+ ions. This electron transfer leads to formation of Fe2+(aq) ions

and Cu (s) metal. As the solid copper forming, Fe2+ and SO4
2– ions remain in the

solution, because the electrostatic interactions between the ions are weaker than their

interactions with water molecules. This reaction is an exothermic process in which

energy is released from the system to the surroundings.

Frequencies and percentages of classification categories in participants’ expres-

sions were given in Table 4.15. Analysis of participants’ classifications revealed that

half of the Grade 12 participants classified this reaction as a redox reaction. Only a

small number of Grade 12 participants expressed that this was a displacement reac-

tion (10%) and both displacement and redox reaction (15%). The majority of Un-

dergraduate 1 students (65%) classified as both displacement and redox reaction. For

Undergraduate 4 and Graduate participants, there was not a dominant classification

category. Data analysis showed that while Grade 12 participants focused on redox when

classifying this reaction, Undergraduate participants focused on both displacement and

redox. Graduate participants, on the other hand, were almost evenly distributed among
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displacement, redox, and displacement and redox categories.

Data analysis showed that the dimensions of how chemical reactions proceed, when

chemical reactions stop, why chemical reactions happen, what causes chemical reactions,

and what drives chemical reactions seemed to depend on the level of chemistry edu-

cation for the single displacement reaction. Conceptual modes emerged for the single

displacement reaction were given in Table 4.16.

Table 4.15. Frequencies of classification categories regarding single displacement

reaction across different grade levels

Classification categories G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Displacement 2 (10) 3 (15) 5 (25) 5 (29)

Redox 10 (50) 3 (15) 7 (35) 6 (35)

Displacement and redox 3 (15) 13 (65) 7 (35) 4 (24)

Other 5 (25) 1 (5) 1 (5) 2 (12)

Total 20 (100) 20 (100) 20 (100) 17 (100)

When thinking about the single displacement reaction, most of the participants

stated that the reactant with more activity (e.g., iron) or the reactant with the tendency

to receive electrons (e.g., copper) started this reaction. These explanations were coded

as active agent meaning that the more active agent started the chemical reaction. The

majority of the participants (65%, 80%, 70%, and 59% of G12, UG1, UG4, and GR

groups, respectively) classified this chemical process as a redox reaction. Therefore,

they considered the initiation of electron transfer process while thinking about a redox

reaction. Following excerpt shows the expression of conceptual mode, called active

agent.

GRP6: “Copper sulfate dissolves in water. Then, we add iron metal in the solu-
tion. Because iron is a more active metal than copper, it has higher potential for
donating electrons. Copper has negative and iron has positive potential values.
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Therefore, iron has more tendency to form a compound than copper. As a result,
it displaces copper.” - (Active agent)

Even though more than half of the Undergraduate and Graduate participants acknowl-

edged the displacement of the particles, limited number of students expressed the at-

traction between the particles. Among the four groups, conceptual mode of mutual

attraction was mostly expressed by Undergraduate 1 (f =8, 40%) and Undergradu-

ate 4 students (f =6, 30%). Following example demonstrates the explanation of the

conceptual mode of mutual attraction:

GRP9: “We need a force to pull the electrons of iron. We need an electron move-
ment from iron to copper. [...] There is an electrostatic interaction... Electrons
will be pulled towards a direction [towards copper]... Copper has plus two charge
here. It pulls the electrons of iron because it has a positive charge.” - (Mutual
attraction)

While thinking about the reaction process, some participants focused on the

displacement of the metals and expressed the conceptual mode of displacement of

aggregates. Expression of this conceptual mode decreased gradually as the students

progressed through chemistry education (95%, 90%, 60%, and 53% for G12, UG1, UG4,

and GR groups, respectively). As students progressed through chemistry education,

explanatory power of the conceptual modes they expressed about the reaction process

increased. Students with higher level of chemistry education expressed that the reaction

took place as the interaction of the metals for electron transfer and the interactions

of the ions with water molecules took place. Following interview excerpt illustrates a

Graduate student’s explanations regarding changes through interactions :

GRP10: “Copper and sulfate ions are constantly colliding, interacting and sepa-
rating in the water. They are in a dynamic motion. Iron is present in the water
in a solid form. For example, when iron and copper are in a certain proximity,
I mean their physical interaction will make this reaction proceed. I guess, when
iron and copper attract each other, there will be an electron exchange. [...] When
the electron exchange is complete, copper transfers into solid form and iron moves
into the solution. As a result of a redox step, now, we are able to dissolve iron in
the water.” - (Changes through interactions)
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When thinking about how the single displacement reaction stops, most of the

participants stated that this reaction stops when all reactants were consumed or when

the formation of copper solid stops. Such explanations were categorized as when re-

actants are gone. To be more specific, 90% of Grade 12 and 95% of Undergraduate

1 students expressed the conceptual mode of when reactants are gone. On the other

hand, 15% of Undergraduate 4 (f =3) students thought that the reaction stopped when

an equilibrium was reached while only one Undergraduate 4 students described a dy-

namic equilibrium process. Here, it can be seen that the percentage distributions of

conceptual modes were almost the same between Grade 12 and Undergraduate 1 stu-

dents, except one Grade 12 student stated that this reaction would not stop (see Table

4.16). Following interview excerpt illustrates the explanation of this Grade 12 student:

G12P20: “Products of this reaction are iron sulfate and copper in a solid form.
Again, there is an equilibrium state here. The substances can not remain like this
all the time. I think that some amount of copper will dissolve and turn back into
solid form constantly.” - (Dynamic equilibrium)

An Undergraduate 4 student explained the dynamic equilibrium process such that:

UG4P11: “I think that we can not say that this reaction stops. As iron reaches
its metallic form, copper may switch to its ionic form again to form a salt with
sulfate.” - (Dynamic equilibrium)

A Graduate student expressed that this reaction would not stop. Following interview

excerpt represents this student’s explanation:

GRP9: “I think this reaction would not stop. If the reactants are one to one,
there is going to be an equilibrium state. [...] I think, electrons will keep traveling
between the particles. So, both Fe2+ and Cu2+ will be present in the solution.” -
(Dynamic equilibrium)

Acknowledging that this was a redox reaction as well, most of the participants

from all groups stated that this reaction happened due to the presence of an active

agent (e.g., iron has more activity and copper has tendency to receive electrons). Ad-

ditionally, some participants in Grade 12 group (f =3, 15%) mentioned that the reaction
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happens due to attractive forces between the particles. Following interview excerpts

illustrate the explanations of Grade 12 and Undergraduate 1 students:

G12P2: “[...] Because iron is more active than copper. Therefore, it can reduce
copper.” - (Active agent)
UG1P7: “Copper... Probably it is about copper being a semi-noble metal. It has
more tendency to remain in elemental form. [...] We can say that iron donates
electrons easier because it is more active.” - (Active agent)

It was found that, as the grade level increased, conceptual modes with more sophisti-

cation were expressed by small number of students. Such explanations were observed

more among the Undergraduate 4 students (see Table 4.16). Examples from Under-

graduate 4 and Graduate students’ explanations are presented in the following excerpts:

