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ABSTRACT 

 

iii 

 

This research has two aims – firstly, to construct an instrument to measure the 

dimensions of evaluating and integrating, and secondly, to use the measurements from 

this instrument to investigate the relationships between chemistry reasoning and 

academic performance, intelligence, use of learning strategies, and educational 

experience. The sample used in this research consisted of 300 college chemistry 

students from a premier independent school in Singapore.  

 

The chemistry reasoning instrument was constructed based on an evidence-based 

reasoning framework. When administered to the sample, it was found to contain items 

of good facility and discrimination indices, and to have good internal consistency. 

Academic performance of the students was measured by the school’s internal 

assessment, intelligence by the Shipley Institute of Living Scale instrument, and learning 

strategies use by the Motivated Strategies for Learning Questionnaire. Educational 

experience was represented by subject combination, i.e. whether the students take 

physics or biology, and by academic programme, i.e. whether the students come from a 

four-year or six-year academic programme. The relationships between chemistry 

reasoning and these variables were investigated using correlation analysis, analysis of 

variance, and regression analysis. 

 

Results from this research showed that the dimensions of evaluating and integrating are 

strongly correlated with each other, and significantly and positively correlated with 

academic performance. While significant and positive correlations are found between 

these dimensions of chemistry reasoning and the stated factors, many of the 

correlations are numerically small. Jointly the results suggest that while an instrument 

can be constructed to assess chemistry reasoning with interpretable outcomes, it needs 

to be developed further to investigate the complex relationships with these variables. 

This research has shed some light to the nature of chemistry reasoning - specifically, 

integrating involves an adaptive approach to novel situations, making internal 

connections, and keeping focus on the goals of a task. Implications of these findings for 

learners and practitioners are discussed, and recommendations for future research are 

proposed.
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Chapter 1 

 

Introduction 

 

The overall purpose of this research is to study the dimensions of evaluating and 

integrating in chemistry reasoning among college students. It has two aims - the 

first aim is to construct an instrument to measure the dimensions of evaluating 

and integrating, and the second aim is to use the measurements from this 

instrument to investigate the relationships between chemistry reasoning and 

academic performance, intelligence, use of learning strategies, and educational 

experience. The sample used in this research consisted of 300 college chemistry 

students from a premier independent school in Singapore. 

 

This chapter introduces the scope of the research, and is presented in five 

sections. The first section defines chemistry reasoning. The second and third 

sections respectively provide a review of its development and measurement, 

while locating chemistry reasoning in the educational context of Singapore. The 

fourth section states the aims and research questions of the research, and 

discusses its significance. The fifth section outlines the structure of the thesis. 

 

1.1 Definition of Chemistry Reasoning 

The development of general scientific abilities as global competencies is 

critical for equipping students of science, technology, engineering, and 

mathematics (STEM) for the 21st century workforce (Saavedra & Opfer, 2012) 

and the fourth industrial revolution (Li, Hou, & Wu, 2017). The STEM 

education community considers reasoning abilities to handle open-ended 

real-world tasks to be just as important as the scientific content knowledge 

(Cracolice & Busby, 2015; Osborne, 2013, 2014). These abilities also open 

up opportunities in fields not traditionally associated with the hard sciences 

(Kind & Osborne, 2017). 

 

Two main approaches have been widely used in research to study scientific 

reasoning: the domain-specific approach focuses on the development of 

conceptual knowledge in particular scientific domains, while the domain-

general approach focuses on reasoning and problem solving strategies (Bao 
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et al., 2009; Dunbar & Klahr, 2012). Table 1.1 shows the differences between 

these two approaches. There is a lack of agreement on which of these 

approaches is more important in accounting for developmental differences in 

scientific reasoning (Danczak, Thompson, & Overton, 2017). Some 

researchers, for example, Wolfe (2016) developed a model of the cognitive 

processes involved in scientific inquiry which demonstrated the interaction 

between concept formation and process skills. 

 

Table 1.1  Two main approaches to scientific reasoning 

 Domain-specific approach Domain-general approach 

Focus Development of conceptual 
knowledge in particular scientific 
domains 

Reasoning and problem solving 
strategies involved in the discovery and 
modification of concepts and theories  
 

Typical 
task 

Consists of questions or problems 
that require participants to use 
their conceptual knowledge of a 
particular scientific phenomenon 
 

Requires the application of the methods 
or principles of scientific inquiry to 
reasoning or problem solving situations 

Skills 
used 

Participants not required to 
evaluate evidence, make 
observations, or conduct 
experiments to verify their 
solutions or answers 
 

Include hypothesis generation, 
experimental design, and evidence 
evaluation 

 

The present research utilizes an integrative approach to study scientific 

reasoning: contextualizing reasoning tasks in the discipline of chemistry while 

focusing on domain-general reasoning skills. In this research, the term 

chemistry reasoning refers to the series of cognitive processes used in 

chemistry inquiry and problem solving. These processes are defined in this 

research as dimensions because they constitute a set of observable 

performances, which in turn, will be measured. While chemistry reasoning 

includes the dimensions of analysing, interpreting, and applying, this research 

will focus on the less studied yet very fundamental dimensions of evaluating 

and integrating.  

 

The conceptual definitions of the dimensions of chemistry reasoning to be 

used in this research are shown in Table 1.2. These definitions bear close 

correspondence to the critical thinking skills prescribed by international 
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syllabuses for college chemistry: Cambridge International Examinations 

("Chemistry H2 Syllabus 9647," 2010; "Chemistry Teaching and Learning 

Guide, Pre-University, Higher 2, Syllabus 9729," 2016), International 

Baccalaureate ("Diploma Programme Chemistry—guide," 2007), Hong Kong 

Diploma Secondary Education ("Chemistry Curriculum and Assessment 

Guide (Secondary 4 - 6)," 2007), New Australia Senior Secondary Curriculum 

("Chemistry Stage 6 Syllabus," 2009), and US Advanced Placement ("AP 

Chemistry," 2014).  

 

Researchers acknowledge the importance of clear definitions of reasoning 

skills that meet the broadest possible needs of science education (Holme, 

Luxford, & Brandriet, 2015). Hence, although the reasoning dimensions are 

defined here for chemistry, they closely match the set of observable 

performances that  provide indicators of understanding in STEM in general. 

These cognitive processes are routinely applied in scientific inquiry and 

problem solving (Heering et al., 2012; Millar, 2008, 2014; Salhi, 2017) and in 

the practices of science (Reed, Brandriet, & Holme, 2017). 

 

Table 1.2   

Conceptual definitions of the cognitive dimensions in chemistry reasoning 

Dimension Definition  

Analysing Delineating a phenomenon from a set of observations.  It 
includes: selecting relevant information; ordering information in 
importance; describing trends and patterns shown by data; and 
translating data presented as prose, diagrams, drawings, tables 
or graphs, from one form to another, using chemical 
representations (e.g., equations for chemical reactions in 
contexts) 
 

Interpreting  Constructing explanations or drawing conclusions based on 
evidence, using chemistry concepts  
 

Applying 
 

Posing questions, hypotheses, or predictions, in terms of 

chemistry  principles and concepts 

 
Evaluating 
 

Assessing  the validity, reliability and credibility of information; 

or justifying explanations or conclusions, or testing hypothesis, 

through sound reasoning and logical argument 

 

Integrating 
 

Linking together principles and concepts from different areas of 
chemistry 
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1.2 Development of Chemistry Reasoning  

As a discipline, chemistry is abstract and has its unique system of 

macroscopic, microscopic and symbolic representations (Jaber & BouJaoude, 

2012). Three challenges specific to chemistry education have been delineated 

in the literature review: (i)  dealing with severe overload of content knowledge 

(Jegstad & Sinnes, 2015), (ii) dealing with rote and algorithmic tendencies 

(Cavinato, 2017), and (iii) improving problem solving skills (Surif, Ibrahim, & 

Dalim, 2014). 

 

Much of the earlier research on chemistry education in the 1970s and 1980s 

focused on the acquisition of subject content. For example, Ring and Novak 

(1971) showed that undergraduates possessed a large body of factual 

knowledge but lacked adequate links to relate specific concepts to each other; 

these links themselves were called organising concepts. Successful students 

have a large repertoire of facts and organising concepts, and also have the 

ability to discriminate between them. Those who lack the strategies to form 

organising concepts achieve at low levels. On the other hand, Pines and West 

(1986) found that chemistry students frequently lacked the requisite first-hand 

experience with many of the chemical materials they had to study. For 

instance, students study the properties and reactions of benzene without 

encountering it in their everyday life. Their learning is therefore not meaningful 

and hence they resort to rote learning rather than actively seeking to construct 

their own understanding through scientific reasoning. Nurrenbern and 

Pickering (1987) found that students were more successful solving algorithmic 

problems (those which could be solved with a memorized set of procedures) 

than conceptual problems (those for which a memorized procedure was not 

available). The challenge of organising and learning a vast amount of content 

still remains a challenge in chemistry education today (Pyburn, 2014). 

 

Research in the 1990s progressed from focusing on content acquisition to 

documenting the thinking processes, paying attention to the application of the 

understanding in chemistry to scientific reasoning, inquiry and problem 

solving. The dimension of evaluating is evident in the work of Kogut (1996), 

who developed a set of instructional strategies to promote thinking skills in 
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chemistry. He demonstrated the thinking process in class by asking process-

oriented questions, seeking explanations and requiring evaluations. Class 

time was given to data analysis, alternative interpretations, and statement of 

underlying assumptions. Contrary to expectations that spending time on 

thinking meant less content coverage, it was found that using strategies that 

facilitated scientific reasoning also facilitated content acquisition, and resulted 

in higher achievements in examinations. In a more recent work, Cracolice and 

Busby (2015) suggest that students with well-developed thinking skills are 

more successful at solving conceptual problems.  

 

The dimension of integrating takes the form of visualisation tools such as 

concept maps, which originated in chemistry education. Novak (1990) 

developed concept maps as a heuristic tool to help students organise, link 

and understand the relationships between chemistry concepts. Another form 

of integrating is the use of modelling. Metz and Smith (1996) found that 

students might be able to answer numerical problems correctly and still not 

understand the interplay of macroscopic, microscopic and symbolic 

representations in chemistry. They developed an instructional strategy 

requiring the microscopic representation of problems by creating models of 

the chemical reactions to integrate concepts. Concept mapping and 

instruction with models are still widely used approaches for integrating ideas 

and concepts in chemistry instruction and measurement (Bunce, 2014; Cheng 

& Gilbert, 2017; Cullen, 2015; Dukerich, 2015; Namdar & Shen, 2015; 

Posthuma-Adams, 2014). 

 

In the Singapore education context, the teaching of science has focused on 

process and inquiry skills since the 2000s. This is an outcome of the national 

priority of developing critical and creative thinkers, encapsulated in the vision 

of Thinking Schools, Learning Nation (Goh, 1997; Han, 1998; Koh, 2002; 

Saravanan, 2005), and further advanced in more recent years with schools 

developing applied learning programmes for their students to help them apply 

thinking skills and knowledge across all subjects to real-life situations (Chiu, 

2016). In August 2013, a Chemistry Syllabus Development Committee (of 

which the researcher was a member) was convened in Singapore to review 

the curriculum with the intention to shape how science is taught and learnt at 
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the pre-university level, taking into account the development of 21st century 

competencies in students. An outcome of the review is the revised syllabus, 

which emphasises that science as a discipline is more than the acquisition of 

a body of knowledge. It presents the practice of science and learning 

experiences as a way of ‘knowing and doing’, engaging the dimensions of 

evaluating and integrating  ("Chemistry Teaching and Learning Guide, Pre-

University, Higher 2, Syllabus 9729," 2016). The curriculum is organised into 

core ideas and extension topics to shift the students’ learning mentality from 

a compartmentalised view of scientific knowledge to a more coherent and 

integrated understanding of science. 

 

1.3 Measurement of Chemistry Reasoning 

Measurement of chemistry reasoning can be broadly categorised into either  

curriculum-based assessments or diagnostic instruments. Curriculum-based 

assessments are those stipulated in subject syllabuses, and are prevalent in 

many education systems. Researchers have contended that both content 

knowledge and general hypothesis-testing skills are needed for successful 

reasoning performance (Berry et al., 2015; Drummond & Fischhoff, 2017; 

Lawson, 2010; Sabel et al., 2016; Zimmerman, 2000). It is no surprise that 

contemporary curriculum-based assessments typically give combined scores 

of content knowledge and application of cognitive skills. As such, it is 

impossible to attribute the score to the relative contributions of its two 

components. In other words, when a student obtains a certain score, it is not 

clear how well he or she has applied the reasoning skill. These measurements 

do not provide any quality indication of the proficiency of chemistry reasoning 

as defined in Table 1.2 (p.3).   

 

Diagnostic instruments are those which are designed to measure the 

reasoning skills directly. They include many standardised international 

assessments, which do not assume any content knowledge, but focus on 

cognitive skills instead. Examples of these tests are the Trends in International 

Mathematics and Science Study and the Programme for International Student 

Assessment (Klette, Bergem, & Roe, 2015; OECD, 2013). However, these 

instruments have their limitations in measuring complex scientific reasoning 

because they use primarily multiple-choice items and/or address a broad 
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range of content. They do not provide useful information on the cognitive 

dimensions involved in chemistry reasoning. 

 

A noteworthy example of a diagnostic instrument is the Halpern Critical 

Thinking Assessment, which is a standardized instrument that measures 

generic critical thinking skills such as verbal reasoning and argument analysis 

in everyday scenarios using open and multiple-choice questions (Butler, 2012; 

Halpern, 2010). Another example, more related to science, is Lawson’s Test 

of Scientific Reasoning, which is designed to examine a small set of 

dimensions including conservation of matter and volume, proportional 

reasoning, control of variables, probability reasoning, correlation reasoning, 

and hypothetical-deductive reasoning (Lawson, 2004, 2010). Going further 

back in time, Ennis (2009) reported an annotated list of diagnostic instruments 

for measuring critical thinking and noted that almost all are multiple-choice 

tests which do not provide a comprehensive coverage of subject specific 

thinking skills. Ennis recommended as viable alternatives the addition of 

justification requests to multiple-choice items, essay testing with varying 

degrees of structure and performance assessment. 

 

Hence, while pedagogical approaches to teaching chemistry reasoning in 

schools abound in the literature (Saavedra & Opfer, 2012), the measurement 

of complex scientific reasoning has remained difficult and limited, and this is 

largely due to its complex nature (Bensley & Murtagh, 2012; Mark et al., 2014; 

Reed et al., 2017). Coletta and Phillips (2005) reported positive correlations 

between scientific reasoning abilities and measures of students’ gains in 

learning science content in physics. Mulder, Lazonder, and de Jong (2009) 

found that while the scientific reasoning of high-school students was 

comparable to that of the university students, the former achieved significantly 

lower performance success scores because they have lower domain 

knowledge, while Ding, Wei, and Liu (2016) reported that reasoning skills 

remained unchanged across four levels of higher education. Other 

researchers reported that the development of scientific reasoning skills has a 

long-term impact on student academic achievement (Adey & Shayer, 1994; 

Bao et al., 2009; Cracolice & Busby, 2015).  
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These studies suggest that the variability in scientific reasoning can be 

attributed to both task-related and age-related variables. The task-related 

variability determines the expression of underlying scientific reasoning 

competence during task performance, and includes variables such as task 

complexity and content knowledge (Cracolice & Busby, 2015; Zeineddin & 

Abd-El-Khalick, 2010). On the other hand, the age-related variables change 

over time, and include varibles such as use of learning strategies (Kirbulut et 

al., 2016; Obrentz, 2012) and educational experience (Amsel et al., 2008; 

Howard, Tang, & Jill Austin, 2015; Lin & Schunn, 2016; Sodian & Bullock, 

2008; Suter, 2016). Apart from these variables, researchers have suggested 

that scientific reasoning is strongly correlated with intelligence (Greiff et al., 

2015; Stuessy, 1989). The likely correlates of scientific reasoning, based on 

what have surfaced in these research, are summarized and brought together 

into a conceptual framework in Figure 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1  A conceptual framework of scientific reasoning 

 

In the light of the discussion of chemistry reasoning so far, this research 

studies the nature of chemistry reasoning, particularly with respect to the 

dimensions of evaluating and integrating, and investigates the relationships 

between these dimensions and the variables - academic performance, 

Intelligence 
(Greiff et al., 2015) 

 

Academic performance 
(Cracolice & Busby, 2015) 
 

Scientific reasoning 
(Millar, 2014; Osborne, 

2013, 2014) 

 
Task-related variables 

 

 

 
Age-related variables 

 

Content knowledge 
(Berry, Friedrichsen, & 

Loughran, 2015) 

 

Cognitive skills 
(Kind & Osborne, 2017; 

Sabel, Forbes, & Flynn, 2016) 

Education and experience 
(Lin & Schunn, 2016; Suter, 2016) 

 

Use of learning strategies 
(Kirbulut, Uzuntiryaki-Kondakci, & 

Beeth, 2016; Obrentz, 2012) 
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intelligence, learning strategies, and educational experience. In order to do 

so, an instrument needs to be constructed to measure chemistry reasoning 

among college students. Data collected with this instrument will provide 

scores of these two fundamental dimensions in chemistry reasoning. Although 

the reasoning tasks in the instrument are set in the context of college 

chemistry, the cognitive dimensions measured are likely to be applicable 

across STEM subjects (McGuire et al., 2014). 

 

1.4 Aims and Research Questions  

As stated earlier, there are two aims to this research. 

1. To construct an instrument to measure the dimensions of evaluating and 

integrating in chemistry reasoning among college students 

 

2. To investigate the relationships between the dimensions of evaluating and 

integrating in chemistry reasoning and academic performance, 

intelligence, learning strategies, and educational experience 

 

Based on two aims, the research questions are: 

1. How can an instrument to measure the dimensions of evaluating and 

integrating in chemistry reasoning in college students be constructed? 

2. What are the relationships between the dimensions of evaluating and 

integrating, as measured by the chemistry reasoning instrument, and 

academic performance? 

3. What are the relationships between the dimensions of chemistry reasoning 

and intelligence? 

4. What are the relationships between the dimensions of chemistry reasoning 

and the use of learning strategy (cognitive strategies, metacognitive 

strategies, and resource management strategies)? 

5. What are the relationships between the dimensions of chemistry reasoning 

and  educational experience (i.e. whether the students take physics or 

biology, and whether they come from a four-year or six-year academic 

programme)? 

 

This research hopes to contribute to knowledge in a number of ways. It should 

provide stakeholders with a defensible and interpretable profile of chemistry 
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reasoning that can be reliably measured. When measurement of chemistry 

reasoning yields useful information with respect to the dimensions of 

evaluating and integrating, teaching and learning will be stimulated. This 

reinforces a central learning goal in the teaching of science of making 

connections critically among ideas covering a range of knowledge domains, 

rather than focusing on isolated facts.  

 

At a more fundamental level, this research investigates the measurement of 

scientific reasoning by providing an understanding of the nature of chemistry 

reasoning. This knowledge can then be applied in instructional and curriculum 

design. Teachers will have the necessary information to promote chemistry 

reasoning in their classroom practices, and cultivate a culture of critical 

thinking. For the students, to learn well is to learn how to connect the concepts 

within and outside of subject knowledge domain, and skilfully apply them in 

reasoning, inquiry and problem solving. This is an essential tenet among the 

global competencies for the 21st century workforce and the fourth industrial 

revolution. Where the skills of evaluating and integrating are lacking, the 

students are not able to organise content meaningfully, but instead resort to 

focusing on drill and memorisation strategies in performing the tasks of 

problem solving.  

 

1.5 Structure of the Thesis 

The next chapter, Chapter 2, provides a critical review of empirical literature, 

leading to the adoption of the conceptual framework for chemistry reasoning 

to be used in this research. Chapter 3 provides an overview of the research 

strategy, sampling, data collection and data analysis plans used for the 

research.  

 

The construction of an instrument to measure the dimensions of evaluating 

and integrating in chemistry reasoning among college students is reported in 

Chapter  4. The relationships between the chemistry reasoning scores from 

the instrument and the variables - academic performance, intelligence, use of 

learning strategies, and educational experience – are reported in Chapter 5. 

The last section of Chapter 5 investigates the joint relationships of these 

variables with academic performance.  
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The final chapter, Chapter 6, provides a summary of the research and of its 

findings, discusses the findings, concludes by examining the implications of 

the findings for practice and further research. 
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Chapter 2 

 

A Conceptual Framework for Chemistry Reasoning 

 

This research aims to construct an instrument to measure the dimensions of 

evaluating and integrating in chemistry reasoning among college students, and 

to use it to study the relationships between chemistry reasoning and academic 

performance, intelligence, use of learning strategies, and educational experience. 

Towards these aims, Chapter 2 reviews the relevant empirical literature in three 

sections. The first section examines the evidence-based reasoning framework as 

a possible conceptual framework for this research. The second and third sections 

respectively discuss the literature concerned with the dimensions of evaluating 

and integrating. Together the three sections establish the conceptual basis of 

chemistry reasoning to be used in this research. 

 

2.1 The Evidence-Based Reasoning Framework 

Findings from recent research point to an emerging picture of scientific 

reasoning as involving complex relationships between multiple reasoning 

abilities. The evidence-based reasoning framework (Figure 2.1) articulates a 

conceptual model of scientific reasoning that can serve as a basis to design 

a wide range of assessment tools (Brown, Furtak, Timms, Nagashima, & 

Wilson, 2010).  

 

The evidence-based reasoning framework consists of five reasoning 

components (data, premise, claim, evidence, and rules), the definitions of 

which are given in Table 2.1. Scientific reasoning is advanced from one 

component to the next by three of the cognitive dimensions which have been 

earlier defined in Table  1.2  (p.3). Analysing articulates connections between 

parts of information, the outcome of which is the evidence. Interpreting draws 

conclusions based on evidence, resulting in the outcome called the rule, 

principle, theory or law. Applying connects the rule to the specific 

circumstances described in the premise, and delineates the claim based on 

this connection. Hence, the evidence-based reasoning framework provides a 

viable approach to operationalizing these cognitive dimensions. 
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PREMISE CLAIM 

   APPLYING 

RULES 

  INTERPRETING 

ANALYSING 

EVIDENCE 

DATA 

                      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  The evidence-based reasoning framework (Brown, Furtak, et al., 

2010)  

 

Table 2.1  

Definitions of the reasoning components in the evidence-based reasoning 

framework 

Reasoning components Definition  

Data 
 

information in the form of observations or ideas 

Premise  a statement that describes specific circumstances, for example, 
objects and their relevant features or properties  
 

Claim 
 

a statement about the outcomes of reasoning, in the form of 
observations, conclusions, or predictions  
 

Evidence 
 

a statement that describes the relationships among the 
observed data, also referred to as concept 
 

Rule a statement that describes the relationship between the 
premise and the claim, i.e., how the claim follows from the 
premise, also referred as principle, theory, or law 
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PREMISE CLAIM 

   APPLYING 

RULES 

  INTERPRETING 

DATA 

The evidence-based reasoning framework depicts high ability in scientific 

reasoning as represented by the original framework (Figure 2.1) whereby all 

five reasoning dimensions are engaged. A low ability in scientific reasoning 

would be represented by an incomplete framework with missing components, 

as illustrated in Figure 2.2.  

 

(a) Unsupported claim  

    (missing data, evidence or rules) 

 

 

 

 

(b) Analogy               (c) Over-generalisation 

     (missing evidence or rules)        (missing evidence) 

 

 

 

 

 

 

 

 

 

 

Figure 2.2  

Examples of low ability in scientific reasoning (Brown, Furtak, et al., 2010) 

 

The strength of the evidence-based reasoning framework lies in its simple 

representation of the complex process of scientific reasoning as blocks 

consisting of two or three components linked by a reasoning process. Its 

operationalization of the cognitive dimensions and focus on evidence and 

rules is integral to the scientific reasoning skills supporting the practices of 

science. 

 

PREMISE CLAIM 

   APPLYING 

PREMISE CLAIM 

   APPLYING 

DATA 



15 

 

The evidence-based reasoning framework was used by Brown, Nagashima, 

Fu, Timms, and Wilson (2010) to measure the conceptual sophistication, 

specificity, and validity of students’ reasoning on the topic of buoyancy. 

Conceptual sophistication denotes the quality and complexity of the concepts 

used in evidence or rules. Specificity represents the precision used in defining 

the magnitude of a concept. Validity describes the quality of the reasoning 

linking an assumption to a conclusion. The evidence-based reasoning 

instrument used by Brown, Nagashima, et al. (2010) consisted of 29 

constructed items typical of secondary science assessments, some of which 

were adapted from published standardised tests like Trends in International 

Mathematics and Science Study. The instrument was administered to 343 

middle and high school students from four schools in the San Francisco Bay 

area of the USA. Analysis of the data obtained showed measures of the three 

constructs to have satisfactory reliabilities and to be positively and strongly 

correlated. Brown, Nagashima, et al. (2010) concluded that the instrument is 

a more valid, reliable, and useful means for measuring students’ scientific 

reasoning than traditional items that focus on accuracy. 

 

However, three limitations of their framework should be acknowledged: 

(i) scientific reasoning comprises other processes - such as evaluating - 

which were not explicitly defined in the framework; 

(ii) scientific reasoning is a dynamic process that cannot be adequately  

represented by a rigid sequence of processes; and 

(iii) the measurement was applied narrowly to the scope of the single topic 

of buoyancy. 

 

Therefore, in adopting the evidence-based reasoning framework, this 

research needs to take these limitations into consideration. 
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2.2  The Dimension of Evaluating 

As stated in Table 1.2 (p.3), the conceptual definition of evaluating used in 

this research is: assessing  the validity, reliability and credibility of information; 

or justifying explanations or conclusions, or testing hypothesis, through sound 

reasoning and logical argument. 

  

The original evidence-based reasoning framework by Brown, Furtak, et al. 

(2010) covers three dimensions - analysing, interpreting, and applying - but it 

omits evaluating, and subsumes it under applying instead. As defined in Table 

1.2, evaluating is a distinct reasoning process from applying. In Bloom’s 

taxonomy, evaluating is classified as a higher order skill than analysing and 

applying (Krathwohl & Anderson, 2010). The dimension of evaluating is an 

essential part of argumentation, which is an increasingly recognised focus for 

science education (Berland & Hammer, 2012; Bricker & Bell, 2008). 

 

Consider the following examples of assessment items from the work of Brown, 

Nagashima, et al. (2010) on buoyancy, which present the difference between 

applying and evaluating (Figure 2.3). 

 

Item 1 
Given: Block floats in water and sinks in unknown liquid (claim). 
Needed: Predict whether unknown liquid would float on or sink under water 

(premise), and justify prediction (rules). 
 

Item 2 
Given: Six objects with three different masses and two different shapes either 

float or sink in water (premise).  
Needed: Evaluate hypothesis that all objects have the same volume (claim), justify 

evaluation (criteria and verdict). 
 

 

Figure 2.3   

Items illustrating the difference between applying and evaluating (Brown, 

Nagashima, et al., 2010) 

 

Brown, Nagashima, et al. (2010) classified both of these items as applying, 

which uses rules to produce a prediction as an outcome, as in the first item. 

In contrast, the second item has a more specific objective: it requires the use 



17 

 

of certain criteria to assess or justify a claim, and its outcome is a verdict. The 

second item is therefore more appropriately classified as evaluating. 

 

Evaluating is an important dimension in chemistry reasoning which requires 

the critical cross-examination of relevant evidence to establish one or more 

criteria to determine the verdict. What distinguishes evaluating from applying 

is the component of criterion, which not only explains why the evidence 

supports the claim but also establishes the validity or the relevance of the 

evidence (Tang, 2016). This structure of evaluating draws its conceptual roots 

from Toulmin’s Argument Pattern (Toulmin, 2003), which has been applied as 

a methodological tool for the analysis of arguments in a wide range of school 

subjects including science (Erduran, Simon, & Osborne, 2004; Moon, 

Stanford, Cole, & Towns, 2016; Simon, 2008). 

 

Therefore, in this research, evaluating is incorporated into the evidence-

based reasoning framework as the cognitive dimension that extends a claim 

to a verdict by the use of criteria, where criterion refers to a statement of the 

standard used for evaluation, and verdict is a statement which establishes 

the validity, reliability, and credibility of the claim (as shown in Figure 2.4).  

 

Wilson (2005) developed the construct modelling approach to model and 

inform the development of assessment instruments by giving due 

consideration to (i) the definition and elaboration of the concept to be 

measured (the concept map); (ii) the ways the concept guides the selection 

and development of the tasks (item design); and (iii) the ways of interpreting 

the performance outcomes that relate meaningfully back to the concept 

(outcome space). The building blocks of concept map, item design, and 

outcome space are in coherence with the assessment triangle recommended 

by Pellegrino, Chudowsky, and Glaser (2001).  
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Figure 2.4   

The modified evidence-based reasoning framework incorporating the 

dimension of evaluating 

 

Applying the construct modelling approach developed by Wilson (2005), items 

for measuring the dimension of evaluating can be developed for this research. 

An example of such items is shown in Figure 2.5.  

 

In this item, a student with high reasoning ability will analyse the given data 

(the elements present in the sun), interpret the evidence (nuclei are formed 

by fusion) and then successfully rationalise the use of criteria for the claim. 

Some researchers classify criteria as either empirical (the claim fits the data 

or evidence) or theoretical (the claim is consistent with theories and laws) 

(Walker & Sampson, 2013). However, this distinction is not made in this 

research because it is not always possible to do so. Each independent count 

of evaluating based on theoretical or empirical criteria is credited with the 

score of 1; while any invalid criterion used is given a score of -1. Summing 

up the counts in the entire measurement gives a total score for the dimension 

of evaluating. 

 

EVALUATING 

VERDICT 

CRITERION 

PREMISE CLAIM 

   APPLYING 

RULES 

  INTERPRETING 

ANALYSING 

EVIDENCE 

DATA 
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(a) Concept map 

 

 

 

 

 

 

 

 

(b) Item design 

According to the Big Bang Theory, our universe was born with an unimaginably huge 
explosion. The debris of the Big Bang first condensed into the lighter elements, hydrogen 
and helium. Only when enough of these atoms had gathered together and the mass started 
to compress under its own gravity did these nuclei begin to fuse into the nuclei of heavier 
atoms.  Iron could have been the heaviest nuclei formed in the first-generation stars by the 
fusing of nuclei. (Source: Cobb & Fetterolf, 2005.) 
 

The sun is probably a third-generation star. Which of the following elements found in the 
sun provide evidence for this? (there may be more than one answer) 
 
A. hydrogen  
B. helium 
C. aluminium 
D. copper 
E. zinc 
 

(c) Outcome space 

Expected response Evaluating score 

D and E only: meet criterion   1 
A, B or C: invalid criterion  ─1 

Maximum score: 1; Minimum score: 0 

 

Figure 2.5  An item measuring evaluating 

 

While students may have high ability in evaluating in everyday contexts, 

experience shows that they are less so in the context of science. Some 

common weaknesses include: inability to identify the criteria from relevant 

data, evidence, or rules, to assess the claim; using inappropriate criteria such 

as methods or observations instead of evidence; and even when they have 

correctly identified the criteria, they do not sufficiently use them to justify or 

explain the verdict. A number of researchers have reported that proficicieny 

CRITERIA 

CLAIM VERDICT 
EVALUATING 

 

 

The sun is 
probably a third-
generation star. 

Presence of heavier 

atoms than iron in 

the sun 

Presence of heavier 
atoms than iron in the sun 
(like copper and zinc) 
suggests that it must have 
begun its fusion process 
later than the first stars. 
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in evaluating can be developed through explicit instruction in a programme 

which places emphasis on cognitive and metacognitive strategies involving 

argumentation (Özdem, Cakiroglu, Ertepinar, & Erduran, 2017; Simon, 2008; 

Walker & Sampson, 2013). 

 

2.3   The Dimension of Integrating 

Fundamental to chemistry reasoning is another cognitive process, namely 

integrating, which has also been defined in Table 1.2 (p.3): linking together 

principles and concepts from different areas of chemistry. 

 

This definition is consistent with what some researchers call knowledge 

integration: “… the ability to generate scientifically normative ideas and use 

relevant theory or empirical evidence to connect ideas in explaining a scientific 

phenomenon or justifying a claim about a scientific problem” (Lee, Liu, & Linn, 

2011, p. 116). The process of integrating is embedded in each of the other 

dimensions - analysing, interpreting, applying, and evaluating - and yet there 

seems to be little research specifically on it. 

 

The measurement of the dimension of integrating was featured in the National 

Science Foundation-funded research at the Technology Enhanced Learning 

in Science Centre at the University of California, Berkeley, USA.  Liu, Lee, 

Hofstetter, and Linn (2008) measured integrating in the context of science 

inquiry in subject-area tests among Grade 6 to 12 students. Each test 

contained a number of multiple choice or constructed items which were 

selected from released items from Trends in International Mathematics and 

Science Study or previous related research. Liu et al. (2008) reported that the 

tests exhibited satisfactory psychometric properties. In a subsequent study, 

Lee et al. (2011) compared the construct validity of multiple choice and 

constructed response items and found that relative to multiple choice items, 

constructed response items discriminated between high and low abilities of 

integrating more effectively, and measured a wider range of integrating 

abilities. An example of an item used by Lee et al. (2011) containing both 

multiple choice and constructed response format is shown in Figure 2.6. 
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Item:  
You are watching TV and cooking popcorn in a microwave. Your parent starts the 
dishwasher. Suddenly, all the electricity goes out because they’ve blown a fuse.  
Which of the following can cause the fuse to blow? (circle one) 
 
A. Too much current in the circuit. 
B. Too much voltage in the circuit. 
C.    Too much resistance in the circuit. 
 

Explain your choice. 
 

 

Figure 2.6   

An item containing both multiple choice and constructed response format (Lee 

et al., 2011) 

 

Liu et al. (2008) developed a concept map of integrating as a latent variable 

with six levels of progressive reasoning ability, scored from 0 to 5. At the lower 

levels of integrating, students have no answer (score of 0), elicit irrelevant 

ideas (score of 1), and make no valid link between ideas (score of 2). At higher 

levels, students make valid links among ideas relevant to a given context, and 

progress from partial link (score of 3) to full link (score of 4) and complex link 

(score of 5). Scoring was based on the number of valid links made. However, 

the measurement of the quality of links (whether valid, partial, full, or complex) 

can be rather subjective and labour intensive. Furthermore, the quality of 

integrating depends not only on the number of independent links made, but 

also on the number of sequential links in a cluster of related links. In the 

present research, a concept map is used to provide a quality indicator of the 

complexity of integrating exhibited by students in chemistry reasoning. It is 

argued that a more accurate representation of integrating should take into 

account the number of independent or sequential links present in the concept 

map of the reasoning task. 

 

Applying the construct modelling approach developed by Wilson (2005), an 

example of an item for measuring integrating to be used in this research is 

shown in Figure 2.7.  

 

In this item, a stream of water is deflected whenever a charged plastic spoon 

is brought near to it, called the water witch demonstration by Cobb and 
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Fetteroff (2005). A student may be able to connect the observed phenomenon 

to the properties of matter (the plastic spoon) and the structure of matter 

(water). A more able student will connect further to the chemical bonding in 

the materials (water). Each independent count of integrating based on direct 

or sequential links is credited with the score of 1; while any invalid link made 

used is given a score of - 1. Summing up the counts in the entire measurement 

gives a total score for the dimension of integrating. 

 

It is well documented in research on the dimension of integrating that students 

acquire ideas from a wide range of sources such as experience, instruction, 

peer interaction, media depictions, and other scientific activities (Liu et al., 

2008). However, these students do not necessarily have the skills to make 

meaningful connections among the ideas (Bransford & National Research, 

2000). Integrating proficiency can be honed through effective instruction 

which helps students develop strategies to organise, interpret, evaluate and 

build a coherent view of scientific phenomena (Linn, Lee, Tinker, Husic, & 

Chiu, 2006; Vitale, McBride, & Linn, 2016).  

 

The preceding sections have discussed and established the conceptual 

framework of chemistry reasoning to be used in this research. The next 

chapter will describe the overall research strategy, sampling, and the methods 

used for data collection  and analysis. 
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(a) Concept map 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Item design 

Take a plastic spoon and rub it in your hair or on a sweater until the spoon acquires a 
static charge, as evidenced by the attraction of the spoon for the hair or fibres on the 
sweater. Turn on a tap so that there is a very thin stream of water.  Hold the spoon close 
to the water and you will see the stream of water bend towards the spoon.  
Which statements are needed to explain the behaviour of the stream of water?  (there 
may be more than one answer) 

 

A. The plastic spoon’s attraction for electrons is different from that of the hair and 
clothing. 

B. The water molecules have stronger attraction for each other than for the charged 
plastic.  

C. Water is made of two hydrogen atoms bonded to an electronegative oxygen atom. 
D. One end of the water molecule is more negative than the other. 
 

(c) Outcome space 

Expected Response Evaluating Score 

A: link to properties of matter   1 
B: invalid link ─1 
C: link to chemical bonding 1 
D: link to atomic structure 1 

Maximum score: 3; Minimum score: 0 

 

Figure 2.7  An item measuring integrating 

 

Observed phenomenon: 

A stream of water bends when a charged 
plastic spoon is brought near to it. 

 

1st link: Properties of matter 

Friction causes electrons to transfer from 
one material to another if one of the 
materials have a stronger attraction for 
electrons. Most plastics have a stronger 
attraction for electrons than hair and 
clothing. 
 

2nd link: Structure of matter 

The shape of the water molecule is such 
that one end of the water molecule is more 
negative than the other.  
 

3rd link: Chemical bonding 

Water is made of two hydrogen atoms bonded 
to an electronegative oxygen atom. 

 

Scientific explanation: 

 When close to the negative electric field of 
the plastic spoon, the negative ends of the 
water molecules shift away from the spoon.  
The positive ends shift toward the spoon, 
which draws the water and the spoon 
together. 
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Chapter 3 

 

Methods 

 

This research is conducted at a prestigious academic institution in Singapore and 

it has two aims – firstly to construct an instrument to measure the dimensions of 

evaluating and integrating in chemistry reasoning, and secondly to use the 

measurements from this instrument to investigate the relationships between 

chemistry reasoning and academic performance, intelligence, use of learning 

strategies, and educational experience. The five research questions are: 

 

1. How can an instrument to measure the dimensions of evaluating and 

integrating in chemistry reasoning in college students be constructed? 

2. What are the relationships between the dimensions of evaluating and 

integrating, as measured by the chemistry reasoning instrument, and 

academic performance? 

3. What are the relationships between the dimensions of chemistry reasoning 

and intelligence? 

4. What are the relationships between the dimensions of chemistry reasoning 

and the use of learning strategy (cognitive strategies, metacognitive 

strategies, and resource management strategies)? 

5. What are the relationships between the dimensions of chemistry reasoning 

and  educational experience (i.e. whether the students take physics or biology, 

and whether they come from a four-year or six-year academic programme)? 

 

The first section of this chapter outlines the overall strategy to the research, while 

the second section provides a brief overview of the institution in which the 

research was set, and describes the sampling and ethics considerations. The 

third and fourth sections then describe the methods which were used for data 

collection and data analysis plan respectively.  

 

3.1   Overall Research Strategy 

To fulfil the two aims of this research, an instrument to measure the 

dimensions of evaluating and integrating in chemistry reasoning was first 

constructed based on the modified evidence-based reasoning framework in 
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Figure 2.4 (p.18). The instrument was administered to the sample and the 

measurements made to collect the data on chemistry reasoning. The sample 

is described below in Section 3.2. 

 

Academic performance of the participants was measured by the institution’s 

regular internal assessment. An existing instrument - the Shipley Institute of 

Living Scale - was used to measure intelligence, while another instrument - 

the Motivated Strategies for Learning Questionnaire – was adopted to 

measure the use of learning strategies. Educational experience was 

represented by subject combination, i.e. whether the students take physics or 

biology, and by academic programme, i.e. whether the students come from a 

four-year or six-year academic programme. The details of the measurements 

of these variables are given in Section 3.3. The data obtained enabled the 

relationships between chemistry reasoning and the variables - academic 

performance, intelligence, use of learning strategies, and educational 

experience - to be investigated.  