UG4P6: “Electron affinity of copper is higher than iron when copper is in +2
form. I mean, it [electron affinity] is about atoms loving electrons and their urge
for having electrons in their orbitals. [...] Copper wants to take the electrons.
Therefore, it creates attractive forces. In iron, electrons are present in a cloud
form. When copper and iron are in a certain proximity, protons of copper affect
the electrons of iron. Therefore, I think, electron transfer takes place.” - (Teleo-
logical explanations)
GRP12: “Here, iron is in the solid form and copper is in ion form. Because
copper is more stable in solid form than iron, copper transfers into a more stable
form. [...] The reaction happens because of stability. I mean copper in metallic
form is more stable than metallic form of iron. Copper takes the electrons and
transfers into the elemental form due to stability. Therefore, it can remain in
lower energy.” - (Causal explanations)

When thinking about the single displacement reaction, progression in the level of

chemistry education seemed to change participants’ explanations regarding properties

and interactions affecting the process. The number of students providing expressions

regarding this dimension increased as the level of chemistry education increased. As

the students moved to Undergraduate 4 and Graduate years, the sophistication of their

conceptual modes increased. All Grade 12 and Undergraduate 1 students who provided

explanations regarding this dimension expressed the conceptual mode of central agent.

Following examples illustrate these explanations:

G12P8: “In order to dissolve, substances have to have more activity. Because
iron dissolves here, we can say that it has more reactivity.” - (Central agent)
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UG1P19: “There are two factors forcing this reaction to continue. First, the pres-
ence of the ions in the solution. Second, iron’s tendency to donate and copper’s
tendency to receive electrons.” - (Central agent)

Following interview excerpts demonstrate Undergraduate 4 and Graduate students’

explanations having more explanatory power:

UG4P4: “[...] When we add iron into the solution, Cu2+ receives electrons from
iron. In other words, electron transfer takes place between iron and copper. Then,
iron atoms donating electron become ions and move into the solution while copper
atoms receiving electrons turns into the elemental form.” - (Multiple agents in
sequence)
GRP7: “Considering the tendencies of iron and copper for donating and receiving
electrons, their mutual interactions regarding electron transfer make this reaction
occur. When Cu2+ ions interact with iron atoms, electron transfer takes place.”
- (Multiple interacting agents)

While thinking about energetic and entropic drivers of the single displacement

reaction, very limited number of participants provided explanations. While none of

the Grade 12 student provided explanations, all Undergraduate 1 participants who

provided answer (f =5) expressed conceptual mode of energy driving. Following excerpt

demonstrate Undergraduate 1 students’ explanations:

UG1P16: “Considering that this reaction is spontaneous, I think that energy of
the products decreases as the reaction medium releases heat.” - (Energy driving)

The participants from Undergraduate 4 and Graduate groups stated that this reaction

was driven by both energetic and entropic factors as it can be seen in the following

example:

UG4P17: “Copper’s reduction potential is greater than iron’s reduction potential.
When we calculate the cell potential, it turns out to be positive. This indicates
that this reaction is spontaneous. We can say that energy is not supplied to this
reaction medium.” - (Energy and entropy driving)
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Table 4.16. Frequencies of conceptual modes regarding the single displacement

reaction across different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

How chemical reactions start

Active agent 14 (70) 12 (60) 14 (70) 13 (76)

Mutual attraction 4 (20) 8 (40) 6 (30) 3 (18)

No response 2 (10) 0 (0) 0 (0) 1 (6)

How chemical reactions proceed

Displacement of aggregates 19 (95) 18 (90) 12 (60) 9 (53)

Bonds broken and reformed 0 (0) 0 (0) 0 (0) 1 (6)

Changes through interactions 0 (0) 1 (5) 7 (35) 8 (47)

No response 1 (5) 1 (5) 1 (5) 0 (0)

When chemical reactions stop

When reactants are gone 18 (90) 19 (95) 16 (80) 15 (88)

Stops at equilibrium 1 (5) 1 (5) 3 (15) 1 (6)

Dynamic equilibrium 1 (5) 0 (0) 1 (5) 1 (6)

No response 0 (0) 0 (0) 0 (0) 0 (0)

Why chemical reactions happen

Active agent 16 (80) 18 (90) 18 (90) 14 (82)

Attractive forces 3 (15) 0 (0) 1 (5) 1 (6)

Teleological explanations 1 (5) 0 (0) 3 (15) 1 (6)

Causal explanations 0 (0) 0 (0) 1 (5) 1 (6)

No response 0 (0) 2 (10) 0 (0) 0 (0)

What causes chemical reactions

Central agent 4 (20) 8 (40) 7 (35) 11 (64)

Multiple agents in sequence 0 (0) 0 (0) 3 (15) 3 (18)

Multiple interacting agents 0 (0) 0 (0) 2 (10) 2 (12)

No response 16 (80) 12 (60) 8 (40) 1 (6)

What drives chemical reactions

Energy driving 0 (0) 5 (25) 0 (0) 0 (0)

Energy and entropy driving 0 (0) 0 (0) 1 (5) 1 (6)

No response 20 (100) 15 (75) 19 (95) 16 (94)
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It is important to note that more Undergraduate 1 participants provided explanations

regarding this dimension than Undergraduate 4 and Graduate participants.

4.2.3. Decomposition Reaction

As a representative of decomposition reactions, the participants were given de-

composition of calcium carbonate (CaCO3). Particles of all substances are in constant

motion. When particles have enough energy to overcome the intermolecular forces due

to the vigorous motion, a chemical reaction takes place and products are formed. In

this case, an increase in temperature of the medium results in an increase in the kinetic

energy of particles. Increasing in the kinetic energy causes bond breaking, and conse-

quently, a decomposition reaction takes place to produce CaO (s) and CO2 (g). Due to

the structure of CO3
2– ion, there are three oxygen particles having valence electrons.

These electrons are delocalized. Given the energy of the system, constant vibration of

the particles, and the presence of Ca2+ ion, there is a probability of transferring these

valence electrons to an oxygen particle to produce O2– ion; consequently, this results in

the formation of CO2 in the gas form. Given Ca2+ and O2– ions in the medium, strong

electrostatic interactions between them leads to the formation of CaO ionic lattice.

The reaction is entropically driven because of the dramatic increase in entropy as a

result of CO2 (g) formation. In gas phase, particles have more orientations available in

which they can be arranged due to the higher kinetic energy of the particles and the

increase in the volume occupied. Due to the requirement of energy for breaking C–O

bonds, the reaction is endothermic and is favorable in high temperatures.

Frequencies and percentages of classification categories in participants’ expres-

sions were given in Table 4.17. Almost all students from all groups classified this

reaction as a decomposition reaction. Only 2 students (10%) from Grade 12 group did

not express any classification category for this reaction. This was given in the other

category in Table 4.17.

Data analysis showed that the dimensions how chemical reactions proceed, why

chemical reactions happen, what causes chemical reactions, and what drives chemical
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reactions seemed to depend on the level of chemistry education for the decomposition

reaction. Conceptual modes emerged for the decomposition reaction were given in

Table 4.18.