 

3.2 Sampling  

3.2.1  Setting 

This research was conducted in a premier independent school in Singapore 

with a history of over 90 years. Since its merger of the High School and Pre-

University Junior College in 2005, the institution offers an ‘Integrated 

Programme’. This is a six-year through-train academic programme which 

caters for the holistic education of high ability students from Grade 7 to 12, 

allowing them to skip the national examination at Grade 10.  

 

The research was conducted in the college section, which has a student 

population of approximately 2000, with age range from 17 years (Grade 11) 

to 18 years (Grade 12). The students come from the top 3% of students from 

Singapore and the region. Notwithstanding their academic achievements at 

high school level, the students are reported to have a normal distribution 

based on college internal assessments. 
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3.2.2  Procedure 

Typically, approximately 900 students enrol in the Grade 11 college chemistry 

cohort. To take chemistry at college level, the students must meet the 

minimum criterion of at least a B3 grade in the subject at the national 

examination or the equivalent Integrated Programme examination. 

Exceptions are made for a small number of students who do not meet the 

minimum criterion but display special talents in various fields such as sports 

and performing arts. This situation meets the aims and context of this 

research. Hence, convenience sampling was used to recruit the participants, 

taking advantage of the accessibility of the participants.  

 

Of the cohort of 900 Grade 1 chemistry students, 300 volunteered to 

participate in this research. Table 3.1 shows the distribution of grades in 

chemistry at the national examination or the equivalent Integrated Programme 

examination for both the sample and the entire cohort (including students who 

do not offer science). Despite being self-selected, there appears to be no 

grounds for thinking that the sample is not representative of students in the 

cohort. In that sense, therefore, the findings here should allow generalisation 

to students pursuing chemistry at the college level.  

 

Table 3.1  

Distribution of grades in chemistry at the national examination or the 

equivalent Integrated Programme examination for both the sample and the 

entire cohort 

 

  A1 A2 B3 C4 C5 D6 D7 E8 F9 Total MSG* S.D.** 

Sample No 198 51 30 17 3 1 0 0 0 300 1.60 1.03 
 % 66.0 17.0 10.0 5.7 1.0 0.3 0.0 0.0 0.0 100.0   

Cohort No 636 242 101 60 17 6 1 0 14 1077 1.78 1.08 
 % 59.1 22.5 9.4 5.6 1.6 0.6 0.1 0.0 1.3 100.0   

        *MSG = mean subject grade, **S.D. = standard deviation 

 

3.2.3  Ethics Considerations 

Prior to the research being initiated, permission to conduct the research was 

obtained from the Human Research Ethics Committee of the University of 

Western Australia, and also from the institution’s College Executive 

Committee. Ethical clearance from the former involved the researcher 
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obtaining a letter of permission from the principal of the institution involved in 

the research; a detailed outline of the research proposal; and an outline of 

research methods (Appendix 1: Human research ethics approval – the 

University of Western Australia).  

 

Permission was given by the institution on the conditions that data was only 

collected from students who had given consent, and that the conduct of the 

research did not disrupt the school curriculum, or run contrary to any of the 

school’s goals (Appendix 2: Approval to conduct the research at the 

institution). As such, the informed consent of the participants was to be 

sought, and the confidentiality and protection of data collected and used would 

be strictly maintained. The invitation to participate, administration of the 

various instruments, and data collection all took place outside of curriculum 

time between January and February, 2016, at the start of the academic year 

when the cohort was available to participate in extra-curricular enrichment 

activities.  

 

In planning the  research, consideration was also given to the possible issues 

of the researcher’s position as an employee of the institution in which the 

research was conducted, particularly in the areas of participation and 

protection (Punch, 2009). Hence, a briefing was conducted by the researcher 

to the entire cohort of 900 Grade 11 students, to explain the contents of the 

participation information sheet, the aims of the research, participation 

involvement, and expectations (Appendix 3:  Participation information sheet). 

It was also explained to the prospective participants that the data collected 

would remain confidential and that their scores would have no bearing on 

decisions related to their class allocation or academic performance. The 

students responded to the invitation by signing up a time slot for completing 

the chemistry reasoning instrument in a computer laboratory within the week. 

 

At the start of the instrument administration, the participants were required to 

complete the participation consent form before they proceeded with the actual 

chemistry reasoning instrument (Appendix 4: Participation consent form). 

They were allowed to withdraw from the research at any time without 

prejudice. 
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3.3  Data Collection 

3.3.1  Constructing the Chemistry Reasoning Instrument 

The first step in this research was the construction of an instrument to 

measure the dimensions of evaluating and integrating among college 

students, which would furnish the chemistry reasoning data for the rest of the 

research. The construction process entailed the generation of items to 

measure chemistry reasoning based on the modified evidence-based 

reasoning framework, and the subsequent administration of the instrument to 

the sample to collect chemistry reasoning data. This addresses research 

question 1: How can an instrument to measure the dimensions of evaluating 

and integrating in chemistry reasoning in college students be constructed?  

Chemistry reasoning will be referred to as CR from this point onwards in the 

thesis. The construction of the CR instrument took place in two phases: Phase 

1 (Pilot) and Phase 2 (Actual CR Data).  

 

Phase 1 (Pilot) 

Phase 1 was conducted in 2015, one year prior to the actual research in 

Phase 2. The participants in this pilot were 22 students in Grade 11 (aged 17 

to 18 years) who were enrolled in college chemistry at the institution in 2015. 

Three teachers from the same institution, and one content expert who is a 

lecturer and researcher from the National Institute of Education, Singapore, 

were consulted in the process. 

 

The procedure to conceptualise the CR instrument followed the sequence of 

three building blocks in construct modelling: concept map, item design, and 

outcome space (Wilson, 2005). As the items did not currently exist, new items 

had to be created in the knowledge domain of college chemistry to elicit 

evidence of evaluating and integrating, based on the modified evidence-

based reasoning framework. The item pool was crafted with reference to 

literature resources such as examination papers, textbooks, and chemical 

journals. In an effort to ensure reliability and validity of measurement, it was 

aimed to have at least twelve items to measure each of the two cognitive 

dimensions. In fact, 34 items were created for each dimension, giving a total 

of 68 items, and it was estimated that students would need approximately 45 
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to 60 minutes to complete these items. The table of specifications of the draft 

CR instrument is shown in Table 3.2. 

 

Table 3.2   

Table of specifications of the draft chemistry reasoning instrument 

Cognitive 
Dimension 

Task No of items 

Evaluating Assess the validity, reliability and credibility of 
information, or justify explanations or 
conclusions made 
e.g. evaluate the hypotheses relating the given 
observations, and justify the evaluation 
 

34 

Integrating Articulate links between parts of information 
using principles and concepts from different 
areas of chemistry  
e.g. generate ideas in explaining a phenomenon 
or justifying a claim about a problem, using 
relevant evidence or theory 
 

34 

 

To achieve the aims of this research, the design of items must satisfy the 

parameters given below with the accompanying reasons: 

 

 The CR instrument consists of a number of scenarios (in this case, 

twelve) which present several reasoning components (data, evidence, 

rule, premise, claim, criterion, verdict) of the modified evidence-based 

reasoning framework. Each scenario contains a series of items 

designed to measure evaluating and integrating.  

 

 The items take one of two formats: two-thirds of them are selected 

response items, while the one-third are constructed response items. 

The selected response items require students to choose a combination 

of responses from given options (multiple choice format). The 

constructed response items require students to provide short answers, 

and include a range of ‘intermediate constraint’ items of varying 

complexity such as matching, categorising, ranking and sequencing, 

and text completion (Scalise & Gifford, 2006). Both formats have been 

found to be more effective in eliciting evidence of reasoning than 

conventional multiple choice items in terms of discrimination and range 

(Lee et al., 2011).  
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 The items presuppose the student’s content knowledge of chemistry 

up to high school level (Grade 10) based on international examination 

syllabuses.  A reasonable knowledge baseline must be assumed for 

the cognitive processes to be activated; otherwise the item would need 

to provide all the necessary information, which would make it unwieldy 

and may even give away the answer. Moreover, setting the baseline at 

high school level allowed the CR instrument to be administered to 

students at any stage of the college programme. 

 

 The items require students to apply their content knowledge in novel 

contexts. The converse, which is measuring the students’ recall of what 

they have learned, would not constitute CR (Nitko, 2007) 

 

The draft CR instrument was created as an online questionnaire in the 

Qualtrics Research Suite (Snow, 2012). The Qualtrics platform is a software 

application for creating questionnaires which supports the construction of the 

items in the format required by the CR instrument, together with clear 

graphical displays: multiple choice, multiple true/false, matching, and matrix 

completion. It provides a rigorous questionnaire experience with password 

protection and navigation logic that is appropriate for the administration of the 

CR insturment. The responses are recorded with time stamp and can be 

downloaded and further scored in Excel worksheets. 

 

The draft instrument was then tested for content validity. A think-aloud 

protocol was used with four volunteer college students, in which they 

verbalised their reasoning processes, and the researcher took note of their 

responses to the items. By mapping actual responses to each item back to 

the scoring scale in the concept map, the outcome space was revised.  

 

The draft instrument was then piloted with the 22 student participants of Phase 

1. It was administered to the students in a computer laboratory under the 

researcher’s supervision. The participants completed the questionnaire in 

approximately 60  minutes. On a subsequent day, four of the participants were 

invited to an interview with the researcher for further discussion and 

development of content validity. During the 30-minute session with each 
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participant, they individually verbalized their reasoning processes, and the 

researcher took note of their responses to the items, and modified the items 

accordingly.  

 

The items were scored and analysed, and those with good facility indices (≥.3) 

and good discrimination indices (.2 to .8) were retained as they were. The rest 

were revised based on feedback from the students and discussions with the 

three teacher consultants and the content expert from the National Institute of 

Education, Singapore.  

 

The resultant and final CR instrument is now presented as twelve problem 

solving scenarios which collectively contain 34 items to measure the 

dimension of evaluating, and another 34 items to measure the dimension of 

intgerating, giving an item pool of 68 draft items in total (Appendix 5: 

Chemistry reasoning instrument; Appendix 6: Concept maps and outcome 

speces of items in the chemistry reasoning instrument).  

 

Phase 2 (Actual CR Data) 

Phase 2 was conducted in 2016, and it involved the collection of actual CR 

data for this research. The participants in Phase 2 were 300 Grade 11 

students (aged 17 to 18 years) who were enrolled at the same institution in 

2016. Hence they were a different group of students from the pilot phase. 

They participated in the research programme on a voluntary basis from 

among approximately 900 students in the Grade 11 chemistry cohort. The 

participants were approximately equally distributed between the genders: 

male, 42.7%, and female, 57.3%. To take chemistry at college level, all 

students must meet the minimum criterion of at least a B3 grade in the subject 

at the national examination or the equivalent Integrated Programme 

examination. This meant a common knowledge baseline at high school level 

(Grade 10) could be assumed, which allowed the CR instrument to be 

administered at any stage of the college programme. 

 

An information sheet outlining the proposed research was used to invite the 

cohort of 900 students to participate. Data was gathered only from the 300 
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students who had given consent. Confidentiality and anonymity was assured 

and it was stressed that no names would be used at any time. 

 

Data was collected in the months of January and February 2016, during the 

first part of the school calendar when the cohort was available to participate 

in curricular enrichment activities. The CR instrument (Appendix 5) was 

administered to the 300 participants in ten batches. They took the test in a 

computer laboratory under the supervision of a teacher. They were not 

allowed to bring in any notes, stationery, or calculator. Upon entering the test 

venue, each student was assigned to a computer terminal from which they 

logged in using their official account provided by the institution, and accessed 

the online CR instrument with a password issued on the spot. The ten 

teachers who were co-opted to administer the instrument were provided with 

standardised written instructions (Appendix 7: Standardised instruction for 

administration of the chemistry reasoning instrument). These included 

checking that the students’ mobile devices were kept away in their bags, and 

not allowing the students to communicate with each other or googling for 

resources during the test. The students were given 60 minutes to complete 

the questionnaire and their responses were time-stamped. Both the selected 

response items and the constructed response items were computer-scored, 

and the digital data was stored and retained by the researcher for data 

analysis. 

 

The next chapter will present the item analysis of the newly constructed CR 

instrument. 

 

3.3.2 Chemistry Reasoning and Academic Performance 

This part of the research addresses research question 2: What are the 

relationships between the dimensions of evaluating and integrating, as 

measured by the chemistry reasoning instrument, and academic 

performance? It is the first of four separate but interrelated studies to 

investigate the relationships between CR and several different variables. 

 

The participants in this study were the 300 Grade 11 students who had 

completed the CR instrument in Phase 2 (p.31). From this sample, 287 of 
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them had taken the college’s internal assessment, the Promotional 

Examination in chemistry, which was held in October, 2016, at the end of the 

academic year. The remaining students were absent either for medical leave 

or official exemption. 

 

The Promotional Examination assesses all the subjects offered by each 

student and is used as the basis for promotion into the next academic year. 

In this study, academic performance is measured by the examination in 

chemistry. The college chemistry course follows a two-year curriculum which 

prepares students for a national examination stipulated by Cambridge 

International Examinations ("Chemistry Teaching and Learning Guide, Pre-

University, Higher 2, Syllabus 9729," 2016). The Promotional Examination in 

chemistry is therefore a valid and reliable measurement of academic 

performance as it is designed and conducted with the specifications of the 

Cambridge International Examinations.  

 

As it is taken at the end of the first year in a two-year course, the Promotional 

Examination in chemistry is a scaled down version of the national 

examination. It comprises three papers and the overall score for the 

Promotional Examination in chemistry is the average score from the three 

papers. 

 

3.3.3  Chemistry Reasoning and Intelligence 

The second of the four studies on the relationships of CR addresses research 

question 3: What are the relationships between the dimensions of chemistry 

reasoning and intelligence? 

 

The participants were the same 300 Grade 11 students who had completed 

the CR instrument. From this sample, 165 students had volunteered to 

participate further by completing the Shipley Institute of Living Scale 

instrument in January, 2016, the same month in which they completed the CR 

instrument. The participants fulfilled the language competency requirements 

of the tests (directed at Grade 4 and above). 
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In this study, intelligence was measured by the two tests in the Shipley 

Institute of Living Scale instrument which assess two apects of cognitive 

ability. The first aspect assessed is crystallized knowledge, which is 

knowledge that has been gained as a result of education and experience - for 

example, vocabulary words, historical dates and facts, scientific knowledge, 

etc. The second aspect is fluid reasoning, which is the ability to use logic and 

other skills to learn and acquire new information - for example, solve novel 

problems or puzzles, understand new concepts or ideas, take in new 

information, and so forth. Fluid ability peaks in late adolescence, shows very 

slow decline during most of adulthood, and then declines rapidly after about 

age 70. In contrast, crystallized knowledge, like the acquisition of information, 

is highly redundant or learned by rote, and as such, is more resistant to 

impairment and deteriorates more slowly (Shipley, Gruber, Martin, & Klein, 

2012). 

 

A literature review of the Shipley Institute of Living Scale instrument revealed 

that it was originally published in 1940, and was revised and re-standardised 

between 1970 and 1985 with a large, nationally representative sample 

(N  =  1876) (Kaya, Delen, & Bulut, 2012). Psychometric properties of the 

instrument show that its measurements are strongly correlated with other 

developed instruments like the Wechsler Intelligence Scale (Shipley et al., 

2012), and are therefore appropriate for applications in educational, clinical, 

and research settings (Bolton, 2003; Bowers & Pantle, 1998; Kaya et al., 

2012). 

 

The Shipley Institute of Living Scale instrument allows each aspect of 

cognition to be separately assessed and scored, and hence these scores 

could be compared to the CR scores. Details of the two tests are as follows:  

 

 Test 1 consists of 40 vocabulary items which measure crystallized ability, 

with a reliability coefficient of α = .84. For each item, the students have to 

choose from four options the word that is closest in meaning to a given 

target word. It has a ten-minute time limit. 
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 Test 2 measures fluid reasoning with 25 sequence-completion abstraction 

items, and a reliability coefficient of α = .77. The students are required to 

fill in up to six missing letters, numbers, or words to complete each 

sequence. It has a twelve-minute time limit. The respondent needs to 

complete Test 1 before attempting Test 2. 

 

The table of specifications of the Shipley Institute of Living Scale instrument 

used in this study is shown in Table 3.3. 

 

Table 3.3 

Table of specifications of the Shipley Institute of Living Scale instrument 

Cognitive  
dimension 

Test No of 
items 

Reliability 
coefficient, α 

Crystallized knowledge 1. Vocabulary 40 .84 

Fluid cognitive ability 2. Abstraction 25 .77 

 

Like the CR instrument, the Shipley Institute of Living Scale instrument was 

created as an online questionnaire in the Qualtrics Research Suite 

(Appendix  8: Shipley Institute of Living Scale instrument). A personal licence 

was acquired from the publisher, Western Psychological Services, to adapt 

the instrument for administration and scoring for sole application within the 

registered research by means of a secure, password-protected online 

environment (Appendix 9: Rights and permissions for use of the Shipley 

Institute of Living Scale instrument). The instrument was administered to the 

participants at a separate sitting but in the same month as the CR instrument. 

The guidelines for testing laid down in the Shipley Institute of Living Scale 

manual were strictly adhered to (Shipley et al., 2012).  

 

3.3.4  Chemistry Reasoning and Learning Strategies 

This third of the four studies on the relationships of CR addresses research 

question 4: What are the relationships between the dimensions of chemistry 

reasoning and the use of learning strategy (cognitive strategies, 

metacognitive strategies, and resource management strategies)? 

 

The participants were the same 300 Grade 11 students who had completed 

the CR instrument. To investigate the use of learning strategies, the students 
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were invited to complete an online version of the Motivated Strategies for 

Learning Questionnaire (Pintrich, 2004; Pintrich, Smith, Garcia, & Mckeachie, 

1993) within the same month as the CR instrument. From this sample, 153 

students volunteered and completed the questionnaire.  

 

The Motivated Strategies for Learning Questionnaire is one of the most widely 

used self report inventories to assess college students' motivational 

orientations and their use of different learning strategies for a college course. 

Based on a general cognitive view of motivation and learning strategies, it has 

a long history of use in educational psychology. Its theoretical framework has 

been extensively discussed and independently validated by researchers 

(Dunn, Lo, Mulvenon, & Sutcliffe, 2012; Hilpert, Stempien, van der Hoeven 

Kraft, & Husman, 2013), and is reportedly a valid and reliable instrument for 

determining students’ motivational beliefs and learning strategies (Credé & 

Phillips, 2011; Duncan, 2005). In particular, it has been validated by Rotgans 

and Schmidt (2010) with a large sample (N = 1166) of secondary school 

students in Singapore, and by Chow and Chapman (2017) with another large 

sample (N = 441) of college students from the same institution in which the 

current research was conducted. Hence, despite being a self report 

instrument, there is confidence for its use in this study for measuring the 

learning strategies of students. 

 

There are two sections to the Motivated Strategies for Learning Questionnaire 

- a motivation section, and a learning strategies section. Only the learning 

strategies section was used in this study because it consists of three main 

scales measuring cognitive, metacognitive, and resource management skills 

respectively. These scales are more directly relevant to the dimensions of 

evaluating and integrating.  

 

Details of the three main scales of the Motivated Strategies for Learning 

Questionnaire are as follows:  

 

 The 19-item cognitive strategies scale consists of four subscales with the 

following reliability coefficients: rehearsal, four items, α = .69; elaboration, 
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six items, α = .76;  organisation, four items, α = .64; and critical thinking, 

five items, α = .80. 

 

 The twelve-item metacognitive strategies scale is a single scale (α = .79) 

which examines the participants’ use of metacognitive self-regulation 

strategies in their learning of chemistry. The three general processes that 

make up the metacognitive self-regulatory activities include planning, 

monitoring, and regulating. 

 

 The 19-item resource management strategies scale consists of four 

subscales with the following reliability coefficients: time and study 

environment, eight items, α  = .76; effort regulation, four items, α = .69; 

peer learning, three  items, α = .76; and help seeking, four items, α = .52. 

 

The 50 items are therefore categoried into nine subscales, and take 

approximately 15 to 20 minutes to complete. Each item is measured on a 

seven-point Likert scale ranging from ‘not very true of me’ to ‘very true of me’. 

Of the 50 items, eight are reverse-coded items with negatively worded stems, 

and therefore the raw scores have to be reversed before an individual's score 

can be computed. 

 

The nine subscales are designed such that they can used together or singly. 

The score for any particular subscale is obtained by taking the mean of the 

items that make up that subscale. For example, the rehearsal subscale has 

four items. A student's score for rehearsal is computed by summing the four 

items and taking the average. The table of specifications of the Motivated 

Strategies for Learning Questionnaire used in this study is summarised in 

Table 3.4. A brief description of the learning strategies in each subscale is 

given in Table 3.5. 
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Table 3.4 

Table of specifications of the Motivated Strategies for Learning Questionnaire 

Scale Subscale No of 
items 

Reliability 
coefficient, α 

Cognitive strategies 1. Rehearsal 4 .69 
 2. Elaboration 6 .76 

 3. Organisation 4 .64 

 4. Critical thinking 5 .80 

Metacognitive strategies 5. Planning, 

monitoring, and 

regulating 

12 .79 

Resource management 

strategies 

6. Time and study 

environment 

8 .76 

 7. Effort regulation 4 .69 

 8. Peer learning 3 .76 

 9. Help seeking 4 .52 

 

Like the CR instrument, the Motivated Strategies for Learning Questionnaire 

was created as an online questionnaire in the Qualtrics Research Suite. The 

instrument was then administered to the participants through an online 

platform in the same month as the CR instrument (Appendix 10: Motivated 

Strategies for Learning Questionnaire). 
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Table 3.5 

Description of the learning strategies in the Motivated Strategies for Learning 

Questionnaire 

Learning Strategies Description 

Cognitive   
(i) Rehearsal Basic rehearsal strategies involve reciting or naming items from 

a list to be learned; these strategies are best used for simple 
tasks and activation of information in working memory. 
 

(ii) Elaboration  Elaboration strategies include paraphrasing and summarizing, 
which help students store information into long-term memory 
by building internal connections between items to be learned.  
 

(iii) Organisation  Organization strategies are clustering, outlining, and selecting 
the main idea, which help the learner select appropriate 
information and also construct connections among the 
information to be learned. 
 

(iv) Critical thinking  Critical thinking refers to strategies whih apply previous 

knowledge to new situations in order to solve problems, reach 

decisions, or make critical evaluations. 

 

Metacognitive  

(v) Planning, 
monitoring, and 
regulating 

Three general processes that make up metacognitive self-
regulatory activities are planning, monitoring, and regulating. 
 Planning activities such as goal setting and task analysis help 

to activate relevant aspects of prior knowledge. 
 Monitoring activities include tracking of one's attention 

during learning, self-testing and questioning. 
 Regulating refers to the fine-tuning and continuous 

adjustment of one's cognitive activities. 
 
 

Resource Management  
(vi) Time and study 

environment 
Time management involves scheduling, planning, and managing 
one's study time. Study environment management refers to the 
setting where the student does his or her  work. 
 

(vii)  Effort regulation Self-regulation also includes students' ability to control their 
effort and attention in the face of distractions and uninteresting 
tasks. 
 

(viii) Peer learning Peer learning refers to collaborating with one's peers to achieve 
the learning goals. 
 

(xi)  Help Seeking  Help seeking refers to the ability to identify someone to provide  
some assistance or support in learning. 
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3.3.5 Chemistry Reasoning and Educational Experience 

This fourth and last of the studies on the relationships of CR addresses 

research question  5: How are the dimensions of chemistry reasoning related 

to educational experience (i.e. whether the students take physics or biology, 

and whether they come from a four-year or six-year academic programme)?  

 

Once again, the participants were the same 300 Grade 11 students who had 

completed the CR instrument. In addition to chemistry, 295 of the students 

studied either physics or biology in college, with 140 (47.5%) taking physics, 

and 155 (52.5%) taking biology. The remaining 5 students took neither 

subject. The proportion of students in the respective subject combination in 

the sample is close to the proportion in the general cohort. 

 

In the sample,  255 (85.0%) were intakes from the six-year Integrated 

Programme (skipping national examination at Grade 10), and the remaining 

45 (15.0%) were from a four-year mainstream school (taking national 

examination at Grade 10). The proportion of students in the respective 

academic programme in the sample is also close to the proportion in the 

general cohort. 

 

The sample therefore constitutes participants with different educational 

experiences because of disciplinary differences in physics and biology, and 

also because the six-year programme is designed to provide greater exposure 

to co-curricular  enrichment opportunities and alternative assessments, as 

compared to the four-year programme.  

 

3.4 Data Analysis Plans 

The CR instrument that was constructed was administered to the sample of 

300 Grade 11 students to measure the dimensions of evaluating and 

integrating in CR. At around the same time frame, the data for the other 

variables - academic performance, intelligence, use of learning strategies, 

and educational experience – were also collected from different subsets of the 

same sample in four separate but interrelated studies. 
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The items of the CR instrument were analysed for internal consistency using 

Cronbach’s coefficient alpha, item-total correlations, and inter-item 

correlations. Two statistical techniques were used to investigate the 

relationships between CR and the other variables: Pearson product-moment 

correlations backed up by analyses of variance, and multiple regression 

analysis. The next three chapters report the data analysis and the findings of 

the investigations. 
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Chapter 4 

 

Constructing the Chemistry Reasoning Instrument 

 

In the previous chapter an instrument has been constructed to measure chemistry 

reasoning (CR) among college students based on the modified evidence-based 

reasoning framework. This chapter will present the item analysis and discuss the 

factors contributing to the internal consistency and validity of the newly 

constructed CR instrument in three sections. 

 

4.1 Item Analysis 

The construction of the CR instrument is the first of the two aims of this 

research. It entailed the generation of sufficient items in an effort to ensure 

validity and reliability, and the subsequent use of the instrument to collect data 

on CR. This addresses research question 1: How can an instrument to 

measure the dimensions of evaluating and integrating in chemistry reasoning 

be constructed?  

 

The data collection procedure has been described in Section 3.3 (p.28).  Data 

was collected from 300 Grade 11 students (aged 17 to 18 years) who were 

enrolled at the institution in which this study was conducted. From this point 

onwards in the thesis, the dimensions of evaluating and integrating will be 

abbreviated as EV and IG respectively. The collected data for EV and IG were 

entered into two separate Excel spreadsheets. A visual examination of the 

spreadsheets was conducted to establish the amount of missing data or 

incongruity in the data set and to address any missing data. No missing value 

was found in either data matrix.  

 

A preliminary item analysis was then conducted using Excel statistical 

functions. For this analysis, facility index is defined as  

𝐹𝑖 =  (
�̅�𝑖

max(𝑥𝑖)
), 

and discrimination index is defined as  

𝐷𝑖 =
(∑ 𝑥𝑖,ℎ𝑖𝑔ℎ𝑖 −∑ 𝑥𝑖,𝑙𝑜𝑤𝑖  

 
)

(
𝑁𝑖

2⁄ )
 , 
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where i represents the item number, xi is the set of students’ responses to the 

item, and N is the number of students. Hence, the facility index, also known 

as difficulty index, is an estimate of an item’s ease, while discrimination index 

indicates how well an item can distinguish the high and low scorers. The 

analysis showed that the facility indices of the EV and IG scores ranged from 

.03 to .72, and the discrimination indices ranged from .03 to .53. The range in 

facility indices indicates the instrument contained both easy and difficult items. 

Likewise, the range in discrimination indices shows that some items were 

more discriminating than the others. Therefore, only items of acceptable 

facility indices (>.3) and discrimination indices (.2 to .8) were retained for 

further analysis (Kline, 2000; Pallant, 2010).  

 

There are 18 retained items for each dimension, and these are shown in the 

table of specifications of the chemistry reasoning instrument (Table 4.1). The 

details of each retained item are shown in Table 4.2 and Table 4.3 for EV and 

IG respectively. 

 

The descriptive statistics and frequency distribution of the EV score, IG score, 

and total CR score for the retained items are shown in Table 4.4 and 

Figure  4.1 to 4.3 respectively. While the skewness and kurtosis data and 

results from the Kolmogorov-Smirnov test showed that the EV, IG and CR 

scores showed some departure from normality, examination of z- scores and 

number of oultiers provided evidence of reasonably normal distributions. 
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Table 4.1 

Table of specifications of the chemistry reasoning instrument 

Problem No. / Scenario Item  Dimension Assessed Item retained  
 

1. Big Bang Q1(a) Evaluating  EV1 
 Q1(b) Evaluating  
 Q1(c) Integrating  IG1 
 Q1(d) Integrating  
2. Catalytic Convertors Q2(a) Evaluating EV2 
 Q2(b) Evaluating  
 Q2(c) Integrating IG2 
 Q2(d) Integrating IG3 
3. Periodic Table Q3(a) Integrating  
 Q3(b) Evaluating  
 Q3(c) Evaluating EV3 
4. Water Witch Q4(a) Integrating IG4 
 Q4(b) Evaluating EV4, EV5 
5. Fenton Chemistry Q5(a) Integrating IG5 
 Q5(b) Evaluating EV6, EV7 
 Q5(c) Evaluating  
6. Gibbs Free Energy Q6(a) Integrating IG6 
 Q6(b) Integrating  
 Q6(c) Evaluating  
 Q6(d) Evaluating  
7. Acids and Bases Q7(a) Evaluating EV8 
 Q7(b) Evaluating EV9 
 Q7(c) Integrating  
 Q7(d) Integrating  
8. Phase Diagram Q8(a) Integrating IG7, IG8, IG9 
 Q8(b) Evaluating EV10, EV11, EV12 
 Q8(c) Evaluating  
9. Van Arkel Triangle Q9(a) Integrating IG10 
 Q9(b) Integrating IG11 
 Q9(c) Evaluating EV13 
 Q9(d) Evaluating  
10. Huckel Rule Q10(a) Integrating IG12 
 Q10(b) Integrating IG13, IG14, IG15 
 Q10(c) Evaluating  
 Q10(d) Evaluating EV14, EV15 
11. Functional Group Level Q11(a) Evaluating EV16, EV17 
 Q11(b) Evaluating EV18 
 Q11(c) Integrating IG16, IG17, IG18 
12. Nano Kid Q12(a) Evaluating  
 Q12(b) Evaluating  
 Q12(c) Evaluating  
 Q12(d) Evaluating  
 Q12(e) Integrating  
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Table 4.2  

Evaluating (EV) items with acceptable facilty index and discrimination index (N = 300) 

EV item Task Format Facility  
Index 

Discrimination 
Index 

EV1 Identify evidence of the sun to be a third-generation star Multiple answer .35 .26 
EV2 Rank the steps in the correct order of occurrence during catalysis Ranking and sequencing  .72 .29 
EV3 Write the symbol of an element whose chemical properties are 

expected to be similar to the element with a proton number of 120 
Text completion .60 .30 

EV4 Match the parts of the photocopy machine which are analogous to the 
water and the plastic spoon 

Multiple answer .71 .28 

EV5 Match the parts of the photocopy machine which are analogous to the 
water and the plastic spoon 

Multiple answer .36 .33 

EV6 Decide the relative oxidising strengths of reactants Multiple answer  .68 .25 
EV7 Decide the relative oxidising strengths of reactants Multiple answer  .57 .29 
EV8 Identify the acids in a given reaction Multiple answer .38 .35 
EV9 Determine the position of equilibrium for the reaction Multiple answer .49 .23 
EV10 Choose a solvent to decaffeinate coffee Multiple answer .74 .36 
EV11 Choose a solvent to decaffeinate coffee Multiple answer .56 .41 
EV12 Choose a solvent to decaffeinate coffee Multiple answer .62 .45 
EV13 Classify each of the six substances as metallic, ionic, or covalent Categorising  .50 .32 
EV14 Select compounds which exhibit aromatic stability Multiple answer .42 .29 
EV15 Select compounds which exhibit aromatic stability Multiple answer .53 .37 
EV16 Classify the reactions according to the changes in functional group 

level 
Categorising  .57 .49 

EV17 Classify the reactions according to the changes in functional group 
level 

Categorising  .56 .53 

EV18 Identify hydrolysis reactions Multiple answer .46 .41 
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Table 4.3 

Integrating (IG) items with acceptable facility index and discrimination index (N = 300) 

IG item Task Format Facility 
Index 

Discrimination 
Index 

IG1 Match each element with the corresponding electron transfer Matching  .63 .26 
IG2 Identify factor that increases the equilibrium amount of carbon 

dioxide 
Text completion .50 .20 

IG3 Identify additional information needed to predict the new position of 
equilibrium 

Multiple answer .58 .22 

IG4 Explain the behaviour of the stream of water Multiple answer .57 .24 
IG5 Identify correct explanations of Fenton reaction Multiple answer .68 .22 
IG6 Rank the reactions A to D in the order of yield of product Ranking and sequencing .52 .35 
IG7 Identify the state of carbon dioxide at the end of each step of 

decaffeinating process 
Multiple answer .67 .41 

IG8 Identify the state of carbon dioxide at the end of each step of 
decaffeinating process 

Multiple answer .34 .34 

IG9 Identify the state of carbon dioxide at the end of each step of 
decaffeinating process 

Multiple answer .42 .47 

IG10 Assign six substances to the points in the Van Arkel diagram Matching .44 .46 
IG11 Assign six substances to the points in the Van Arkel diagram Matching .62 .45 
IG12 Rank the three proposed models of benzene in the order of stability Ranking and sequencing  .47 .36 
IG13 Select the proposed benzene structure which is consistent with the 

observation 
Multiple answer .36 .31 

IG14 Select the proposed benzene structure which is consistent with the 
observation 

Multiple answer .47 .41 

IG15 Select the proposed benzene structure which is consistent with the 
observation 

Multiple answer .37 .38 

IG16 Order of three reactions in a conversion Ranking and sequencing .34 .45 
IG17 Order of three reactions in a conversion Ranking and sequencing .44 .49 
IG18 Order of three reactions in a conversion Ranking and sequencing .47 .44 
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Table 4.4  

Descriptive statistics of evaluating (EV), integrating (IG), and chemistry 

reasoning (CR) scores for the retained items  (N = 300) 

 

 Statistics 

 EV score IG score CR score 

Mean 9.83 8.88 18.72 

Standard Error of Mean .188 .201 .355 

Median 10.00 9.00 19.00 

Mode 11 9 17 

Standard Deviation 3.260 3.487 6.155 

Variance 10.626 12.156 37.890 

Skewness -.262 -.046 -.247 

Standard Error of Skewness .140 .140 .140 

Kurtosis -.498 -.603 -.552 

Std. Error of Kurtosis .280 .280 .280 

Range 15 17 29 

Minimum 1 0 3 

Maximum 16 17 32 

 

 

    
 

Figure 4.1  

Frequency distribution of evaluating (EV) score for the retained items  

(N = 300) 
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Figure 4.2  

Frequency distribution of integrating (IG) score for the retained items  

(N = 300) 

 

 

 
 

Figure 4.3  

Frequency distribution of chemistry reasoning (CR) score for the retained 

items( N = 300) 
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4.2  Internal Consistency 

When multiple items are used to scale a variable, and when individual items 

are summed to obtain overall scores, it is important that all such items lie on 

the same scale. This raises the concept of internal consistency - an aspect of 

reliability - which refers to the extent to which the items on each scale 

represent a common underlying construct. In this research, multiple items 

have been constructed to measure each of the dimensions of EV and IG, and 

hence the concern here is the extent to which the items in each dimension are 

consistent with each other. This section discusses three inter-related aspects 

of internal consistency of the EV and IG scales: (i) Cronbach’s coefficient 

alpha, (ii) item-total correlations, and (iii) inter-item correlations. 

 

Internal Consistency of the Evaluating (EV) Scale 

(i) Cronbach’s coefficient alpha  

A common method of estimating internal consistency is Cronbach’s coefficient 

alpha (Kline, 2013) which computes and averages all possible split half 

combinations of the items on a particular dimension. Cronbach’s alpha 

coefficient was calculated using the IBM SPSS Statistics Version 22 (IBM, 

2013) to assess the internal consistency of the EV score. The recommended 

acceptable degree of internal consistency is alpha coefficients of .7 and above 

(George & Mallery, 2014), and as low as .6 for psychological constructs (Kline, 

2013). In this research, the Cronbach’s alpha value for the EV score is .639, 

which is within an acceptable degree of internal consistency. This indicates 

that the EV score functions as a relatively internally consistent scale in this 

sample.  

 

(ii) Item-total correlations 

The item-total correlations and Cronbach’s alpha if item was deleted are 

shown in Table 4.5. The 18 item-total correlations range from .12 to .43, with 

six items having moderate correlations higher  than .3. Correlations below .2 

are considered weak; those between .3 and .6 are moderate; and those above 

.7 are strong (Brace, 2000). All correlations are positive, indicating a 

reasonable level of internal consistency in the EV scale. The “Cronbach’s 

alpha if item was deleted” ranges from .60 to .64, suggesting that the deletion 
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of any single item would not substantially improve the internal consistency of 

the EV score. 

 

(iii) inter-item correlations 

The inter-item correlation matrix for the 18 EV items is shown in Table 4.6. 

According to Kline (2013), coefficients of .3 and above are regarded as 

significant with a minimum sample of at least 100 participants. While many of 

the inter-item correlations are quite small, there are several which are above 

.3, again indicating indicating some underlying relationships among the EV 

items. 

 

Table 4.5 

Item-total correlations and Cronbach’s alpha if evaluating item (EV) was 

deleted 

 Corrected 
Item-Total 
Correlation 

Cronbach's 
Alpha if Item 

Deleted 
EV1 .140 .638 

EV2 .175 .633 

EV3 .162 .635 

EV4 .215 .628 

EV5 .235 .625 

EV6 .139 .637 

EV7 .146 .637 

EV8 .225 .627 

EV9 .118 .641 

EV10 .317 .616 

EV11 .331 .612 

EV12 .362 .608 

EV13 .211 .629 

EV14 .160 .635 

EV15 .225 .627 

EV16 .373 .606 

EV17 .425 .599 

EV18 .316 .614 



51 

 

Table 4.6  Bivariate correlation matrix for the evaluating (EV) items (N = 300) 

*Items with coefficients higher than .30 

 

 

 

 

 

Item  EV1 EV2 EV3 EV4 EV5 EV6 EV7 EV8 EV9 EV10 EV11 EV12 EV13 EV14 EV15 EV16 EV17 EV18 

EV1 1.00 0.17 0.12 0.09 0.15 0.09 0.00 0.10 0.06 0.02 0.05 0.03 -0.04 0.04 0.05 -0.02 -0.02 0.05 

EV2   1.00 0.14 0.18 0.15 0.10 0.08 0.10 -0.03 0.05 -0.03 0.10 0.02 0.04 0.03 0.05 0.04 -0.02 

EV3     1.00 0.10 0.11 0.20 0.10 0.10 0.00 -0.02 -0.01 0.04 -0.08 0.04 0.04 0.05 0.12 0.01 

EV4       1.00 0.32* 0.10 0.08 0.08 -0.03 0.01 0.05 0.10 0.06 0.03 0.04 0.02 0.05 0.11 

EV5         1.00 0.01 0.01 0.15 -0.07 0.04 0.04 0.07 0.12 0.01 0.12 0.07 0.10 0.14 

EV6           1.00 0.35* 0.02 0.01 -0.02 0.00 0.00 0.05 0.04 -0.01 0.04 0.00 -0.07 

EV7             1.00 0.03 0.12 -0.01 0.07 0.04 0.00 0.00 -0.01 0.04 0.06 0.00 

EV8               1.00 0.05 0.17 0.07 0.22 -0.02 0.04 0.07 0.10 0.13 0.04 

EV9                 1.00 0.07 0.09 0.05 -0.03 0.06 0.09 0.08 0.09 0.15 

EV10                   1.00 0.48* 0.22 0.28 0.10 0.13 0.11 0.13 0.23 

EV11                     1.00 0.31* 0.20 0.08 0.14 0.14 0.14 0.28 

EV12                       1.00 0.06 0.14 0.14 0.24 0.29 0.20 

EV13                         1.00 0.09 0.12 0.16 0.18 0.20 

EV14                           1.00 -0.17 0.16 0.22 0.13 

EV15                             1.00 0.27 0.20 0.18 

EV16                               1.00 0.66* 0.16 

EV17                                 1.00 0.22 

EV18                                   1.00 
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Internal Consistency of the Integrating (IG) Scale 

(i) Cronbach’s coefficient alpha  

Likewise, Cronbach’s alpha coefficient was calculated to assess the internal 

consistency of the IG Score. The alpha value for the IG Score was .684, which 

is within the acceptable degree of internal consistency (Kline, 2013). This 

suggests that the IG Score functions as a relatively internally consistent 

homogeneous scale.  