Table 4.17. Frequencies of classification categories regarding decomposition reaction

across different grade levels.

Classification categories G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Decomposition 18 (90) 20 (100) 20 (100) 17 (100)

Other 2 (10) 0 (0) 0 (0) 0 (0)

Total 20 (100) 20 (100) 20 (100) 17 (100)

When thinking about how the decomposition reaction started, all participants

stated that external forces started the reaction. In this case, the external force was

heat or another energy source. Even though all participants expressed conceptual mode

of external forces, students’ explanations shifted to descriptions in the particulate level,

as the level of chemistry education increased. Following interview excerpts demonstrate

students’ explanations:

G12P3: “I think this solid took energy and transformed into calcium oxide solid
and carbon dioxide gas.” - (External forces)
UG1P2: “When necessary amount of energy is supplied, CO2 separates from the
compound. We need a lot of energy to produce a gas. When elements forming
CO2 have enough energy, they speed up and separate from the solid.” - (External
forces)
UG4P16: “This reaction starts when we supply heat [...] Calcium carbonate
molecules will vibrate faster and then, carbon dioxide gas will be produced.” -
(External forces)
GRP2: “In order to break the bonds, we need to supply energy. It could be heat.”
- (External forces)

Participants’ explanations regarding the process of decomposition reaction re-

vealed that sophistication level of conceptual modes increased as the grade level in-

creased. Almost all participants from Grade 12 group (f =17, 85%) stated that the
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reaction progressed simply by breaking of calcium carbonate into calcium oxide and car-

bon dioxide (decomposition of aggregates). Following interview excerpt demonstrates

an example of Grade 12 participants’ explanations:

G12P13: “Energy decomposes the compound into other molecules. As a result,
gas molecules separate from the solid.” - (Decomposition of aggregates)

Following examples show the increase in sophistication of students’ conceptual modes

(see Table 4.18) :

UG1P3: “When we heat calcium carbonate, one of the oxygens will receive an
electron from the bond [C – O bond] to become O2– . Then, it will combine with
calcium.” - (Bonds broken and reformed to form the products)

GRP16: “There is an oxygen here with double bond [C –– O]. Therefore, carbon and
this oxygen has strong attraction [...] When we heat the substance, electrons of the
single carbon oxygen bonds will move and form a double C –– O bond. Therefore, it
will form carbon dioxide. The oxygen that separated from the molecule will attack
Ca2+ to form CaO.” - (Bonds broken and reformed to form the products)

When thinking about when would the decomposition reaction stop, the majority

of participants’ expressions were distributed among the conceptual modes of when reac-

tants are gone and when external force is removed. A very limited number of students

from Grade 12 (f =1), Undergraduate 1 (f =1), and Undergraduate 4 (f =2) groups

mentioned chemical equilibrium. Following example shows how students expressed the

conceptual mode of when external force is removed :

UG4P4: “If we do not supply energy to reach activation barrier, the reaction will
stop.” - (When external force is removed)
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When thinking about why decomposition reaction happened, more than half of

the Undergraduate 1 (65%) and Undergraduate 4 (70%) participants and almost half

of the Grade 12 (45%) and Graduate (47%) participants expressed conceptual mode of

external forces (see Table 4.18). However, students progressed to graduate level, ex-

pression of conceptual modes with higher explanatory power increased. It is important

to note that expression of the conceptual modes among Grade 12 students lower for

this reaction when compared with the other reaction types (i.e., double displacement,

single displacement, and combination). Following examples illustrate the expression of

various conceptual modes:

UG1P16: “This reaction happened due to heat... Because we supplied heat.” -
(External forces)
GRP8: “Calcium oxide is more stable. In the structure of carbonate, there is an
electron circulation... Resonance... Resonance is not a stable state. Therefore,
calcium oxide is more stable. It [calcium oxide] has a simpler structure... When
structure of a molecule is too complex [carbonate], it gets unstable.” - (Causal
explanations)

When thinking about the factors or the properties affecting the decomposition

reaction, all Grade 12 participants that provided explanations regarding what causes

chemical reactions (f =11, 55%) stated that the reaction was affected by a central agent.

In this case, the central agent under consideration was heat. Explanations of Grade 12

students can be seen in the following example:

G12P9: “This is an endothermic reaction. I can continue as long as we keep sup-
plying heat to the reaction medium. Otherwise, the reverse reaction will happen.”
- (Central agent)

Explaining the conceptual mode of multiple agents in sequence increased as students

progressed through chemistry education. Following interview excerpt demonstrates

their explanation of this conceptual mode:

UG4P4: “When we start heating, carbon-oxygen bond in carbonate molecules will
break. Bond electrons will travel to the oxygen atom to form O2– . Then, O2–

and Ca2+ will attract each other and form ionic bond. On the other hand, after
the oxygen separates from carbonate, carbon will become a carbocation. It will
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form another double bond with the electrons of the oxygens and consequently will
produce carbon dioxide.” - (Multiple agents in sequence)

Table 4.18. Frequencies of conceptual modes regarding decomposition reaction across

different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

How chemical reactions start

External forces 20 (100) 20 (100) 20 (100) 17 (100)

No response 0 (0) 0 (0) 0 (0) 0 (0)

How chemical reactions proceed

Decomposition of aggregates 17 (85) 8 (40) 9 (45) 3 (18)

Bonds broken and reformed 1 (5) 12 (60) 10 (50) 14 (82)

No response 2 (10) 0 (0) 1 (5) 0 (0)

When chemical reactions stop

When reactants are gone 19 (95) 18 (90) 13 (65) 17 (100)

When external force is removed 10 (50) 13 (65) 10 (50) 13 (76)

Stops at equilibrium 0 (0) 1 (5) 2 (10) 0 (0)

Dynamic equilibrium 1 (5) 0 (0) 0 (0) 0 (0)

No response 0 (0) 0 (0) 0 (0) 0 (0)

Why chemical reactions happen

External forces 9 (45) 13 (65) 14 (70) 8 (47)

Attractive forces 0 (0) 1 (5) 1 (5) 0 (0)

Teleological explanations 1 (5) 1 (5) 1 (5) 1 (6)

Causal explanations 2 (10) 1 (5) 2 (10) 5 (29)

No response 8 (40) 4 (20) 2 (10) 3 (18)

What causes chemical reactions

Central agent 11 (55) 7 (35) 6 (30) 8 (47)

Multiple agents in sequence 0 (0) 1 (5) 6 (30) 8 (47)

No response 9 (45) 12 (60) 8 (40) 1 (6)

What drives chemical reactions

Energy driving 0 (0) 1 (5) 1 (5) 4 (24)

Energy-entropy merged 0 (0) 2 (10) 2 (10) 3 (18)

Energy and entropy driving 0 (0) 1 (5) 3 (15) 5 (29)

No response 20 (100) 16 (80) 14 (70) 5 (29)
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When thinking about energetic and entropic factors driving the decomposition

reaction, none of the Grade 12 students provided explanations. Following the Grade

12 students, very few Undergraduate 1 students expressed their conceptual modes

regarding what drives chemical reactions. It can be concluded that as the grade level

increased, the frequency of explanations regarding the dimension what drives chemical

reactions increased. In the Graduate group, 4 of 17 participants stated that the reaction

was driven by energetic factors as shown in the example:

GRP11: “Under normal conditions, this reaction does not happen spontaneously.
It happens only when we supply heat to provide necessary energy [...] When I
think about the crystal structure of calcium oxide, I expect it to be more close
packed. A structure including two atoms is stronger than a structure including
one atom and one compound. Therefore, probably, calcium oxide is more stable
than the reactant. It might prefer to transform into this [calcium oxide], in order
to have a more stable form.” - (Energy driving)

On the other hand, 2 of 20 Undergraduate 1 students, 2 of 20 Undergraduate 4 students,

and 3 of 17 of Graduate students used energy and entropy terms interchangeably or

had alternative conceptions. Such explanations can be seen in the following interview

excerpt:

UG4P10: “This reaction is not favorable. When I consider delta G... I don’t
know... Because we supply heat to the reaction medium, it is not favorable. Cal-
cium carbonate is a stable molecule. However, we make it less stable with heat.
I can say that energy of the products decreases because, I force a very stable
molecule to decompose into less stable two molecules. Carbon dioxide is a gas...
So, it is unstable.” - (Energy-entropy merged)

3 of 20 Undergraduate 4 students, 5 of 17 Graduate students, and 1 of 20 Undergraduate

1 students stated that this reaction was driven by both energetic and entropic factors.

Following example illustrates students’ explanations regarding the conceptual mode of

energy and entropy driving :

GRP13: “Chemical reactions favor disorder. So we should consider entropic
factors in this reaction because a substance transforms into a gas, a structure
with disorder. On the other hand, we supply energy to break the bonds. Enthalpy
is dominant here as well. Because the presence of a gas in the products is not
enough to drive a chemical reaction.” - (Energy and entropy driving)
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4.2.4. Combination Reaction

As a combination reaction, the participants were given the combustion reaction of

magnesium metal (Mg) producing MgO (s) and O2 (g). Due to the transfer of electron

between Mg and O2, this reaction can be classified as a redox reaction as well. Particles

of chemical substances are in constant motion to collide. When they collide with proper

orientation and kinetic energy, the particles reach the activation energy to form the

products. An increase in the energy of reaction medium increases the possibility of

reaching the activation energy. Random collisions of magnesium metal and oxygen gas

leads to the transfer of electron between the substances.Electron transfer takes place

from magnesium to oxygen leads to formation of Mg2+ and O2– . Given the positive

and negative ions in the reaction medium, strong interactions between them leads to

formation of MgO ionic lattice. MgO has lower energy than the reactants, so that there

is a large amount of energy release during the reaction which is an exothermic process.

Due to the large amount of energy release, the entropy change of the surrounding

(∆Ssurr) overcomes the entropy change of the system (∆Ssys). Consequently, entropy

change of the universe (∆Suniv) indicates an increase in the entropy of the universe,

which satisfies the second law of thermodynamics.

Frequencies and percentages of classification categories in participants’ expres-

sions were given in Table 4.19. The majority of Grade 12 students expressed that this

was an either combination or combustion reaction. Only 20% of Grade 12 students ex-

pressed that this was a redox reaction while taking either combustion or combination

into account. Majority of Undergraduate 1 students thought that this was a combustion

and redox or combination, combustion, and redox reaction. This pattern was similar

within the Undergraduate 4 group but, 20% of graduate participants also thought that

this was a combination reaction. Graduate participants mostly expressed that this was

a combination or redox reaction.

Data analysis showed that the dimensions how chemical reactions start, how

chemical reactions proceed, why chemical reactions happen, what causes chemical re-

actions, and what drives chemical reactions seemed to depend on the level of chemistry
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education for the combination reaction. Conceptual modes emerged for the combina-

tion reaction were given in Table 4.20.

Table 4.19. Frequency of classification categories regarding combination reaction

across different grade levels.

Classification categories G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

Combination 6 (30) 3 (15) 4 (20) 6 (35)

Combustion 6 (30) 0 (0) 2 (10) 0(0)

Redox 0 (0) 0 (0) 0 (0) 6 (35)

Combination and redox 2 (10) 0 (0) 3 (15) 2 (12)

Combustion and redox 2 (10) 6 (30) 5 (25) 0 (0)

Combination and combustion 0 (0) 3 (15) 0 (0) 0 (0)

Combination, combustion, and redox 0 (0) 6 (30) 4 (20) 0 (0)

Other 4 (20) 2 (10) 2 (10) 3 (18)

Total 20 (100) 20 (100) 20 (100) 17 (100)

When thinking about how the combination reaction started, almost all partici-

pants stated that either an active agent (e.g., oxygen) or external forces (e.g., heat)

started the reaction. Between these two conceptual modes, the majority of the partici-

pants expressed the conceptual mode of external forces. Only 3 of 20 Undergraduate 4

students expressed that the reaction started due to random collisions of the particles.

Expressions of the conceptual modes regarding how chemical reactions start can be

seen in the following examples:

UG4P9: “[...] There is going to be electron transfer. Because oxygen is in gas
form, it is disordered. Magnesium is more stable. Probably it starts due to oxygen
because it has more mobility.” - (Active agent)
UG1P9: “How it starts... Should I start with burning magnesium with a match
[...] It starts similar with how we burn a piece of paper.” - (External forces)
UG4P18: “It starts with collision of gas particles with the solid. Gas particles
constantly collide with the solid. I think it starts like this.” - (Random collisions)
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When explaining the reaction process, more than half of the Grade 12, Under-

graduate 1, and Undergraduate 4 participants considered oxygen and magnesium as

aggregates and expressed the reaction process as the combination of these particles

(see Table 4.20). As the grade level increases, students tended to describe electron

transfer among the particles and their interactions by expressing the conceptual mode

of changes through interactions. This conceptual mode was expressed more by the

Graduate (47%) students. Distribution of the conceptual modes among Grade 12 and

Undergraduate 4 students was similar. Undergraduate 1 students, on the other hand,

expressed the conceptual mode of combination of aggregates less frequently than Grade

12 and Undergraduate 4 students. They focused on the conceptual mode of bonds bro-

ken and reformed more than these groups, and they expressed the conceptual mode

of changes through interactions less frequently than these groups. It can be concluded

that among all grade levels, students from the Graduate group tended to express the

conceptual modes with higher explanatory powers than the other students. Students’

explanations regarding the reaction process can be seen in the following examples:

G12P3: “When we burn magnesium, it combines with oxygens and and produce
magnesium oxide.” - (Combination of aggregates)
UG1P9: “When we heat the reaction medium, magnesium and oxygen simulta-
neously become plus and minus two charged ions. Magnesium oxide is produced
at the surface of the magnesium interacting with oxygen. So, when we turn these
atoms into ions, they can not remain without a reaction. They form a compound.”
- (Bonds broken and reformed to form the products)
GRP16: “[...] Here, magnesium donates electrons to oxygen. Magnesium has
metallic bonds and their electrons are moving freely. Therefore, it can easily do-
nate electrons. When we supply energy, we increase orbital energies to the upper
levels. It makes easier to donate electrons. There are oxygen atoms ready to re-
ceive these electrons. Oxygen receives the electrons. So, it does not need to have
double covalent bonds anymore. It will form magnesium oxide. The other oxygen
will interact with magnesium particles similarly. As a result, we will have two
magnesium oxides.” - (Changes through interactions)

When thinking about how the combination reaction stop, all participants men-

tioned when reactants are gone and/or when external force is removed. These expla-
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nations were similar to the conceptual modes expressed for the decomposition reaction

(see Tables 4.18 and 4.20).