 

(ii) Item-total correlations 

The item-total correlations and Cronbach’s alpha if item was deleted are 

shown in Table 4.7. The 18 item-total correlations range from .08 to .43, with 

eight items having moderate correlations higher than .3. As all correlations 

are positive, there is evidence for a reasonable level of internal consistency in 

the IG scale. The “Cronbach’s alpha if item was deleted” ranges from .65 to 

.69, which suggests that the deletion of any single item would not substantially 

improve the internal consistency of the IG Score. 
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Table 4.7   

Item-total correlations and Cronbach’s alpha if integrating item (IG) was 

deleted 

 Corrected 
Item-Total 
Correlation 

Cronbach's 
Alpha if Item 

Deleted 
IG1 .192 .680 

IG2 .082 .692 

IG3 .102 .690 

IG4 .153 .684 

IG5 .104 .689 

IG6 .240 .675 

IG7 .342 .664 

IG8 .246 .674 

IG9 .339 .664 

IG10 .335 .664 

IG11 .384 .659 

IG12 .293 .669 

IG13 .204 .679 

IG14 .317 .666 

IG15 .297 .669 

IG16 .384 .659 

IG17 .432 .653 

IG18 .416 .655 

 

(iii) inter-item correlations 

The correlation matrix for the 18 IG items is shown in Table 4.8. While many 

of the inter-item correlations are quite small, there are several significant 

correlations which are above .3, indicating indicating some underlying 

relationships among the IG items. 

 

Overall, the three aspects of Cronbach’s coefficient alpha, item-total 

correlations, and inter-item correlations provide reasonable evidence for the 

internal consistency of the constructed EV and IG scales. The EV and IG 

scores are strongly positively correlated: rev.ig = .659, p <.001, N = 300. This 

suggests that some 43.4% of the variance of these two scales is held in 

common. Since some of the variance of each scale is unique to that scale, it 

is possible here to use them as separate scales in the measurement of CR.    
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Table 4.8  Bivariate correlation matrix for the integrating (IG) items (N = 300) 

*Items with coefficients higher than .30 

 

 

 

Item  IG1 IG2 IG3 IG4 IG5 IG6 IG7 IG8 IG9 IG10 IG11 IG12 IG13 IG14 IG15 IG16 IG17 IG18 

IG1 1.00 0.03 0.07 0.14 -0.05 0.20 0.09 0.12 0.06 -0.02 0.03 0.06 0.09 0.06 0.09 0.14 0.09 0.12 

IG2  1.00 -0.04 0.13 -0.06 0.02 0.06 0.08 0.14 0.03 0.16 0.06 -0.03 -0.01 0.02 -0.01 -0.03 0.02 

IG3   1.00 0.12 0.07 0.10 -0.02 0.07 0.16 -0.05 0.05 0.00 0.01 0.05 -0.02 0.04 0.09 0.02 

IG4    1.00 0.01 0.02 0.03 0.04 -0.04 0.04 0.08 0.18 -0.01 0.08 0.02 0.04 0.12 0.04 

IG5     1.00 0.05 0.12 -0.08 0.07 0.05 0.04 0.10 0.08 0.02 0.08 0.05 0.11 0.06 

IG6      1.00 0.11 0.09 0.21 0.12 0.21 0.04 0.09 0.06 0.12 0.03 0.16 0.03 

IG7       1.00 0.11 0.21 0.24 0.27 0.24 0.12 0.16 0.17 0.13 0.11 0.15 

IG8        1.00 0.19 0.13 0.10 0.13 0.13 0.12 0.02 0.13 0.10 0.19 

IG9         1.00 0.24 0.17 0.09 0.07 0.16 0.14 0.11 0.16 0.14 

IG10          1.00 0.24 0.18 0.08 0.18 0.14 0.24 0.22 0.21 

IG11           1.00 0.24 0.10 0.20 0.14 0.19 0.16 0.19 

IG12            1.00 0.07 0.17 0.11 0.09 0.06 0.18 

IG13             1.00 0.15 0.12 0.09 0.11 0.14 

IG14              1.00 0.20 0.15 0.21 0.17 

IG15               1.00 0.20 0.23 0.24 

IG16                1.00 0.53* 0.42* 

IG17                 1.00 0.45* 

IG18                  1.00 
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4.3 Validity 

The validity of a test instrument refers to its ability to measure accurately what 

it is designed to measure. One important aspect of validity is concerned with 

the extent to which the items of the instrument sample the full content domain 

of the variable being measured. In constructing this instrument, much care 

was given to the design of the items, to fit in with items that cover all aspects 

of the conceptual definitions of EV and IG.  

 

As described in Section 3.3.1 (p.28), the CR instrument was constructed in 

two phases. The items were originally created based on the modified 

evidence-based reasoning framework following the sequence of concept 

map, item design, and outcome space in Wilson’s construct modelling 

approach. They were crafted with reference to literature resources such as 

examination papers, textbooks, and chemical journals. During the pilot phase, 

the original items were revised based on feedback from students and three 

teacher consultants, and a content expert. At the end of actual CR data 

collection, only 18 items from each dimension with good facility indices (≥.3) 

and discrimination indices (.2 to .8) were retained.  

 

Right from the early stages of its construction, in an attempt to ensure that the 

instrument covers the full content domain of CR, and that the evidence of CR 

could be elicited effectively, the following design parameters were set and 

adhered to:  

(i) the items cover the entire range of topics that are stipulated in the 

syllabus of a typical college chemistry curriculum, namely, Chemistry 

Teaching and Learning Guide, Pre-University, Higher 2, Syllabus 9729 

(2016);  

(ii) the items present opportunities for students to apply their reasoning 

skills in novel scenarios, with a range of different task types such as 

solving a conceptual problem, explaining a chemistry phenomenon, or 

testing a hypothesis; and  

(iii) a mixture of formats are used: about two-thirds of the items are 

selected response items (i.e. multiple answer) and one-third are 

constructed response  items (i.e. matching, categorising, ranking and 

sequencing, and text).  
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The distribution of topics, type of tasks, and format of items in the CR 

instrument are summarised for EV and IG items in Table 4.9 and Table 4.10 

respectively. In designing each item, a detailed concept map and outcome 

space were also crafted, examples of which were described earlier in 

Figure  2.5 (p.19, for EV) and Figure 2.7 (p.23, for IG). As each concept map 

leads logically to the indicators in the corresponding outcome space, these 

tools are designed to increase confidence in the content validity of the CR 

instrument. The concept maps and outcome spaces of all the items are shown 

in Appendix 6: Concept maps and outcome spaces of items in the chemistry 

reasoning instrument. 

 

In a further attempt to enhance the content validity of the extracted items, a 

survey was conducted among 22 chemistry educators in the research 

institution. Each of the 18 EV items and 18 IG items were presented in the 

Google Doc platform in the same way as they appeared in the CR instrument. 

For each item, the educators were asked to indicate whether they agreed that 

the item measured the intended dimension by ticking the appropriate 

checkbox (Strongly Agree / Agree / Disagree / Strongly Disagree / Not Sure).  

 

For each of the 18 EV items, at least 86.4% of the educators agreed or 

strongly agreed that they measured the dimension of EV. For the 18 IG items, 

at least 81.8% of the educators agreed or strongly agreed that measured the 

dimension of IG. The details are shown in Appendix 11: Survey of educators 

on the evaluating and integrating items. 
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Table 4.9  Design of evaluating (EV) items in the chemistry reasoning (CR) instrument 

 

Problem No. / Scenario Topics Type of task 
 
Item 

Format of items 

Selected 
response 

Constructed  
response 

M
u

lt
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sw

e
r 

M
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g 

C
at

e
go

ri
si

n
g 

R
an
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n

g 
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d
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q

u
e

n
ci

n
g 

Te
xt

 

1. Big Bang Atomic Structure, Electrochemistry Solve conceptual problem EV1 √     
2. Catalytic Converters Reaction Kinetics Solve conceptual problem EV2    √  

3. Periodic Table Atomic Structure, Periodic Table Solve conceptual problem EV3     √ 

4. Water Witch Atomic Structure, Chemical Bonding Explain phenomenon EV4 √        
EV5 √     

5. Fenton Chemistry Reaction Kinetics, Redox Chemistry Explain phenomenon EV6 √     

   EV7 √     

7. Acids and Bases Acids and Bases Test hypothesis EV8 √     

   EV9 √     

8. Phase Diagram Gaseous State, Chemical Equilibria Solve conceptual problem EV10 √     

   EV11 √     

   EV12 √     

9. Van Arkel Triangle Chemical Bonding, Periodic Table Test hypothesis EV13 
 

 √   

10. Huckel Rule Orgnanic Chemistry Test hypothesis EV14 √     

   EV15 √     

11. evalFunctional Group 
Level 

Orgnanic Chemistry Solve conceptual problem EV16   √   

   EV17   √   

   EV18 √     

   Total 13 0 3 1 1 
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Table 4.10  Design of IG items in the chemistry reasoning (CR) instrument 

 

Problem No. / Scenario Topics Type of task 
 
Item 

Format of items 

Selected 
response 

Constructed  
response 

M
u
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C
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e
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n
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n
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1. Big Bang Atomic Structure, Electrochemistry Solve conceptual problem IG1 
 

√    
2. Catalytic Converters Reaction Kinetics Solve conceptual problem IG2     √    

IG3 √     

4. Water Witch Atomic Structure, Chemical Bonding Explain phenomenon IG4 √     

5. Fenton Chemistry Reaction Kinetics, Redox Chemistry Explain phenomenon IG5 √     

6. Gibbs Free Energy Energetics, Chemical Equilibria Solve conceptual problem IG6    √  

8. Phase Diagram Gaseous State, Chemical Equilibria Solve conceptual problem IG7 √     

   IG8 √     

   IG9 √     

9. Van Arkel Triangle Chemical Bonding, Periodic Table Test hypothesis IG10 
 

 √    

   IG11  √    

10. Huckel Rule Orgnanic Chemistry Test hypothesis IG12    √  

   IG13 √     

   IG14 √     

   IG15 √     

11. Functional Group Level Orgnanic Chemistry Solve conceptual problem IG16 
 

   √  

   IG17    √  

   IG18    √  

   Total 9 3 0 5 1 
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In summarising the findings of this chapter: an instrument was constructed to 

measure CR based on the modified vidence-based reasoning framework among 

college chemistry students. It consists of twelve problem solving scenarios 

collectively containing 18 items to measure each of the cognitive dimensions of EV 

and IG. The EV and IG scores have reasonable normal distributions. Each of the 

items has good facility indices (≥.3) and discrimination indices (.2 to .8). The 

internal consistency was fairly high (Cronbach’s α = .639 and .684 for EV and IG 

scores respectively). There was a strong and positive correlation between EV and 

IG score:  rev.ig  = .659, p  <.001, N  = 300. The content validity of the items was 

further substantiated by the consensus among the chemistry educators who were 

surveyed.  

 

The measurements from the CR instrument were used to investigate the 

relationships between these dimenions and academic performance, intelligence, 

use of learning strategies, and educational experience. The next chapter reports 

on the data analysis and the findings of these investigations. 
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Chapter 5 

 

Relationships between Chemistry Reasoning, Academic Performance, 

Intelligence, Learning Strategies, and Educational Experience 

 

In Chapter 3, the construction of the chemistry reasoning (CR) instrument was 

reported. This instrument is designed to measure CR among college chemistry 

students using the modified evidence-based reasoning framework. Chapter 4 

shows that the instrument has scales for measuring the dimensions of evaluating 

(EV) and integrating (IG). This chapter reports the analysis of the relationships 

between the dimensions of CR and each of the variables - academic 

performance, intelligence, learning strategies, and educational experience. 

 

5.1 Correlations between Variables  

The preceding chapter has addressed the first of the five research questions 

stated in Section 1.4 (p.9):  

1. How can an instrument to measure the dimensions of evaluating and 

integrating in chemistry reasoning in college students be constructed?  

 

The CR instrument produces two scales, one for EV, and one for IG. Hence 

this section reports the investigation into the relationships between the EV and 

IG scores and several variables. It addresses the remaining four research 

questions:  

2. What are the relationships between the dimensions of evaluating and 

integrating, as measured by the chemistry reasoning instrument, and 

academic performance? 

3. What are the relationships between the dimensions of chemistry reasoning 

and intelligence? 

4. What are the relationships between the dimensions of chemistry reasoning 

and the use of learning strategy (cognitive strategies, metacognitive 

strategies, and resource management strategies)? 

5. What are the relationships between the dimensions of chemistry reasoning 

and  educational experience (i.e. whether the students take physics or 

biology, and whether they come from a four-year or six-year academic 

programme)? 
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The methods of data collection have been described in Section 3.3 (p.28). For 

academic performance, data was collected from the subset of 287 students 

who had taken the college’s internal assessment, the Promotional 

Examination in chemistry. This examination is a scaled down version of the 

national examination, and comprises three papers. In the data analysis here, 

academic performance is represented by the overall score for the Promotional 

Examination in chemistry, which is the average score from the three papers.  

 

For intelligence, data was collected from the subset of 165 students who 

completed the Shipley Institute of Living Scale instrument. This instrument 

comprises two subscales: the crystallized knowledge score (measured by the 

vocabulary test) and the fluid reasoning score (measured by the abstraction 

test).  

 

For learning strategies, data was collected from the subset of 153 students 

who completed the Motivated Strategies for Learning Questionnaire. The 

learning strategies section of this questionnaire was used in this study 

because it consists of nine subscales measuring (1) rehearsal, (2) elaboration, 

(3) organisation, and (4) critical thinking, (5) planning, monitoring, and 

regulating, (6) time and study environment, (7) effort regulation, (8)  peer 

learning, and (9) help seeking. The first four subscales are cognitive 

strategies, the fifth are metacognitive strategies, and the last three are 

resource management strategies. 

 

For educational experience, data was collected from the sample of 300 

students who had completed the CR instrument. The sample constitutes 

participants with different educational experiences because of disciplinary 

differences in physics and biology, and also because the six-year programme 

is designed to provide greater exposure to co-curricular enrichment 

opportunities and alternative assessments, as compared to the four-year 

programme. 

 

The descriptive statistics of the EV and IG scores and the other variables used 

in the data analysis are summarised in Table 5.1. The distribution of 

educational experience of the participants is summarised in Table 5.2.  
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Table 5.1 

Descriptive statistics of EV and IG scores and the correlates of chemistry 

reasoning (CR) 

 

Score N Mean Standard 
deviation 

Minimum Maximum 

Evaluating (EV) 300 9.88 3.292 1 16 

Integrating (IG) 300 8.93 3.480 1 17 

Academic performance   287 59.43 14.277 28 92 

Crystallized knowledge   165 33.23 3.928 24 40 

Fluid reasoning   165 18.66 2.497 11 24 

Rehearsal  153 4.64 1.001 2.00 7.00 

Elaboration  153 5.22 0.853 3.00 7.00 

Organisation  153 5.07 1.003 2.25 7.00 

Critical thinking   153 4.77 1.067 2.40 7.00 

Planning, monitoring, and 
regulating  

153 4.91 0.729 3.08 7.00 

Time and study 
environment   

153 5.07 0.875 2.50 5.07 

Effort regulation   153 5.43 0.969 2.50 5.43 

Peer learning   153 4.29 1.173 1.67 4.29 

Help seeking   153 5.07 0.875 2.50 5.07 

 

Table 5.2 Distribution of educational experience of participants 

 

The relationships between EV and IG and the variables were investigated 

using both correlation and analysis of variance. The correlations between all 

the correlates are shown in Table 5.3. 

 

 

 

Educational Experience 
Subject combination Academic programme 

Physics Biology Integrated 
Programme 

Non Integrated 
Programme 

Number of participants 140 155 255 45 
% 47.5 52.5 85.0 15.0 
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5.1.1  Chemistry Reasoning and Academic Performance 

As already noted in Section 4.2 (p.49), there is a strong positive correlation  

between the CR scores: rev.ig = .659, p < .001, N = 300. This means 43.4% of 

the variance in the EV score is held in common with the IG score. Of course 

there are also strong correlations between the individual dimensions and the 

overall CR score, which is formed by adding scores on the two dimensions: 

rev.cr  =  .899, p  <.001, and rig.cr = .917, p <.001, with N  =  287.   

 

All three CR scores correlate positively and significantly with academic 

performance. Thus, rev.ap  =  .203, rig.ap  =  .235, and rcr.ap = .240. With N  = 287, 

all of these coefficients are statistically significant (p < .001). Academic 

performance is measured here by the overall score for the Promotional 

Examination in chemistry. Although it is the average score from three papers, 

it was found that the scores from the individual papers correlate in a similar 

way to the overall score with the CR scores. 

 

To investigate these relationships more closely, two analyses of variance 

were carried out, with each of the CR scores as the independent variable and 

academic performance as the dependent variable. Three bands were set up 

for comparison, based on the EV and IG scores at equal intervals. Band 1 is 

the high proficiency band with scores between 13 and 18; band 2 is the 

intermediate proficiency band with scores between 7 and 12, and band 3 is 

the low proficiency band with scores between 1 and 6. The banding is mutually 

exclusive as each participant can belong to no more than one band. 
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Table 5.3  Correlations between evaluating (EV), integrating (IG), and the correlates of chemistry reasoning (CR) 

Score N 
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Evaluating (EV)  300 1                

Integrating (IG) 300 .659** 

 

1               

Academic Performance 287 .203** .235** 1              

Crystallized Knowledge 165 .127 .052 -.119 1             

Fluid Reasoning 165 .082 .175* .145 .098 1            

Rehearsal  153 -.098 -.043 .030 .076 -.130 1           

Elaboration  153 .135 .166* .129 .221** .009 .450** 1          

Organisation  153 -.033 -.043 -.042 .214** .035 .492** .612** 1         

Critical thinking   153 .151 .157 .111 .219* .010 .192** .652** .335** 1        

Planning, monitoring, 
and regulating  

153 .031 .129 .155 .198* -.066 .474** .643** .485** .583** 1       

Time and study 
environment   

153 -.090 .010 .107 .137 -.093 .355** .191** .340** .043 .463** 1      

Effort regulation   153 .017 .176* .183* .065 .055 .299** .327** .301** .160* .490** .562** 1     

Peer learning   153 -.012 -.054 -.041 .127 .022 .377** .407** .307** .311** .402** .193* .126 1    

Help seeking   153 -.104 -.065 -.139 -.004 .014 .244** .241** .362** .162* .236** .120 .066 .422** 1   

Subject Combination 295 .099 .082 .216** .048 -.044 .228** .248** .237** .062 .129 .196* .208* .135 .142 1  

Academic Programme 300 .134* .116* .137* -.012 -.070 -.064 -.052 0.11 .018 .026 .081 .181* -.179* .054 -.021 1 

**Correlation is significant at the 0.01 level (2-tailed) 

 *Correlation is significant at the 0.05 level (2-tailed)



65 

  

Analysis of Variance of Academic Performance by EV Bands 

The descriptive statistics of academic performance with respect to the three 

EV bands are shown in Table 5.4.  

 

Table 5.4  

Descriptive statistics of academic performance with respect to evaluating (EV) 

bands (N = 287, three bands) 

EV Band Mean  
academic performance 

Standard 
deviation 

EV Band 1 (n = 64) 65.76 12.771 
EV Band 2 (n = 171) 57.26 12.771 

EV Band 3 (n = 52) 58.08 14.724 

 

The one-way ANOVA indicated that mean academic performance differed 

significantly across EV bands, F2,284 =  8.769,  p <  .001. As the groups are 

non-equal in size, Hochberg’s GF2 is chosen as the post hoc test (Mayers, 

2013). The post hoc test indicated that the high proficiency band scored 

significantly higher than the intermediate proficiency (p < .001), with an effect 

size of d = 0.67. The high proficiency band also scored significantly higher 

than the low proficiency band (d  =  0.56, p  =  .011). However, the 

intermediate proficiency band did not score significantly higher than the low 

proficiency band (d = 0.059, p  = .976). Thus it appears that the real difference 

here is between the high proficiency band and the two lower proficiency 

bands. 

 

This is confirmed by a two-band approach which partitions the sample into 

two instead of three EV bands, still at equal intervals: band A (higher 

proficiency; EV score between 10 and 18), and band B (lower proficiency; EV 

score between 1 and 9). The descriptive statistics are summarised in Table 

5.5.  
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Table 5.5  

Descriptive statistics of academic performance with respect to evaluating (EV)  

bands (N = 287, two bands) 

EV Band Mean 
 academic performance 

Standard 
deviation 

EV Band A (n = 166) 61.36 13.447 
EV Band B (n = 121) 56.47 15.267 

 

Academic performance was significantly higher for the higher proficiency EV 

band than for the lower proficiency band (t = 2.874, p  < .002). This represents 

a strong effect, d  =  0.34, and confirms that when the sample is split into two 

bands based on EV score, a significant positive difference is found between 

the higher proficiency band and the lower proficiency band. 

 

Analysis of Variance of Academic Performance by IG Bands 

A similar ANOVA was performed with the IG score as the independent 

variable and academic performance as the dependent variable. As in the case 

of EV, the sample was grouped into three distinct IG bands based on 

proficiency. The descriptive statistics of the IG bands are shown in Table  5.6. 

 

Table 5.6  

Descriptive statistics of academic performance with respect to integrating (IG) 

bands (N = 287, three bands) 

 

IG Band Mean  
academic performance 

Standard 
deviation 

IG Band 1 (n = 48) 67.54 13.422 
IG Band 2 (n = 164) 57.92 12.930 

IG Band 3 (n = 75) 57.04 16.362 

 

Mean academic performance differed significantly across IG bands 

(F2,  284  =   10.112,  p <  .001). A post hoc Hochberg’s GF2 indicated similar 

outcomes as with EV bands: the high proficiency band  scored significantly 

higher than the intermediate proficiency band (d = 0.67, p  <  .001). The high 

proficiency band also scored significantly higher than the low proficiency band 

(d = 0.70, p  <  .011). However, the intermediate proficiency band was not 
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found to score significantly higher than the low proficiency band (d = 0.060, p  

=  .958).  

 

This real difference is again confirmed by a two-band approach which 

partitions the sample into two instead of three IG bands: band A (higher 

proficiency; IG Score between 10 and 18), and band B (lower proficiency; IG 

Score between 1 and 9). The descriptive statistics are summarised in 

Table  5.7. 

 

Table 5.7 

Descriptive statistics of academic performance with respect to integrating (IG)  

bands (N = 287, two bands) 

 

IG Band Mean  
academic performance 

Standard 
deviation 

IG Band A (n = 125) 62.99 13.272 
IG Band B (n = 162) 56.45 14.665 

 

Academic performance of the high proficiency IG band A was significantly 

higher than for the lower proficiency band (t = 3.903, p < .001). This again 

represents a strong effect, d = 0.46. Hence once again, a significant positive 

difference is located between the two proficiency bands. 

 

To check for main effects and possible interactions between EV and IG, a 

multifactorial ANOVA was performed, using EV bands and IG bands as fixed 

factors (Appendix 12: Multifactorial ANOVA using EV bands and IG bands as 

fixed factors). The analysis indicated that there was a significant main effect 

for IG bands in respect of academic performance: F1, 283 = 5.342,  p  =  .022; 

d = 3.27, while there was no significant main effect for EV bands: 

F1,  283  =  .753,  p  = .386.  

 

5.1.2  Chemistry Reasoning and Intelligence 

There is no significant correlation between the two dimensions of intelligence, 

crystallized knowledge and fluid reasoning: rck.fr = .098, p = .209, N = 165. 

Based on previous research, it was envisaged that both intelligence scores - 

crystallized knowledge and fluid reasoning - would correlate with CR scores 
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(Greiff et al., 2015; Stuessy, 1989). However, there is also no significant 

correlation between crystallized knowledge with either of the CR scores 

(rck.ev  = .127, p = .104, and rck.ig  = .052, p = .293). Nevertheless, while fluid 

reasoning does not correlate with EV score, it correlates significantly with IG 

score (rig.fr  =  .175, p = .012, N = 165).  

 

To further investigate the relationship between fluid reasoning and CR, two 

analyses of variance were carried out, with each of the CR scores as the 

independent variable and the fluid reasoning score as the dependent variable. 

These ANOVAs confirmed that mean fluid reasoning score did not differ 

significantly across EV bands, while there is a significant difference in mean 

fluid reasoning score across IG bands. 

 

5.1.3  Chemistry Reasoning and Learning Strategies 

The analysis revealed that of the nine subscales in the Motivated Strategies 

for Learning Questionnaire, only the elaboration and effort regulation scores 

show significant correlations with the integrating score. For elaboration, there 

is a significant positive correlation with integrating (IG) score, rig.el = .166, 

p  =  .040; and for effort regulation, rig.er  =  .176, p = .030, with N = 153. It is 

noteworthy that  elaboration is moderately to strongly correlated with all of the 

other learning strategies (for example, with planning, monitoring, and 

regulating, rel.pmr  =  .643, p  = .000), while effort regulation is moderately to 

strongly correlated with seven of the other learning strategies (for example, 

with time and study environment, rer.tse  =  .562, p < .001).  

 

5.1.4  Chemistry Reasoning and Educational Experience 

As subject combination and academic programme are dichotomous 

categorical variables, and the EV and IG scores are continuous variables, the 

correlations were examined using point-biserial correlation. The correlations 

are shown in Table  5.3 (p.64). 

 

A difference in disciplinary training in biology and physics was thought to have 

an effect on CR proficiency, as reported by similar studies (Krell, Reinisch, & 

Krüger, 2015).  However, the findings revealed that subject combination is not 
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significantly correlated with EV and IG scores: rev.subj  = .099, p = .088, and 

rig.subj  = .082, p = .159, both with N = 295.  

 

A second aspect educational experience being investigated was academic 

programme. The students from the six-year Integrated Programme have a 

different educational experience because they skipped the national 

examination at Grade 10, and underwent a variety of co-curricular enrichment 

activities and alternative assessments from Grade 7 to Grade 10 as part of 

the formal holistic education programme. On the other hand, the non-

Integrated Programme intake undertook a four-year mainstream school from 

Grade 7 to Grade 10, and took the national examination at Grade 10. It is 

expected the difference in academic training would result in different CR 

proficiency at the start of college (Lin & Schunn, 2016). The analysis showed 

that academic programme is weakly correlated with EV and IG scores: 

rev.prog  =  .134, p   =   .020, and rig.prog = .116, p = .044, with N = 300 for both 

CR scores. 

 

5.2 Joint Independent Variables – Dependent Variable Relationships 

As a way of bringing the different parts of the analysis together, this section 

reports the joint relationships between CR, intelligence, learning strategies, 

and educational experience as independent variables, and academic 

performance in chemistry, as dependent variable. In other words, it 

investigates how much of the variance in academic performance in chemistry 

is held in common with these independent variables.  

 

A multiple linear regression analysis was carried out to determine this. Overall, 

143 participants completed all three instruments used in the research – the 

CR instrument, the Shipley Institute of Living Scale, and the Motivated 

Strategies for Learning Questionnaire. Consequently, this determines the 

sample size for the regression analysis. Nine independent variables were 

used: the EV and IG scores, the two Shipley Institute of Living Scale scores 

(crystallised knowledge and fluid reasoning), the scores from the three main 

scales of the Motivated Strategies for Learning Questionnaire (cognitive 

strategies, metacognitive strategies, and resource management startegies), 
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subject combination, and academic programme. The outcomes of multiple 

regression analysis are shown in Table  5.8.  

 

Table 5.8 

Multiple regression analysis of nine independent variables with academic 

performance as dependent variable (N = 143) 

Independent variable Standardized coefficient, β 

  

p 

EV score .032 .755 

IG score .235 .024 

Crystallized knowledge .120 .121 

Fluid reasoning -.153 .058 

Cognitive strategies  

 

 

-.236 .076 

Metacognitive strategies   .320 .028 

Resource management strategies  -.106 .341 

Subject combination   .219 .010 

Academic programme   .127 .111 

R2 = .215,   F9,133 = 4.037,   p < .001 

 

 

 

The results of the multiple regression analysis show that the nine independent 

variables together account for 21.5% of the sample academic performance 

variance: R2  =  .215,   F9,133 = 4.037,   p < .001. As shown by the beta weights, 

the most important independent variables are integrating (β = .235, p = .024), 

metacognitive strategies (β = .320, p  =  .028), and subject combination (β = 

.219, p = .010). 

 

This chapter has reported on the analysis of the relationships between the 

dimensions of CR and academic performance, intelligence, learning 

strategies, and educational experience. While significant and positive 

correlations are found between these variables, many of the correlations are 

numerically small. This suggests that CR is related to these variables in an 

intricate and complex way. The next chapter provides a summary of the 

research, discusses its findings, and  concludes by examining the implications 

of the findings for practice and further research. 
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Chapter 6 

 

Summary, Discussion, and Conclusions 

 

In the preceding chapters, the chemistry reasoning (CR) instrument was 

constructed and used to investigate the relationships between the dimensions of 

CR - evaluating (EV) and integrating (IG) - and the variables academic 

performance, intelligence, use of learning strategies, and educational experience. 

The findings were brought together to investigate how CR and these variables 

jointly relate to academic performance. This chapter provides a summary of the 

research and its findings, discussing the findings, and outlining the conclusions 

and implications for chemistry education and future research. 

 

6.1 Summary of Research 

The research reported in this thesis had two aims. The first aim was to 

construct the CR instrument to measure the dimensions of EV and IG. These 

cognitive dimensions are fundamental to scientific inquiry and problem 

solving, cutting across scientific disciplines; but a literature review did not 

show many studies on them. The second aim was to investigate how CR is 

related to the variables academic performance, intelligence, use of learning 

strategies, and educational experience.  

 

The CR instrument was constructed to measure CR among college students 

using the modified evidence-based reasoning framework. It consists of twelve 

problem solving scenarios collectively containing 18 items to measure each 

of the dimensions of EV and IG. In this research, EV is defined as the 

reasoning process of assessing the validity, reliability and credibility of 

information; or justifying explanations or conclusions, or tests hypothesis, 

through sound reasoning and logical argument. IG is defined as the reasoning 

process of linking together principles and concepts from different areas of 

chemistry. The instrument was administered as an online questionnaire under 

examination conditions to 300 Grade 11 students who volunteered to 

participate at the start of their academic year. Data on the other variables was 

drawn from this sample of students. Academic performance of the students 

was measured by the school’s internal assessment, intelligence by the 
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Shipley Institute of Living Scale instrument, and use of learning strategies by 

the Motivated Strategies for Learning Questionnaire. Educational experience 

was represented by subject combination (i.e. whether the students take 

physics or biology) and by academic programme (i.e. whether the students 

come from a four-year or six-year academic programme). Overall, 143 

participants completed all three instruments used in the research.  

 

6.2  Summary of Findings 

The first aim of constructing the CR instrument resulted in an instrument with 

18 items to measure each of the cognitive dimensions of EV and IG. When 

administered to the sample of 300 Grade 11 students, the items had good 

facility indices (≥.3) and discrimination indices (.2 to .8). Internal consistency 

of the instrument is supported by Cronbach’s coefficient alpha (α = .639 and 

.684 for EV and IG scores respectively), by item-total correlations, and by 

inter-item correlations. Evidence of content validity of the items was 

substantiated by the consensus of the chemistry educators surveyed.  

 

The second aim of the research focused  on the relationships between the 

dimensions of EV and IG and the variables - academic performance, 

intelligence, learning strategies, and educational experience. The 

relationships among variables were investigated using correlation analysis, 

analysis of variance, and multiple regression analysis. Figure 6.1 summarises 

the correlations of the dimensions of CR with each other and with these 

variables. For purposes of clarity, the statistical information on the level of 

significance (p) and the size of sample (N) is omitted in the figure.   
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**Correlation is significant at the 0.01 level (2-tailed) 

*Correlation is significant at the 0.05 level (2-tailed) 

 

Figure 6.1  Correlations between chemistry reasoning (CR) and other 

variables 
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Chemistry Reasoning and Academic Performance 

The dimensions of CR - EV and IG - are strongly positively correlated with 

each other: rev.ig = .659, p < .001, N = 300. Both CR dimensions are also 

positively correlated with academic performance: rev.ap  =  .203 and 

rig.ap  =  .235. Both coefficients are statistically significant (p < .001), with N = 

287. 

 

Chemistry Reasoning and Intelligence   

There is no significant correlation between the two dimensions of intelligence 

used here - crystallized knowledge and fluid reasoning: rck.fr = .098, p = .209, 

N = 165. There is also no significant correlation between crystallized 

knowledge and the CR scores. On the other hand, while the fluid reasoning 

score did not correlate with EV score, it correlates positively and significantly 

with IG score: rig.fr  =  .175, p  =  .012, N  = 165. This is confirmed by analysis 

of variance which shows a significant difference in mean fluid reasoning score 

across IG bands. The high proficiency IG band obtained significantly higher 

fluid reasoning scores than the intermediate proficiency band. 

 

Chemistry Reasoning and Learning Strategies   

The Motivated Strategies for Learning Questionnaire framework used here 

classifies learning strategies into three main scales – cognitive, 

metacognitive, and resource management strategies - which divide further 

into nine subscales. The analysis shows that the nine subscales in the 

Motivated Strategies for Learning Questionnaire are mostly significantly 

correlated with each other.  

 

Cognitive strategies correlate positively and significantly with EV and IG: 

rev.cs  =  .169, p  =  .018, and rig.cs = .195, p = .008; both with N = 153. Of the 

four subscales in cognitive strategies, the elaboration subscale has a 

significant positive correlation with IG score: rig.el = .166, p = .040, N = 153. 

 

Metacognitive strategies also correlate positively and significantly with both 

dimensions of CR: rev.ms = .140, p  =  .043, and rig.ms = .231, p  =  .002, both 

with N = 153. Metacognitive strategies contains only one subscale, which 

pertains to planning, monitoring and regulating strategies. 
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Resource management strategies as a whole scale was not found to correlate 

twith the dimensions of CR. However, of the four subscales in resource 

management strategies, the subscale of effort regulation shows a significant 

positive correlation with integrating: rig.er =  .176, p = .030, N  =  153.  

 

Chemistry Reasoning and Educational Experience  

The participants of this research came with different educational experience, 

as represented by subject combination and academic programme. The 

analysis shows that subject combination is not significantly correlated with the 

CR scores: rev.subj  = .099, p = .088, and rig.subj  = .082, p = .159, both with 

N  =  295. It was however found that academic programme is weakly 

correlated with EV and IG scores: rev.prog =  .134, p   =   .020, and rig.prog = .116, 

p = .044, with N  =  300 for both CR scores. 

 

Joint Independent Variables – Dependent Variable Relationships 

The results of the multiple regression analysis show that the nine independent 

variables together accounted for 21.5% of the academic performance 

variance. The nine variables are EV, IG, crystallised knowledge, fluid 

reasoning, cognitive strategies, metacognitive strategies, resource 

management strategies, subject combination, and academic programme. The 

three most important independent variables in accounting for the variance in 

academic performance are integrating (β = .235, p  =  .024), metacognitive 

strategies (β  =  .320, p  =  .028), and subject combination (β = .219, p = .010).  

 

6.3  Discussion 

6.3.1 Measuring Chemistry Reasoning 

One central aim of this research has been to construct an instrument to 

measure CR and to use its measurements to study the relationships between 

CR and the variables academic performance, intelligence, use of learning 

strategies, and educational experience. The instrument was constructed and 

used to measure the CR in the research sample, together with the other 

variables. Investigation into the relationships yielded mixed results: the 

dimensions of EV and IG correlate significantly and positively with some but 

not all of the variables, and mostly the correlations are numerically small. This 

suggests the variables interact in more complicated ways than expected.  
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In constructing the CR instrument, a careful and thorough approach was 

adopted to conceptualise the dimensions of EV and IG from a rigorous 

theroretical framework - the evidence-based reasoning framework (Brown, 

Furtak, et al., 2010). In an attempt to ensure the construct validity of their 

measurements, detailed concept maps and outcome spaces were used in the 

item design, based on an extensively researched construct modelling 

approach (Morell, Collier, Black, & Wilson, 2017; Wilson & Sloane, 2000). 

Each concept map leads logically to the indicators in the corresponding 

outcome space. EV is constructed as an extension of a claim to a verdict by 

the use of valid criteria. In the instrument, each independent count of EV 

based on theoretical or empirical criteria is credited with the score of one. IG 

is constructed as the cognitive process of linking together principles and 

concepts. Likewise, each independent count of IG based on direct or 

sequential links is credited with the score of one in using the instrument. 

During item development, content validity of the items was enhanced by 

consultation with chemistry educators and students for their feedback and 

inputs. 

 

While the items on both EV and IG scales showed good facility and 

discrimination indices, and the internal consistency of both scales is 

reasonable, further development of this CR instrument is needed. This 

development could focus on improving both item and scale characteristics. 

With respect to scale characteristics, the dimensionality of the scales could 

be a particular focus for such work. In this context, use of the Rasch 

measurement model, with its alternative approach to investigating 

dimensionality – and  unidimensionality in particular – should be considered 

(Bond & Fox, 2015; Boone, Staver, & Yale, 2014).  

 

6.3.2 Relationship between Chemistry Reasoning and Academic 

Performance 

The findings showed that the scores in EV and IG correlated significantly and 

positively with the scores in academic performance: rev.ap  =  .203 and 

rig.ap  =  .235 respectively (p < .001 and N = 287 for both dimensions). This 

means that taken overall, students who perform better in EV and IG  will tend 
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to perform better the chemistry examination. Other researchers have reported 

correlations between scientific reasoning and academic performance (Adey & 

Shayer, 1994; Bao et al., 2009; Coletta & Phillips, 2005; Cracolice & Busby, 

2015; Mulder et al., 2009). Hence it was expected that the dimensions of CR 

would correlate with the academic performance represented by the chemistry 

examination scores. 

 

However, the correlations are numerically quite small, with only about four to 

six per cent of the variance being held in common between CR and academic 

performance. Possible reasons for the small correlations could lie in the 

differences between the CR instrument and the chemistry examination.  

 

The chemistry examination used in this study is a valid and reliable 

measurement of academic performance as it is designed and conducted with 

the specifications of the Cambridge International Examinations. Nevertheless, 

it is a curriculum-based assessment which differs from the CR instrument in 

the following ways: 

 

 Focus of assessment 

The CR instrument focuses on domain-general reasoning skills and does 

not depend on content knowledge. It does so by assuming  a reasonable 

knowledge baseline up to high school level, while any advanced level 

content required in the task is provided within the items themselves. As 

such, the scores in the CR instrument reflect CR, independent of content 

knowlegde. On the other hand, the chemistry examination assesses the 

advanced level content stipulated in the subject syllabus alongside with 

the assessment of reasoning skills. Thus, like many other curriculum-

based assessments, it does not give a true score on CR, but instead it 

gives a combined score of content knowledge and application of cognitive 

skills.  

 

 Format of assessment 

The CR instrument consists mainly of selected response items to be 

completed within a duration of 60 minutes. The items can be automatically 

and objectively scored. In contrast, the chemistry examination consists of 
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three papers, each with a different format, and the total duration is much 

longer: Paper 1, multiple choice questions, 40 minutes; Paper 2, 

Structured Questions, 65 minutes; and Paper 3, 75 minutes. With the 

exception of the multiple choice items, the items are manually marked and 

scored. The variety of formats introduces variability of task complexity, and 

the marking of the items introduces the elements of raters’ subjectivity and 

inter-rater reliability.  

 

While the correlations are numerically small, the research nevertheless 

provided evidence that proficiency in CR makes a difference to academic 

performance in chemistry. When grouped into two bands based on these 

dimensions, the high proficiency EV band scored significantly higher than the 

lower proficiency band. Similar results are found for the IG bands. This is 

confirmed by a multifactorial analysis of variance using EV bands and IG 

bands as fixed factors, which indicated that there was a significant main effect 

for IG bands in respect of academic performance. 

 

6.3.3 Relationship between Chemistry Reasoning and Intelligence 

The findings here showed that the two measured aspects of intelligence - 

crystallized knowledge and fluid reasoning - are correlated weakly with each 

other. These two measures were expected to correlate more strongly (cf. 

rck.fr  =  .49, Shipley et al. (2012)). The brevity of the Shipley Institute of Living 

Scale could be a reason why the correlation was not stronger. One of the 

factors influencing the size of the correlation coefficient is the length of the 

scale used to measure the variable. Hence the lack of correlation found in this 

sample suggests that pehaps this is not the best measure of intelligence to 

use.  