Regarding why chemical reactions happen dimension for the combination reaction,

participants from Grade 12 (35%) and Undergraduate 1 (75%) groups focused on the

conceptual mode external forces by stating that the reaction happened due to the

heating of the reaction medium or exposing magnesium directly to flame. On the other

hand, as the grade level increased, students’ understanding shifted to the particulate

view of the causality of the combination reaction. The four of 20 Undergraduate 4 and

the three of 17 Graduate students focused on the properties of the particles involved

in the reaction process while explaining the reasons behind the reaction. Following

excerpts illustrate these explanations:

UG4P4: “When we heat magnesium, electrons jumped to a higher energy state,
but it is not favorable. It wants to lower it down. Because of the energy, mag-
nesium can not return its ground state. Therefore, it will prefer attacking the
empty orbitals of oxygen. The main reason is to lower its energy. - (Teleological
explanations)”
GRP17: “The reason is... I think that magnesium oxide has lower energy than
the others. Low energy means a more stable structure. I think this is the reason.”
- (Causal explanations)

While considering the properties and the agents affecting chemical processes, six

of 20 Undergraduate 1 students focused on a central agent affecting the reaction pro-

cess. On the other hand, six of 20 Grade 12 students stated that the reaction process

is affected by the interaction of multiple agents in a sequence (i.e., multiple agents in

sequence). It is important to note that more Grade 12 students expressed a conceptual

mode with high explanatory power (i.e., multiple agents in sequence) than Undergrad-

uate 1 students. While Undergraduate 4 students focused on the conceptual modes of

central agent and multiple interacting agents, Graduate students mostly expressed the

conceptual modes of central agent and multiple agents in sequence.
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Table 4.20. Frequencies of conceptual modes regarding combination reaction across

different grade levels.

Conceptual modes G12 UG1 UG4 GR

f (%) f (%) f (%) f (%)

How chemical reactions start

Just happens 1 (5) 0 (0) 0 (0) 0 (0)

Active agent 3 (15) 1 (5) 6 (30) 8 (47)

External forces 14 (70) 19 (95) 10 (50) 9 (53)

Random collisions 0 (0) 0 (0) 3 (15) 0 (0)

No response 2 (10) 0 (0) 1 (5) 0 (0)

How chemical reactions proceed

Combination of aggregates 13 (65) 11 (55) 13 (65) 3 (18)

Bonds broken and reformed 2 (10) 5 (25) 2 (10) 6 (35)

Changes through interactions 5 (25) 4 (20) 5 (25) 8 (47)

No response 0 (0) 0 (0) 0 (0) 0 (0)

When chemical reactions stop

When reactants are gone 18 (90) 20 (100) 18 (90) 16 (94)

When external force is removed 4 (20) 3 (15) 0 (0) 5 (29)

No response 0 (0) 0 (0) 2 (10) 0 (0)

Why chemical reactions happen

Active agent 2 (10) 4 (20) 5 (25) 9 (53)

External forces 7 (35) 15 (75) 3 (15) 5 (29)

Attractive forces 2 (10) 0 (0) 1 (5) 0 (0)

Teleological explanations 1 (5) 1 (5) 3 (15) 0 (0)

Causal explanations 2 (10) 1 (5) 0 (0) 3 (18)

Probability 0 (0) 0 (0) 1 (5) 0 (0)

No response 6 (30) 0 (0) 7 (35) 0 (0)

What causes chemical reactions

Central agent 3 (15) 6 (30) 5 (25) 6 (35)

Multiple agents in sequence 6 (30) 1 (5) 2 (10) 9 (53)

Multiple interacting agents 0 (0) 0 (0) 3 (15) 1 (6)

No response 11 (55) 13 (65) 10 (50) 1 (6)

What drives chemical reactions

Energy driving 0 (0) 2 (10) 3 (15) 4 (23)

Energy-entropy merged 0 (0) 0 (0) 0 (0) 1 (6)

Energy and entropy driving 1 (5) 2 (10) 1 (5) 2 (12)

No response 19 (95) 16 (80) 16 (80) 10 (59)
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Regarding energetic and entropic drivers of the combination reaction, only one

Grade 12 students provided an explanation stating that the reaction was driven by both

energetic and entropic factors. Two of 20 Undergraduate 1, three of 20 Undergraduate

4 students, and four of 17 Graduate participants stated that the reaction was driven by

energetic factors. Remaining 2 of 20 Undergraduate 1, one of 20 Undergraduate 4, and

2 of 17 Graduate students expressed that the reaction was driven by both energetic

and entropic factors.
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5. DISCUSSION

The aim of the present study was to map students’ conceptual progression of

chemical mechanism (How do chemical reactions happen?) and chemical causality

(Why do chemical reactions happen?). In order to attain this goal, following research

questions guided the study:

(i) How do students’ conceptual modes related to chemical mechanism change across

different grade levels?

(ii) How do students’ conceptual modes related to chemical causality change across

different grade levels?

(iii) How do students’ conceptual modes related to chemical mechanism and chemical

causality change with respect to the type of reaction under analysis?

In order to address these research questions, qualitative data collected from four groups

of students, namely, Grade 12 (n=20), Undergraduate 1 (n=20), Undergraduate 4

(n=20), and Graduate (n =17 ) through semistructured interviews. Interview protocol

included four types of chemical reactions (i.e., double displacement, single displace-

ment, decomposition, and combination) with different driving forces, chemical bonds,

and physical states. This cross-sectional research study adopted grounded theory as

a research methodology, and the data were analyzed through constant comparative

approach (Glaser and Strauss, 1967).

As a result of data analysis, following dimensions emerged for the concepts under

investigation (i.e., chemical mechanism and chemical causality):

(i) Concept: Chemical mechanism (How do chemical reactions happen?)

• Dimension: How chemical reactions start

• Dimension: How chemical reactions proceed

• Dimension: When chemical reactions stop

(ii) Concept: Chemical causality (Why do chemical reactions happen?)
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• Dimension: Why chemical reactions happen

• Dimension: What causes chemical reactions

• Dimension: What drives chemical reactions

Analysis of students’ explanations revealed several conceptual modes for each dimen-

sion. Conceptual modes reflected students’ various descriptions of the dimensions re-

garding the different types of chemical reactions (Yan and Talanquer, 2015). In order

to address the research questions, conceptual modes were sequenced in an increasing

explanatory power. However, increasing level of sophistication of the conceptual modes

is not linear. It was found that expression of the conceptual modes depended on the

type of reaction under analysis and students’ level of chemistry education. There were

dominantly expressed conceptual modes for some of the dimensions. Conceptual modes

emerged for each dimension were represented in Figure 5.1.