 

The crystallized knowledge score does not correlate with CR. In the Shipley 

Institute of Living Scale, crystallized knowledge is measured by a vocabulary 

test, which requires the respondent to look at a target word and then choose 

the word that is closest in meaning from four options. The knowledge that a 

respondent has to draw upon is typically learned by rote. Most of the time, the 

respondent either knew or did not know the meaning of a word, and so the 

tasks could generally be performed with little effort. This could explain the lack 
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of correlation with the CR skills, which required cognitive mechanisms higher 

than rote memory. 

 

In contrast, the fluid reasoning score correlates significantly with integrating: 

(rig.fr  =  .175, p = .012, N = 165). In the Shipley Institute of Living Scale, fluid 

reasoning is measured by an abstraction test. The tasks in the test consist of 

a variety of logical series involving letters, numbers, or words. To complete 

the tasks, the respondent requires an adaptable, intuitive approach to a novel 

situation, using problem solving skills to answer an item and then shifting to a 

different type of reasoning for the next item. As such, the fluid reasoning score 

did not correlate with the dimension of EV because the task did not present 

the scope for assessing the validity, reliability and credibility of information. 

However, the fluid reasoning score correlates to the dimension of IG, because 

like fluid reasoning, the process of integrating requires strong adaptive logic 

skills to shift reasoning strategies and apply previous knowledge to new 

situations. The findings here suggest that integrating involves skills similar to 

those in fluid reasoning, which is an adaptive approach to shift reasoning 

strategies and link previous knowledge to novel situations.  

 

There is scope for future research to probe more deeply into Intelligence by 

using other instruments. For instance, the Raven’s Advanced Progressive 

Matrix is widely regarded by researchers for its measurement of general 

intelligence and abstract reasoning in high abilty groups (Jensen, 1998; 

Mackintosh & Bennett, 2005). In the course of this research, an attempt was 

made to obtain permission for the use of this instrument from its owner, 

Pearson Education, but the instrument was not used because of its cost. 

Nevertheless, correlations of Raven’s Matrices with academic performance 

are known to generally fall in the region of .2 to .6, with higher correlations for 

maths and science subjects (Pind, Gunnarsdóttir, & Jóhannesson, 2003). The 

Raven’s Matrices is also a longer scale than the Shipley Institute of Living 

Scale. Comparison with the measurements from the Raven’s Matrices could 

provide further evidence of construct validity for the CR instrument, and a 

better understanding of the relationship between CR and intelligence. 
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6.3.4 Relationship between Chemistry Reasoning and Learning Strategies 

The findings showed that the dimensions of CR are correlated in complex 

ways with learning strategies. This agrees with reports by other reseachers 

that learning strategies affect the mastery of the discipline of chemistry (Bunce 

et al., 2017; Lastusaari, Laakkonen, & Murtonen, 2016; Sinapuelas & Stacy, 

2015). Of particular importance is that the dimension of integrating has a 

significant positive correlation with the cognitive strategy of elaboration 

(rig.el  =  .166, p = .040, N = 153) and with the resource management strategy 

of effort regulation (rig.el = .166, p = .040, N = 153). Furthermore, both the 

dimensions of EV and IG have significant and positive correlations with the 

metacognitive strategies of planning, monitoring and regulating strategies 

(rev.ms = .140, p  =  .043, and rig.ms = .231, p  =  .002, both with N = 153). Hence, 

in general, a student who has high use of elaboration (cognitive strategy), 

planning, monitoring and regulating (metacognitive strategy), and effort 

regulation (resource management strategy) tends to perform well in one or 

both of EV and IG. 

 

Elaboration strategies include cognitive activities such as paraphrasing, 

summarizing, using concrete examples, and drawing analogies. These 

activities engage a learner in making connections between different ideas, or 

thinking of ways in which ideas are similar or different (Smith & Weinstein, 

2017). The regular use of elaboration develops in the learner the proficiency 

of integrating new information with existing knowledge.   

 

On the other hand, effort regulation strategies are resource management 

strategies which enable the learner to keep on track to achieve the desired 

learning goals, and to persevere in face of a difficult or boring task. 

Researchers reported that effective effort regulation strategies include 

spacing, retrieval practice, and interleaving (Pomerance, Greenberg, & 

Walsh, 2016). Spacing and retrieval practice are the strategies of reviewing 

and self testing one’s learning at strategic points over a period of time. 

Interleaving is the strategy of switching between ideas during a study session 

rather than studying a single idea for too long.  
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Over and above these strategies, the learner with metacognitive strategies 

such as planning, monitoring and regulating can improve performance by fine-

tuning and continuous adjustment of learning activities while on the task. The 

findings here suggest that the processes involved in these learning strategies 

support the development of CR.  

 

6.3.5 Relationship between Chemistry Reasoning and Educational 

Experience 

The dimensions of EV and IG are not found to be correlated significantly with 

subject combinations (whether the students take physics or biology). 

Disciplinary differences are expected to exist in students’ understanding of 

scientific models; for instance, Krell et al. (2015) reported that scientific 

models are used and understood in a descriptive way in biology but in a 

predictive way in chemistry and physics classes. However, the findings in this 

study reveal that despite the disciplinary differences between biology and 

physics, the participants in this research were able to apply similar reasoning 

skills in the dimensions of EV and IG. This suggests that the dimensions of 

EV and IG are not specific to these disciplines. 

 

In contrast, the CR scores are correlated significantly with academic 

programme (whether the students come from a four-year mainstream or six-

year Integrated Programme): rev.prog =  .134, p   =   .020, and rig.prog = .116, 

p  =  .044, with N = 300 for both. Science learning is a cumulative process that 

takes place in and out of the academic programme, and researchers have 

reported that different experiences influence the development of students’ 

science-related abilities (Lin & Schunn, 2016). Reasons for the correlations of 

CR with academic  programme are not revealed by this study and will have to 

be the subject of future research. It is possible that the non-Integrated 

Programme students have benefitted from the experience of taking a national 

examination at Grade 10, and this has helped them to score better at CR.  
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6.4  Implications  

6.4.1 Implications for Learning and Teaching 

The dimensions of EV and IG are essential for the learning of chemistry, a 

discipline well known for vast overload of content and which is often 

approached erroneously with rote and algorithmic tendencies and insufficient 

problem solving skills (Cavinato, 2017). Students often learn chemistry by 

drawing from a pre-existing information base which may contain inadequate 

or incorrect concepts (Ye, Oueini, & Lewis, 2015). Furthermore, the 

knowledge of a large set of disconnected facts is not helpful unless the student 

also has the ability to evaluate evidence to generate reasonable arguments 

and explanations, and integrate information to conceptualise central ideas 

(Talanquer, 2016). 

 

From the indications in this research, it seems that the development of these 

proficiencies may be engendered by the regular use of learning strategies 

such as elaborating, planning, monitoring, and effort regulating. If this is so, it 

is important for the chemistry educator to ensure that the curriculum provides 

ample opportunities for students to practise these strategies and to develop 

their abilities in EV and IG. At a policy-making level, it is worthwhile to consider 

equipping beginning teachers with the skills to recognise these reasoning 

abilities, so that they can effectively develop these abilities in students. This 

also necessitates the alignment of assessment with the new approaches to 

teaching that emphasise the development of reasoning skills (Harsh, 2016; 

Reed et al., 2017).  

 

6.4.2  Implications for Future Research 

Three limitations of this research concern the construction of the CR items, 

the type of instruments used for data collection, and the scope of educational 

experience.  

 

Construction of Chemistry Reasoning Items 

The CR instrument used in this research contains two-thirds of selected 

response items and one-third of constructed response items. The selected 

response items are essentially multiple choice items which can be scored 

objectively and readily by an appropriate software programme, but are not 
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very discriminating. On the other hand, the constructed response items are 

more discriminating as they require students to provide short answers, and 

include a range of items of varying complexity such as matching, categorising, 

ranking and sequencing, and text completion. While these constructed 

response items can also be automatically scored, there is a limitation to the 

extent of their use. For instance, if the number of words is not kept small, or if 

there are multiple steps for completion, the interpretation of responses can be 

problematic.  

 

It is recommended that future research looks into improving the design of 

items to measure CR. This can be accomplished in two ways. With 

technological development, it is possible to design a wider range of 

constructed response items which can elicit any evidence of CR more 

effectively (Park, Liu, & Waight, 2017; Zhu et al., 2017). Another way is to use 

alternative formats to achieve varying task complexity by increasing the level 

of abstraction or reducing the level of scaffolding (Kuo, Wu, Jen, & Hsu, 2015; 

Liu, Rios, Heilman, Gerard, & Linn, 2016). For example, in the dimension of 

EV, a typical item provides the claim and criterion, and requires the 

respondent to come up with the verdict; this is a one-tier item. A two-tier EV 

item which is more complex will only provide the claim and require the 

respondent to come up with both the criterion and the verdict. Similarly, for 

the dimension of IG, a multiple-tier item can probe for a series of sequential 

links. The use of multiple-tier items is reported by some researchers such as 

Koretsky, Brooks, and Higgins (2016) who used a technology-based tool to 

prompt students to provide written responses to justify their selection of the 

multiple-choice answer. 

 

Instruments Used for Data Collection  

The lack of correlation between crystallized knowledge and fluid reasoning in 

this research suggests that the Shipley Institute of Living Scale may not be 

the best measure of intelligence to use. Hence, it is not possible to draw 

further insight into how the dimensions of EV and IG are related to fluid 

reasoning. There is scope for future research to probe more deeply into 

intelligence by using other suitable instruments such as the Raven’s 
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Advanced Progressive Matrix (pg.76), which was not used in this research 

because of constraints in cost and time. 

 

Likewise, the Motivated Strategies for Learning Questionnaire used in this 

research is a self report instrument. While the different learning strategies can 

be correlated with EV and IG, one cannot draw further inference on how the 

use of strategies actually impact CR. To probe further into the effect of 

learning strategies, case studies involving a smaller sample of students can 

be considered. For example, in a recent study, Mathabathe and Potgieter 

(2017), working with a small group of seven students, used a process to 

record, transcribe, and analyse the manifestations of cognitive regulation 

during the planning of chemistry investigations. They were able to 

characterise the type and depth of regulatory learning strategies, and the 

effect of these strategies to task performance. The collection of this type of 

data can contribute greatly to the understanding of how the use of learning 

strategies can impact CR. 

 

Scope of Educational Experience  

This research investigated two aspects of eduational experience: subject 

combination and academic programme. However, educational experience is 

a cumulative process which takes places over years, both within and outside 

the school curriculum. It also includes a variety of other aspects such as 

instruction, intervention, peer interaction, media depiction, and scientific 

activities. Owing to its wide scope, research in this area is mainly exploratory 

in nature (Lin & Schunn, 2016; Suter, 2016). A more comprehensive approach 

for future research is to narrow the scope to conduct longitudinal studies on 

the effect of specific variables on CR, for example, the type, duration, and 

regularity of informal science learning participation. A challenge to this kind of 

study lies in the amount of assumed content knowledge of the students, which 

shifts with time. To some extent, however, this challenge can be overcome by 

adjusting the baseline knowledge in successive tests. 

 

In conclusion, this research has demonstrated that an instrument can be 

constructed to measure CR, and that the outcomes can be interpreted 

meaningfully. The nature of the dimensions of EV and IG as revealed in the 
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findings here has important implicationsfor chemistry education. In particular, 

integrating involves the skills of using an adaptive approach to novel 

situations, and making internal connections while keeping focus on the goals 

of a task. Learning strategies such as elaboration and effort regulation support 

the development of the ability to integrate. It is critical that there be sustained 

efforts to investigate these reasoning skills and identify ways in which the 

development of these skills may enhance the outcomes of science education. 
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Chemistry reasoning instrument 
(page 1 of 25) 
 
Q1(a)  

According to the Big Bang Theory, our universe was born with an unimaginably huge explosion. 

The debris of the Big Bang first condensed into the lighter elements, hydrogen and helium. Only 

when enough of these atoms had gathered together and the mass started to compress under 

its own gravity did these nuclei begin to fuse into the nuclei of heavier atoms.  Iron could have 

been the heaviest nuclei formed in the first-generation stars by the fusing of nuclei.   

The relative abundance of the elements in the sun is shown in the figure below.        

 

(Source: American Museum of Natural History, 2017)  
 

The sun is probably a third-generation star. Which of the following elements found in the sun 

provide evidence for this?  

 hydrogen (1) 

 helium (2) 

 aluminium (3) 

 copper (4) 

 zinc (5) 
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Chemistry reasoning instrument 
(page 2 of 25) 
 

Q1(b)   

Which statements provide a strong case that the earth is probably formed by the explosion of 

the sun?  

 The elements of the earth’s crust are essentially those of the sun. (1) 

 The elements essential to life are all there in the sun. (2) 

 The abundance of elements in the human body is the same as the abundance of elements 

on earth. (3) 

 

Q1(c)  

Copper and aluminium are relatively abundant metals found on the earth’s crust. They are both 

used in electrical wiring.  An aluminium wire and a copper wire are placed without touching in a 

plastic cup containing sodium hydroxide solution. After about twenty seconds, small streams of 

tiny bubbles of hydrogen would be seen coming from the aluminium wire but not from the 

copper wire. The aluminium visibly dissolves in the solution, and the copper wire does not.    

These observations can be explained in terms of electron transfer. Match each element with 

the corresponding electron transfer.   

 
loses electrons 

(1) 
gains electrons 

(2) 

neither loses or 
gains electrons 

(3) 

aluminium (1) 
      

copper (2) 
      

hydrogen (in H2O) 
(3)       

 

Q1(d)  

Steel nails are mostly iron, and galvanised nails are steel nails that have a zinc coating. A steel 

nail and a galvanised steel nail are now placed without touching in a plastic cup containing 

copper sulfate solution. Predict what will happen.  

 The steel nail acquires a copper coating. (1) 

 The galvanised nail acquires a copper coating. (2) 

 The steel nail corrodes rapidly. (3) 

 The galvanised nail corrodes rapidly. (4) 
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Chemistry reasoning instrument 
(page 3 of 25) 
 

Q2(a)  

Modern motor vehicles are fitted with catalytic converters. These consist of a metal casing in 

which there are two metals, palladium and rhodium, dispersed very finely on the surface of a 

ceramic support that resembles a honeycomb of holes.    

The accepted mechanism for the oxidation of carbon monoxide to carbon dioxide in catalytic 

converters is represented by the steps below (not shown in order).   Rank the steps in the correct 

order of occurrence (1 for first step, 2 for second step, and so on). 

 

         = oxygen atom;           = carbon atom;                        = metal surface 

 

Step Order 

 
 
 

 

 
 
 

 

 
 
 

 

 
 
 

 

 
 
 

 

 

Q2(b)   

Which statements explain why palladium and rhodium are a good catalysts for the convertor? 

 Position of palladium and rhodium in the periodic table  (1) 

 Strength of the forces between the gas molecules and the palladium and rhodium 

surface  (2) 

 Enthalpy change of reaction between gaseous oxygen and carbon monoxide molecules (3) 

 Activation energy of the reaction between gaseous oxygen and carbon monoxide 

molecules (4) 

 Concentration of the gas molecules  (5) 
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Chemistry reasoning instrument 
(page 4 of 25) 
 

Q2(c)  

The gas phase reaction of carbon monoxide and oxygen is represented by the equilibrium:      

2CO (g)   +   O2 (g)    2CO2 (g)       ΔH < 0 

A mixture of carbon monoxide, oxygen, and carbon dioxide is at equilibrium, and the 

equilibrium amount of each gas is known. What factor must be reduced in order to increase 

the equilibrium amount of carbon dioxide? 

Factor to be reduced (1) 

 

Q2(d)  

More carbon monoxide is added to the equilibrium mixture at constant temperature and 

pressure. What additional information about the mixture is needed to predict the new position 

of equilibrium? 

 Temperature (1) 

 Total pressure (2) 

 Volume of container (3) 

 Amount of carbon monoxide added (4)  

Concentration of carbon dioxide (5) 
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Chemistry reasoning instrument 
(page 5 of 25 ) 
 
Q3(a) 

The modern periodic table is shown below.  

 
Which of the following directly relate to the way in which the elements are arranged in the 

modern periodic table?    

 Atomic number (1) 

 Atomic mass (2) 

 Atomic volume (3) 

 Electron configuration (4) 
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Chemistry reasoning instrument 
(page 6 of 25) 
 

Q3(b) 

The Aufbau principle postulates a hypothetical process in which an atom is "built up" by 

progressively adding electrons into orbitals (energy levels). According to the Aufbau principle, 

electrons fill orbitals starting at the lowest available energy levels before filling higher levels (e.g. 

1s before 2s). The order in which the orbitals are occupied for the first 88 elements is shown 

below.     

 

1s 

2s 2p 

3s 3p 3d 

4s 4p 4d 4f 

5s 5p 5d 

6s 6p 

7s 

 

Which orbitals will be occupied for an atom of the element with a proton number of 120? 

 5f (1) 

 6d (2) 

 7p (3) 

 8s (4) 

 8p (5) 

 

Q3(c) 

Write the symbol of an element whose chemical properties are expected to be similar to the 

element with a proton number of 120. 

________________ 
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Chemistry reasoning instrument 
(page 7 of 25) 
 
Q4(a) 

Take a plastic spoon and rub it in your hair or on a sweater until the spoon acquires a static 

charge, as evidenced by the attraction of the spoon for the hair or fibres on the sweater. Turn 

on a tap so that there is a very thin stream of water.  Hold the spoon close to the water and you 

will see the stream of water bend towards the spoon.    Which statements are needed to explain 

the behaviour of the stream of water? 

 The plastic spoon’s attraction for electrons is different from that of the hair and clothing. 

(1) 

 The water molecules have stronger attraction for each other than for the charged 

plastic.  (2) 

 Water is made of two hydrogen atoms bonded to an electronegative oxygen atom. (3) 

 One end of the water molecule is more negative than the other. (4) 
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Chemistry reasoning instrument 
(page 8 of 25 ) 
 

Q4(b) 

For all the photocopiers’ modern-age convenience, the technology underlying them is analogous 

to the water and plastic spoon in the demonstration described above. Integral to the 

photocopier is a rotating drum, a movable light source, a black powdery mess called toner, a 

heat source, an elaborate system of rollers, and the paper.  

In the matrix below, match the parts of the photocopy machine which are analogous to the 

water and the plastic spoon. 

 Drum (1) Light  (2) Toner (3) Heater (4) Rollers (5) Paper (6) 

Water (1)             

Plastic 
spoon (2) 

            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Negatively-

charged toner 

attracted to drum 

4. Positively-

charged paper 

attracts toner 

1. Drum is positively 

charged 

heater 

roller roller 

2. Light cancels positive 

charge, leaving replica 

of image 

5. Toner fused to 

paper 
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Chemistry reasoning instrument 
(page 9 of 25) 
 
Q5(a) 

The Fenton reaction is named after the British chemist, H. J. H. Fenton, who noticed a fellow 

student had mixed together iron(II) ion (Fe2+), hydrogen peroxide (H2O2) ,and tartaric acid in an 

alkaline medium, and obtained a violet-coloured solution. Fenton tried to use the iron(III) ion 

(Fe3+) in place of the iron(II) ion for the reaction, but the violet colour was not produced. Fenton 

isolated the organic product and found it to be 2,3-dihydroxymaleic acid, and the violet colour 

was due to the complexation of this compound with iron(II) ion.              

tartaric acid   2,3-dihydroxymaleic acid 

                 

Which of the statements about the Fenton reaction are correct?    

 The Fe2+ ion catalyses the reaction. (1) 

 The hydrogen peroxide acts as an oxidising agent. (2) 

 The violet colour formation is a test for tartaric acid. (3) 

 The tartaric acid undergoes oxidation. (4) 

 The reaction involves the generation of a more reactive species than those present. (5) 
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Chemistry reasoning instrument 
(page 10 of 25 ) 
 
Q5(b) 

Under acidic conditions, chlorate(V) ion (ClO3
-),  dichromate(VI) ion (Cr2O7

2-), iron(III) ion, and 

iodine are oxidising agents. The following tests were carried out to determine the relative 

oxidising power of these chemical species.  