Figure 5.1. Dimensions and conceptual modes regarding chemical mechanism and

chemical causality

When overall progression was examined, there observed dramatic changes in the

expressions of the conceptual modes from Grade 12 to Graduate level while describing
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how chemical reactions proceed, why chemical reactions happen, what causes chemical

reactions, and what drives chemical reactions. In other words, students’ expressions of

the conceptual modes depended on the grade level mostly when describing the reaction

process and when explaining chemical causality.

When thinking about how chemical reactions proceed, Grade 12 students tended

to describe the reaction processes in terms of combination/displacement/decomposition

of aggregates with little or no mention of the processes taking place at the molecular

level. However, as the grade level increased, the participants started to conceptualize

reaction processes as bond breaking and bond formation. Describing chemical processes

in terms of simultaneous interactions among various particles was limited among Un-

dergraduate 4 and Graduate participants. These findings were consistent with the

findings proposed by Yan and Talanquer (2015). In their study, the researchers also

found that advanced undergraduate students tended to describe chemical reactions in

terms of bond breaking and bond formation, and only advanced graduate participants

explained the reactions in terms of multiple interacting agents.

Even though there seems to be an increase in the expressions of the conceptual

modes with higher explanatory power regarding the dimension of why chemical reac-

tions happen as students move to advanced levels, the progression was less clear. For

example, the expression of conceptual mode of active agent, which has the less explana-

tory power, increased as the grade level increased. Furthermore, the conceptual mode

of attractive forces, which implied that chemical reactions happen due to the electro-

static interactions between the particles, was expressed more by the Grade 12 students.

This conceptual mode expressed least by the Graduate students. However, when ex-

pressions of the conceptual modes of teleological explanations, causal explanations, and

probability were examined, it can be stated that they were expressed mostly by the Un-

dergraduate 4 and Graduate students, who had more progress in chemistry education.

Concerning teleological explanations, students expressed that the substances wanted or

needed to be stable or reach octet. While expressing this conceptual mode, the par-

ticipants mostly focused on kinetic stability or thermodynamic stability which did not

include further explanations. The language that the students used implying that the
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particles had wants and needs seemed to be adopted by the instructors and textbooks

(Talanquer, 2007, 2013). It is not clear that whether the participants really believed

that particles have needs and wants and is open to debate whether such expressions

have strong explanatory power (Talanquer, 2007, 2013). However, it was claimed that

there is no need for such explanations in physical sciences (i.e., physics and chemistry)

(Talanquer, 2013). In the sample of this study, such explanations were mostly common

among Undergraduate 4 students. When students progressed to Graduate level, their

preference for causal explanations increased, which indicated that there were not any

statements regarding wants and needs of the particles in students’ explanations. These

findings were similar to the study by Weinrich and Talanquer (2015). They also found

that teleological explanations were common among the students at intermediate levels

(e.g., undergraduate students). On the other hand, they found that causal explanations

were most common among the Graduate students. Talanquer (2013) found that there

was no statistical significant difference among undergraduate and graduate students in

terms of preferring teleological explanations over causal explanations. However, there

were minor differences depending on the reaction type that the students were presented.

Therefore, this issue needs further investigation.

Concerning the particles, external factors, and interactions affecting the chemical

reactions, the majority of the participants focused on a central agent affecting chemical

processes. Depending on the nature of the chemical reaction under analysis, the central

agent was either a reactant, or an external factor such as heat or electricity. Grade

12 and Undergraduate 1 students focused on a central agent when thinking about

the processes and agents affecting chemical reactions. Expressions of the conceptual

modes with higher explanatory power focusing on multiple agents and events were more

common among the Undergraduate 4 and the Graduate participants. The conceptual

mode of multiple agents in sequence was expressed more by the Graduate students. On

the other hand, the expression of the conceptual mode of multiple interacting agents

was more frequent among the Undergraduate 4 students.

When thinking about energetic and entropic factors affecting the chemical re-

actions, expressions of the conceptual modes were quite low when compared with the
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other dimensions. However, expressions of the conceptual modes increased as the grade

level increased. Only one student from Grade 12 group provided explanations regarding

energetic and entropic factors affecting chemical reactions. A total of nine Undergrad-

uate 1 students stated that chemical reactions were driven by energetic factors by

comparing the energies of the reactants and products by mentioning energy taken or

released by the reaction under analysis. Consistent with the findings from the study

by Weinrich and Talanquer (2015), the majority of explanations by the Undergraduate

4 students were distributed among the conceptual modes of energy driving and energy

and entropy driving. Some advanced level students in the current sample considered

energy as an internal driver and mentioned enthalpy, bond energies, or structural sta-

bility while judging the reactivity of the substances. However, some students from

lower grade levels mentioned energy as an external factor driving the reactions. In the

current study, students’ views included entropic factors as the grade level increased,

and a total of 10 Graduate students expressed that the reactions were driven by both

energetic and entropic factors by describing their interpretations of Gibbs energy and

its equation (∆G = ∆H – T∆S).

When students’ overall progression was examined regarding chemical mechanism

and chemical causality, common expressions of the participants were determined and

mapped as described above. However, it was also found that students’ expressions de-

pended on the reaction type under analysis. For example, when describing how single

displacement reaction (which had an electron transfer process) started, the majority

of the participants focused on an active agent which initiates the reaction. However,

when explaining the double displacement reaction, the participants mostly focused on

the conceptual mode of mutual attraction. All participants in the sample expressed the

conceptual mode of external forces (e.g., heat) when explaining the initiation of the

decomposition reaction and combination reaction. While thinking about the reaction

processes, the participants mostly focused on combination/displacement/decomposition

of aggregates for all reaction types. However, such explanations seemed to decrease as

the grade level increased, and the participants with advanced level of chemistry ed-

ucation (i.e., Undergraduate 4 and Graduate levels) expressed the reactions in terms

of bond breaking and bond forming and interactions among the particles. Concerning
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the dimension of when chemical reactions stop, the conceptual modes of stops at equi-

librium and dynamic equilibrium were expressed for the double displacement, single

displacement, and decomposition reactions. The conceptual mode of dynamic equilib-

rium was expressed mostly for the double displacement reaction and not expressed for

the combination reaction at all. Here, one can interpret that students thought that dy-

namic equilibrium processes occur mostly in reactions taking place in aqueous media.

The conceptual mode of stops at equilibrium was mostly expressed by the Undergradu-

ate 4 students, and the conceptual mode of dynamic equilibrium was mostly expressed

by the Grade 12 and the Graduate participants. Even though there seems to be an

increase in the expression of the conceptual modes with high explanatory power (i.e.,

stops at equilibrium and dynamic equilibrium), overall expression of these conceptual

modes were quite low for all grade levels (see Table 4.6). While explaining why chemical

reactions happen, expressions of the conceptual modes highly depended on the reaction

type. For example, the conceptual mode of attractive forces was mostly expressed for

the double displacement reaction. For the single displacement reaction, which included

an electron transfer process, the participants frequently expressed the conceptual mode

of active agent. For the decomposition and the combination reactions, the conceptual

mode of external forces was mostly expressed. Additionally, graduate students focused

on active agent for the combination reaction which can be classified as combustion and

a redox reaction as well. While expressing the conceptual mode of causal explanations,

the participants mentioned the stability of the substances. This conceptual mode was

mostly expressed for the decomposition reaction, which was an endothermic reaction.

Following the decomposition reaction, causal explanations were utilized while describ-

ing the combination reaction, which was the combustion of magnesium metal (i.e., an

exothermic reaction). Students seemed to ground their explanations on stability while

considering the reactions having obvious heat absorption or release. It seemed that rec-

ognizing heat absorption and heat release triggered students’ assumptions regarding the

enthalpy of the reactions and stability of the substances. In parallel to these findings

Weinrich and Talanquer (2015) suggested that students’ conceptual modes depended

on the particular features of the reactions under analysis. The features that the stu-

dents pay attention to depend on their previous experiences and the chemical reactions
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under analysis (Weinrich and Talanquer, 2015). While thinking about the particles and

interactions affecting chemical processes, the students mentioned central agent, which

could be the particles with mobility or heat depending on the reaction type, affected

the reactions. It was frequently expressed while thinking about single displacement,

decomposition, and combination reactions. The participants tended to sequence the

agents and the processes as the factors affecting the reactions mostly for decomposi-

tion and combination reactions (multiple agents in sequence). The conceptual mode of

multiple interacting agents was mostly expressed for the double displacement reaction

which overlapped with their explanations regarding the reaction process expressed by

the conceptual mode of changes through interactions. Expression of these conceptual

modes, namely, changes though interactions and multiple interacting agents, had the

same trend across the grade levels. They were less frequently expressed by the Grade 12

and the Undergraduate 1 students, and such conceptual modes were mostly expressed

by the Undergraduate 4 students (see Table 4.14). It was found that the conceptual

modes regarding what drives chemical reactions were mostly expressed while think-

ing about the decomposition (endothermic) and combination (exothermic) reactions.

Similar to the expression of the conceptual mode of causal explanations, expression of

the conceptual modes regarding the dimension of what drives chemical reactions de-

pended on the consideration of heat absorption or release. In other words, evaluating

the reactions with respect to their enthalpies seemed to trigger students’ assumptions

regarding thermodynamic factors.

Findings of the current study suggested that there were differences in students’

expressions based on the grade level. The findings suggested that students need to

improve their understanding of thermodynamics, collision theory, intermolecular and

intramolecular interactions, and chemical kinetics and connect these concepts to pro-

vide deeper explanations for chemical processes and chemical causality.

5.1. Implications

The findings of this study provided insights into chemistry education and re-

search in chemistry education. Sevian and Talanquer (2014) suggested that current
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instructional approaches focus on introducing fundamental chemistry concepts in an

isolated way. This claim can be confirmed when the accumulation of the concepts

related with chemical reactions were examined as stated in Section 1.1. Current vi-

sion of science education suggests mastering of crosscutting disciplinary concepts for

deeper understanding of the discipline (Talanquer, 2016). In order to improve chem-

istry education, Sevian and Talanquer (2014) suggested learning progression revolving

around core practices of chemistry. They determined six crosscutting disciplinary con-

cepts that were judged to be fundamental in chemical thinking. These crosscutting

disciplinary concepts are:

• Chemical identity

• Structure-property relationships

• Chemical causality

• Chemical mechanism

• Chemical control

• Benefits-costs-risks

The foci of the current study were the concepts of chemical mechanism and chemical

causality. Yan and Talanquer conducted an empirical study in 2015 targeting the

same concepts (i.e., chemical mechanism and chemical causality). The participants of

their study included Undergraduate and Graduate students. As a contribution to the

study by Yan and Talanquer (2015), the current study offered empirical data which

included different reactions in the interview protocol and Grade 12 participants in the

sample for validating the hypothetical learning progression that Sevian and Talanquer

(2014) proposed. Findings of the current study suggested that from Grade 12 to

Graduate level, students demonstrated significant progression in their understanding of

how chemical reactions proceed and chemical causality. It can be deduced that students

need a broad span of time to develop their understanding of these dimensions.

In order to deepen students’ understanding of crosscutting disciplinary concepts,

teachers should create learning environments including authentic and relevant learning

tasks. Furthermore, students are needed to be encouraged for integrating fundamental
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concepts within and between disciplines. In order to achieve this, students need to

address the relationships and connections between the concepts explicitly while en-

gaging in scientific inquiry. When current curricula were examined, it can be seen

that fundamental chemistry concepts were presented in an isolated way both in high

school and undergraduate-graduate levels (e.g., general chemistry and organic chem-

istry) (MoNE, 2013a). When difficulties in connecting the concepts in the sample of the

current study were considered, rearrangement of science and chemistry curricula can

be suggested. Curricular arrangements may include determining and focusing on the

crosscutting disciplinary concepts that are fundamental to enhance deeper understand-

ing of the chemistry discipline. When crosscutting disciplinary concepts determined by

Sevian and Talanquer (2014) were considered, focusing on such concepts may help in

integrating fundamental chemistry concepts. For example, when students think about

benefits-costs-risks of chemical practices, they also need to realize the consequences

of chemical practices for the wellbeing of the society, environment, and economy. In

order to do such analysis, students need to be aware of the properties of the substances

and the properties of the chemical processes under consideration. The case mentioned

in this example requires the ability to associate the concepts within and across disci-

plines (e.g., chemistry, science, technology, and society). In order to create learning

environments addressing such issues, students should be encouraged to pose and an-

swer relevant questions about core chemistry practices, such as evaluating the costs

and consequences of choosing a fuel type over the others (Banks et al., 2015). To be

able to evaluate the consequences of using a particular fuel type, students need to be

aware of the structure-property relationships of the substances under analysis, which

requires the mastery of concepts such as chemical bonding. Furthermore, students

need to evaluate the combustion reactions that the fuel alternatives will be involved.

In order to do so, they need to be aware of the reaction energies and the properties of

the products involving the reactions under investigation. As it can be seen from this

example, encouraging students to deal with the core practices of chemistry allows them

to study several concepts within and across disciplines (Opitz et al., 2017).

Findings of the research suggested that responses of the participants included tele-

ological explanations stating that the substances had wants or needs (e.g., substances
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want to be stable or want to reach octet) for forming the products. Research suggested

that such explanations may stem from the language adopted by the instructors and the

textbooks (Talanquer, 2007, 2013). When students adopt such explanations due to in-

structions and textbooks, they tend to avoid offering causal explanations involving the

properties of particles and interactions regarding chemical processes (Talanquer, 2007,

2013). Chemistry teachers need to create learning environments allowing students to

evaluate and deepen their expressions for chemical causality by describing the reactions

in terms of dynamic interactions and thermodynamic factors instead of relying simple

assumptions such as filling the empty orbitals or being stable (Talanquer, 2013).

Data analysis revealed that students’ understanding of chemical mechanism and

chemical causality depends highly on the type of reaction under analysis. Further-

more, their explanations were mostly determined by their familiarity with the reac-

tions. For example, the participants who were familiar with the reaction between

magnesium and oxygen expressed the reaction mechanism differently, compared to the

ones who thought that the reaction was simply the rusting of magnesium metal. The

participants who thought that the reaction was a slow rusting process mentioned that

oxygen particles penetrated through the surface of magnesium. Such explanations

led them to express the reaction process in terms of combination of aggregates. On

the other hand, the participants who were familiar with the reaction tended to men-

tion the effects of heating on the electron movements of magnesium. This resulted

in the explanations involving the redox step. In order to enhance clarity while as-

sessing students’ understanding of chemical reactions, interview protocols may include

macroscopic representations of chemical reactions or demonstrations of reactions (e.g.,

burning of magnesium). Furthermore, utilizing various sources of data while assessing

students’ understanding, may provide deeper insight regarding students’ conceptualiza-

tions of chemical processes. Even though students’ drawings and detailed explanations

of chemical mechanism were utilized in the current study, encouraging them to use

dynamic representations (e.g., animations) while expressing chemical mechanism may

allow the researchers to analyze students’ understanding from a dynamic perspective.
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5.2. Limitations of the Study

This study was based on a cross-sectional design, in order to track the progres-

sion in students’ understanding of chemical mechanism and chemical causality over

several years. This design is different from longitudinal studies in which one can track

the same group over a time period to investigate the changes in students’ understand-

ing as they progress through chemistry education. Cross-sectional design adopted in

this study allowed the researcher to collect the data from multiple groups at a single

point of time to compare multiple groups for tracking the changes (Creswell, 2012).

Even though, cross-sectional designs are less time consuming and prevent losing par-

ticipants over a long period of time, it was suggested to perform longitudinal studies

which include aligned curriculum, instruction, and assessment practices to validate the

proposed hypothetical learning progressions (Duncan, 2009).

In order to obtain variety in the sample (e.g., gender and achievement), Grade 12

participants were recruited from various high schools which included students with sev-

eral achievements and educational background. However, shy and hesitant participants

do not express their ideas in detail (Creswell, 2013). In order to prevent these difficulties

that the shy participants would create during the interviews, chemistry teachers were

asked to select students that are willing to share their ideas. Therefore, the selection of

Grade 12 students based on their teachers’ conception of “talkative students”, which

resulted in the selection of the high achievers of the schools. Average achievements

of the high schools that the Grade 12 participants were recruited from were diverse,

so that the researcher tried to control this limitation to some extent. Undergraduate

and Graduate participants were recruited from a public research university located in

İstanbul. The university, that the Undergraduate and the Graduate participants were

recruited from, accepted extremely high achieving students according to their scores

on a central university entrance exam. Therefore, it can be interpreted that the Un-

dergraduate and the Graduate participants were above average when compared with

other Undergraduate and Graduate students in terms of their academic achievement in

the context of Turkey. This reduced the representativeness of the participant groups.
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In order to ensure that the Grade 12 students were familiar with the reactions

in the interview protocol, common representative reactions were selected for each type

(i.e., double displacement, single displacement, decomposition, and combination reac-

tions). For each type, one chemical reaction was selected. However, in order to ensure

that the students had consistent views within the same reaction type, choosing more

than one reaction would have been beneficial. However, this would have resulted in

a significant increase in the interview durations, probably giving rise to withdrawals

from the study.

Data analysis was performed by utilizing constant comparative approach. Fur-

thermore, coding process were performed with another researcher to ensure that the

same meaning was driven from the pieces of data. Especially Grade 12 students’ expla-

nations included fragmented and disorganized statements. Thinking out loud allowed

them to express their ideas clearly as the interview progressed, but having inconsistent

views for a particular chemical process made the coding process and interpretation of

the statements difficult when compared with the other groups of students. Even though

the interview protocol encouraged the students express their ideas in depth with its

semistructured nature, what the researchers interpreted was students’ descriptions of

the chemical processes, not what they actually had in their minds. How much the

researcher reached the students’ minds depended on the motivation of the students to

express their thoughts deeply and quality of the communication between the researcher

and the participants (Berg, 2001).

5.3. Suggestions for Further Research

When the implications and the limitations given in the previous paragraphs were

considered, the current study can provide basis for future studies. In order to provide

a picture of students’ conceptual progressions of chemical mechanism and chemical

causality, the current study adopted a cross-sectional design. The current study pro-

vided a basis for designing instructional practices which took students’ common rea-

soning patterns into consideration. Such studies may include curricular arrangements

focusing on the crosscutting disciplinary concepts which integrate various fundamental
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chemistry concepts. While designing curricula and instruction, findings of this research

may help in aligning curriculum, instruction, assessment tools, and how students al-

ready conceptualized chemical mechanism, chemical causality, and related fundamental

chemistry concepts, such as chemical bond, energy, entropy, enthalpy. As suggested

by the literature, introducing these concepts via traditional lectures which included a

series of fragmented concepts is no different from the current instructional approaches

(Sevian and Talanquer, 2014). Therefore, students need to be provided relevant and

authentic learning tasks which allow them to explicitly address these concepts and the

relationships among them while engaging in scientific inquiry and core chemistry prac-

tices (Sevian and Talanquer, 2014). These longitudinal studies would also allow the

researchers to uncover how students’ thinking progress when they are facilitated with

targeted, relevant instructional interventions.

In order to adjust the interview duration and ensure the familiarity of the reac-

tions to the Grade 12 students, one representative reaction was chosen for each type

(i.e., double displacement, single displacement, decomposition, and combination) in

the current study. In a future longitudinal study, it would be beneficial to increase

the type of reactions (e.g., organic reactions). Involving more chemical reactions to

the assessment tools, curricula, and instructional interventions increases the contexts

in which the concepts of chemical mechanism and chemical causality are introduced

to the students. By doing so, chemistry teachers and researchers may allow students

to generate a universal understanding of how chemical reactions take place and why

chemical reactions happen.
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APPENDIX A: PERMISSION LETTERS

In this section, permission letters obtained from directorates of National Educa-

tion and Institutional Review Board for Research with Human Subjects (İNAREK)

were presented.
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Figure A.1. Permission letter obtained from Directorate of National Education of

Sarıyer district
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Figure A.2. Permission letter obtained from Directorate of National Education of

Sarıyer district - Continued
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Figure A.3. Permission letter obtained from Directorate of National Education of

Beşiktaş district
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Figure A.4. Permission letter obtained from Institutional Review Board for Research

with Human Subjects (İNAREK)
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APPENDIX B: SEMISTRUCTURED INTERVIEW

PROTOCOL

Figure B.1. Semistructured interview protocol - Double displacement reaction
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Figure B.2. Semistructured interview protocol - Single displacement reaction

Figure B.3. Semistructured interview protocol - Decomposition reaction
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Figure B.4. Semistructured interview protocol - Combination reaction
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APPENDIX C: DEMOGRAPHIC FORM FOR GRADE 12

STUDENTS

Figure C.1. Demographic form for Grade 12 students
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APPENDIX D: DEMOGRAPHIC FORM FOR

CHEMISTRY STUDENTS

Figure D.1. Demographic form for undergraduate and graduate students