Test Procedure  Observations 

1 Yellow iron(III) chloride solution was 
added dropwise to a colourless solution 
of potassium iodide.  
 

The colourless solution turned brown. 

2 Pale-green iron(II) sulfate solution was 
added dropwise to an orange solution of 
acidified potassium dichromate(VI).  
 

The orange solution turned green. 

3 Colourless potassium chlorate(V) was 
added to a green solution of 
chromium(III) sulfate.  

The green solution turned orange. 
Effervescence of a pungent gas was 
observed. The gas bleached damp 
litmus paper. 

 

Based on these tests, decide if each of the following statements is true or false. 

 True (1) False (2) 

Fe3+ is a stronger oxidising agent 
than I2                 (1) 

    

Cr2O7
2- is a stronger oxidising 

agent than ClO3
- (2) 

    

 

 

Q5(c) 

Rank these chemical species in increasing order of oxidising power (1 for weakest, and 4 for 

strongest). 

______ ClO3
-      (1) 

______ Cr2O7
2- (2) 

______ Fe3+         (3) 

______ I2 (4) 
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Chemistry reasoning instrument 
(page 11 of 25 )  
 
Q6(a) 

The change in Gibbs energy, ∆G, provides information on whether reactants or products are 

dominant at equilibrium under standard conditions (25oC, 1 bar).  In a reaction where ∆G < 0, 

the position of equilibrium lies very much to the right. Conversely, where ∆G > 0, the position of 

equilibrium lies very much to the left.   The energy diagrams of four reversible reactions A to D 

under standard conditions are shown below.             

 

Rank the reactions A to D in the order of yield of product (1 for lowest yield, and 4 for highest 

yield). 

______ A (1) 

______ B (2) 

______ C (3) 

______ D (4) 

 

Q6(b) 

Rank the reactions A to D in the order of rate (1 for lowest rate, and 4 for highest rate). 

______ A (1) 

______ B (2) 

______ C (3) 

______ D (4) 
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Chemistry reasoning instrument 
(page 12 of 25)  
 
Q6(c) 

Suppose the four reactions occur at the same rate at 25oC. Which will be the fastest reaction at 

a higher temperature of 50oC? 

 A (1) 

 B (2) 

 C (3) 

 D (4) 

 

Q6(d) 

On what basis did you rank the rates of reaction at 50oC? 

 Change in Gibbs energy  (1) 

 Position of equilibrium (2) 

 Activation energy of reaction (3) 

 Concentration of reactant  (4) 

 Concentration of product  (5) 
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Chemistry reasoning instrument 
(page 13 of 25 )  
 
Q7(a) 

In the Brønsted-Lowry theory, an acid is defined as a proton donor, while a base is defined as a 

proton acceptor. In the generic reaction below, the acid HA donates a proton to water, which 

acts as the base.      

 

For this reversible reaction, an equilibrium constant can be written as        

𝐾𝑎 =  
[𝐻3𝑂+][𝐴−]

[𝐻𝐴]
  . 

This constant is often given in a logarithm form:  pKa  = ─ log Ka. A high Ka value corresponds to 

a low pKa value (because of the negative sign), and it means the position of equilibrium tends 

more to the right hand side.      

Identify the acids in the following reaction 

H2O    +     CH3O─         OH─    +     CH3OH 

 H2O (1) 

 CH3O– (2) 

 OH– (3) 

 CH3OH (4) 

 

Q7(b) 

The pKa value of H2O is 15.7, and that of CH3OH is 17. Determine the position of equilibrium for 

the reaction above. 

 Lies on the right side of the reaction. (1) 

 Lies in the middle position of the reaction. (2) 

 Lies on the left side of the reaction. (3) 
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Chemistry reasoning instrument 
(page 14 of 25)  
 
Q7(c)  

In order for a drug like aspirin to reach its site of action, it must be capable of being distributed 

in polar and non-polar environments in the body. Aspirin’s ability to transit between 

environments is a direct result of its acid-base properties.       

 

At pH of 3.0, the equilibrium lies in the middle position, i.e., the charged and uncharged forms 

of aspirin are at equal concentrations.    

After ingestion, aspirin makes its journey through the stomach, intestine, blood, and brain. The 

pH and polarity of each part of the body is shown in the table below.    

stomach intestine blood brain 

pH as low as 2; 
non-polar  

pH is 7.34; 
non-polar  

pH around 7.40; 
polar  

pH is 7.33 
non-polar  

 

In the matrix below, indicate the predominant form of aspirin found in each part of the body.  

 stomach (1) intestine (2) blood (3) brain (4) 

Uncharged form 
(1) 

        

Charged form (2)         

 

Q7(d) 

Into which parts of the body is aspirin likely to be absorbed during its journey after ingestion?  

 Stomach (1) 

 Intestine (2) 

 Blood (3) 

 Brain (4) 
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Chemistry reasoning instrument 
(page 15 of 25)  
 
Q8(a) 

The phase diagram of carbon dioxide is shown below. It is a plot which summarizes the 

conditions of pressure and temperature under which the different phases or states of carbon 

dioxide exist in equilibrium.  An important point is the triple point, at which all three phases are 

at equilibrium. 

Another important point is the critical point, beyond which the liquid and gas phases become 

indistinguishable from each other, and the state of the substance is a supercritical fluid. 

       

Supercritical carbon dioxide is commercially used for extracting caffeine from coffee beans. The 

process is outlined below. For each step, identify the state of carbon dioxide at the end of the 

step using the drop lists. 
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Chemistry reasoning instrument 
(page 16 of 25)  
 

 State of CO2 at the end of step 

 solid (1) liquid (2) vapour (3) 
supercritical 

liquid (4) 

Step 1 Starting from room conditions, increase the 
pressure and temperature of carbon dioxide 
beyond its critical point. At this point, the carbon 
dioxide has very high density. (1) 

        

Step 2 Pass the carbon dioxide through the coffee 
beans in a vessel, where the carbon dioxide extracts 
only the caffeine, but leaves the flavour and aroma 
components, producing decaffeinated coffee.  (2) 

        

Step 3 Pass the carbon dioxide containing the 
caffeine into a second vessel which contains water 
at room temperature and pressure. The caffeine 
dissolves in the water.  (3) 

        

Step 4 The carbon dioxide is re-pressurised at room 
temperature to 72 atm and recycled.  (4) 

        

 
Q8(b)  
Besides supercritical carbon dioxide, four other solvents could be used to produce 

decaffeinated coffee: benzene, dichloromethane, ethyl ethanoate, and water.  Which criteria 

would you use to choose a solvent for decaffeinating coffee? 

 Low health risk (1) 

 High boiling point (2) 

 High natural abundance (3) 

 High yield of caffeine (4) 

 

Q8(c) 

The boiling points (at 1 atm) for the four solvents are shown in the table below.                

Solvent boiling point / 0C 

Benzene 80 

Dichloromethane 40 

Ethyl ethanoate 77 

Water 100 

 

Which one of the four solvents would you use for decaffeinating coffee? 

 Benzene (1) 

 Dichloromethane (2) 

 Ethyl ethanoate (3) 

 Water (4) 
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Chemistry reasoning instrument 
(page 17 of 25)  
 

Q9(a) 

The type of bonding present in a binary compound can be predicted from the electronegativities 

of the elements involved. This can be shown on a van Arkel triangle, which plots the difference 

in electronegativity (on the y-axis) against the average electronegativity of the elements (on the 

x-axis). In this triangle, the three corners represent the extremes of metallic, ionic, and covalent 

bonding, with caesium (Cs), caesium fluoride (CsF), and fluorine (F2) in these corners.       

 
 
                    

 
 
 
Assign the substances below to the points 1 to 4 in the Van Arkel diagram. 

______ aluminium oxide, Al2O3 (1) 

______ oxygen diflouride, OF2 (2) 

______ sodium chloride, NaCl (3) 

______ titanium-aluminium alloy, Ti-Al  (4) 

 
 
Q9(b) 
Assign the following substances to the points 5 and 6 in the Van Arkel diagram. 

______ hydrogen chloride, HCl (1) 

______ hydrogen iodide, HI (2) 

 
 

 
 

Difference in 

electronegativity  

 

Average electronegativity 
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Chemistry reasoning instrument 
(page 18 of 25)  
 
Q9(c)  
Classify each of the six substances as metallic, ionic, or covalent.  

 
aluminium 
oxide, Al2O3 

(1) 

hydrogen 
chloride, HCl 

(2) 

hydrogen 
iodide, HI (3) 

oxygen 
diflouride, 

OF2 (4) 

sodium 
chloride, 
NaCl (5) 

titanium-
aluminium 

alloy, Ti-Al  (6) 

metallic (1)             

ionic (2)             

covalent (3)             

 

Q9(d) 

It is believed that hydrogen has an electronegativity value which is between that of a metal and 

a non-metal. What do you think is the electronegativity value of hydrogen? 

The electronegativity value of hydrogen is  _____________. 
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Chemistry reasoning instrument 
(page 19 of 25)  
 
Q10(a)  

Benzene, C6H6, was first isolated in 1825 by Michael Faraday. The structure of benzene 

fascinated chemists, and three of the historical models proposed by them are shown below.       

Kekulé model (1866) Dewar model (1867) Ladenburg model (1869) 

         

               
 

 

                

       

               

 

Benzene is often described as aromatic for its exceptional chemical stability. Its stability is 

attributed to the cyclic arrangement in which its six π electrons (each double bond has two π 

electrons) are not bound to any particular carbon atom and are said to be ‘delocalised’ over the 

ring.     

Rank the three proposed models of benzene in the order of stability (1 for least stable, and 3 for 

most stable). 

______ Kekulé model (1) 

______ Dewar model (2) 

______ Ladenburg model (3) 

 

Q10(b) 

Some experimental observations of the properties of benzene are given below. For each 

observation, select the proposed structures which are consistent with the observation. 

 Kekulé model (1) Dewar model (2) Ladenburg model (3) 

Observation 1: 
All the C to C bonds in 

benzene have the same 
bond length and bond 

energy. (1) 

      

Observation 2:  
All the C — C — C bond 
angles in benzene are 

equal. (2) 

      

Observation 3:  
At room temperature, 

benzene does not react 
with bromine. (3) 
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Chemistry reasoning instrument 
(page 20 of 25)  
 
Q10(c) 

While benzene is known to exhibit aromatic stability, cyclobutadiene does not.    

 
cyclobutadiene 

 

Which of the following formulas correctly predicts the number of π electrons in a compound 

which exhibits aromatic stability (where n is an integer from 0, 1, 2, …)? 

 2n + 1 (1) 

 2n + 2 (2) 

 4n + 1 (3) 

 4n + 2 (4) 

 

 

Q10(d) 

Which of the following compounds would you expect to exhibit aromatic stability? 

                                                                              

  (1)                                     (3) 
                                                                              

(2)                                      (4) 

 

                  

 
 
 
 
 
 
 
 
 
 



 
 
APPENDIX 5 

 

126 

 

Chemistry reasoning instrument 
(page 21 of 25)  
 
Q11(a) 

Functional group level is a simple idea by which a vast number of organic reactions can be 

understood. The table below shows how the functional group level of a carbon atom can be 

assigned.   

 

Some common reactions used in organic synthesis are given below. Classify the 

reactions according to the changes in functional group level. 

Oxidation:   

Reduction:   

Substitution:  

Hydrolysis:   

Esterification:   
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Chemistry reasoning instrument 
(page 22 of 25)  

 

 
Carbon  moves up a 

level (1) 
Carbon remains 
within a level (2) 

Carbon moves down 
a level (3) 

Oxidation   (1)       

Reduction    (2)       

Substitution    (3)       

Hydrolysis    (4)       

Esterification    (5)       

 

Q11(b)   

Which of the following are hydrolysis reactions? 

  

 (1) 

  

 (2) 

  

 (3) 

 
Q11(c) 

Write down the order of the three reactions that can be used to convert chloroethane, CH3CH2Cl 

into ethyl ethanoate, CH3CO2CH2CH3 (1 for first reaction, 2 for second reaction, and so on). 

______ Oxidation (1)  

______ Reduction (2) 

______ Substitution (3) 

______ Hydrolysis (4) 

______ Esterification (5) 
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Chemistry reasoning instrument 
(page 23 of 25)  
 
Q12(a)  

In June 2003, a research paper was published announcing the synthesis of the smallest 

representation of the human form: the 2 nm tall anthropomorphic molecule, nicknamed ‘Nano 

Kid’ by its creators. A version of ‘Nano Kid’, shown below, has the formula C39H41O2. 

              

(Source:  Chanteau & Tour, 2003) 

When assigning a nuclear magnetic resonance (NMR) spectrum, the first step is to identify how 

many atoms there are in unique environments. Each carbon atom in a different environment 

will give rise to a 13C NMR signal. 

 

For example, in the structure of Nano Kid, carbon atoms 6 and 8 which are part of a benzene 

ring are equivalent; we may write (6=8). Hence, although there are two carbon atoms (6 and 8), 

only one signal would be observed in a 13C NMR spectrum due to these carbon atoms since they 

are equivalent.  

Likewise, the other carbon atoms making up the benzene rings in Nano Kid which are equivalent 

can be listed as follows: 9 = 11, 20 = 24, and 21 = 23. In addition, there are 4 unique signals due 

to carbon atoms in different benzene environments: 7, 10, 19, and 22. Hence, a total of 8 signals 

due to benzene ring carbons can be observed in the 13C spectrum. 

 

Make a list of the equivalent and unique triple bond carbons in Nano Kid.  

You may want to make a list of w = x, y = z, etc, for any equivalent atoms, and a, b, c, etc for 

unique atoms. How many signals would be seen in total in the 13C spectrum due to triple bond 

carbon atoms? 

 

List of triple bond carbons (1) 
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Number of signals due to triple bond carbons (2) 

Chemistry reasoning instrument 
(page 24 of 25)  
 

Q12(b)  

Make a list of the equivalent and unique carbons in methyl groups (–CH3 groups) in Nano Kid. 

How many different signals in total due to methyl groups (–CH3 groups) are there in Nano Kid? 

List of methyl group carbons (1) 

Number of signals due to methyl group carbons (2) 

 

Q12(c) 

Make a list of all the remaining carbons in Nano Kid. How many different signals in total due to 

the remaining carbon atoms does Nano Kid have? 

List of remaining carbons (1) 

Number of signals due to remaining carbons (2) 

 

Q12(d) 

How many different carbon environments are there in Nano Kid, i.e., how many signals would 

be   seen in total in the 13C NMR spectrum? 

Total number of signals (1) 

 

Q12(e) 

Nano Kid was prepared via a separate synthesis of the top and bottom body-portions followed 

by adjoining at the “waist”.  The last step in the synthesis is shown below. 

 

 
 

Which of the following bond energies are required to estimate the enthalpy change of this 

reaction? 

 C — C bond (1) 

 C — H bond (2) 

 C — I bond (3) 

 H — I bond (4) 
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Chemistry reasoning instrument 
(page 25 of 25)  
 

References for questions 

 
Q1  The Abundance of Elements in the Sun. (2017).   Retrieved from 

https://www.amnh.org/exhibitions/space-show-journey-to-the-stars/journey-to-the-
stars-for-educators/our-star-the-sun/the-abundance-of-elements-in-the-sun 
 

Q1 and Q4 
 Cobb, C., & Fetteroff. (2005). The joy of chemistry: the amazing science of familiar 

things. New York: Prometheus Books. 
 
Q2 Catalysis in industry (2017, 10 May 2013). The Essential Chemical Industry - online.  

Retrieved from http://www.essentialchemicalindustry.org/processes/catalysis-in-
industry.html 

 
Q5 Raza Naqvi, K. (2012). Scientists of substance-The fascinating Fenton reaction. Chemistry 

Review, 22(1), 30. 

 

Q6, Q8 and Q10 

Burrows, A., Holman, J., Parsons, A., Pilling, G., & Price, G. (2017). Chemistry3: 

introducing inorganic, organic and physical chemistry: Oxford University Press. 

Q9 and Q11 

Cambridge International Level 3 Pre-U Certificate in Chemistry (Principal)  (2014).  

Syllabus 9791: Cambridge International Examinations 2013. 

Q12  Chanteau, S. H., & Tour, J. M. (2003). Synthesis of Anthropomorphic Molecules:  The 

NanoPutians. The Journal of Organic Chemistry, 68(23), 8750-8766. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 1 of 24)  
 
Problem No: 1 
Scenario: Big Bang   

 
Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Integrating: 

 

 

 

 

1.  

 

 

 

 

 

 

 

 
 
 
 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 
 

The sun is probably a third-
generation star; and the 
earth is formed by the 
explosion of the sun. 

Theoretical / empirical criteria 

 Presence of heavier atoms 

than iron in the sun 

 The elements of the earth’s 

crust are essentially those 

of the sun. 

 

Presence of heavier atoms than iron in 
the sun (like copper and zinc) suggests 
that it must have begun its fusion 
process later than the first stars. 
Presence of similar elements in the two 
bodies suggests that the earth was 
formed by the explosion of the sun. 

Conceptual problem: 

In a strongly alkaline solution, aluminium 
wire dissolves; while copper wire is not; and 
bubbles of hydrogen are formed. 
What will be expected when a steel nail and 
a galvanised steel nail are now placed 
without touching in a plastic cup containing 
copper sulphate solution? 

Scientific solution:  

The order of reactivity is Zn > Fe > Cu. Therefore, 
both the steel nail and the galvanised nail 
acquire a copper coating (Zn and Fe are oxidised 
while Cu is reduced). The steel nail has a more 
rapid reaction than galvanised steel because it is 
not protected from corrosion by air and water. 

1st link:  

Electron transfer: Aluminium, but not 
copper, loses electrons (oxidised) to 
hydrogen (reduced). 
 
2nd link:  

Chemical reactivity:  The direction of 
reaction is determined by the relative ease 
of loss of electrons of the reactants. 
 
3rd link:  

Corrosion prevention: Zinc protects iron 
by ‘sacrificial corrosion’ because it is more 
reactive than iron. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 2 of 24)  
 
Problem No: 1 
Scenario: Big Bang   

 
Outcome Space: 

Expected Response Score  

Q1(a)   
D and E only: meet criterion 

 
1 

 
EV1 

A, B or C: invalid criterion  ─1  
   
Q1(b) 
A only: meet criterion 

 
1 

 

B or C:  invalid criterion ─1  
   
Q1(c) 
Aluminium loses electrons, copper neither gains or loses 
electrons, and hydrogen gains electrons: link to electron 
transfer 

 
 
 
1 

 
 
 
IG1 

   
Q1(d) 
A and B: Link to chemical reactivity 

 
1 

 

C: Link to corrosion prevention 1  
D: invalid link ─1  
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 3 of 24)  
 
Problem No: 2 
Scenario: Catalytic Convertors   
 
 
Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 
 
 

CRITERION 

CLAIM VERDICT EVALUATING 
 

Molybdenum is not a good 
catalyst for the catalytic 
converter. 

Theoretical / empirical criteria: 

 In catalytic converters, the mechanism for 

the oxidation of carbon monoxide to 

carbon dioxide proceeds in the sequence 

of adsorption, reaction, and desorption. 

 The interaction of the gas molecules with 

the metal in the mechanism steps must be 

energetically favourable. 

Oxygen is readily adsorbed by the 
metal (strong forces of attraction). 
However, the resulting oxygen atoms 
do not react further, as they are too 
strongly adsorbed on the surface 
(enthalpy change of reaction is highly 
endothermic). 

Conceptual problem: 

What factors affect the equilibrium amount 
of carbon dioxide?   
2CO (g)  +   O2 (g)      2CO2 (g) 
 

Scientific solution:  

The equilibrium amount of carbon dioxide can 
be increased by lower temperature. To predict 
the effect of by adding more carbon monoxide 
at constant pressure and temperature, the 
volume and amount added must be known. 

1st link:  

Temperature: Reducing temperature shifts 
the equilibrium to the right because the 
forward reaction is endothermic  

2nd link:  

Volume: Increasing volume shifts the 
equilibrium to the left because the amount 
of gases increases 
 
 

 

 

3rd link:  

Concentration: Adding more reactant 
shifts the equilibrium to the right 
because of an increase in concentration 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 4 of 24)  
 
Problem No: 2 
Scenario: Catalytic Convertors   
 
 
Outcome Space:  

Expected Response Score  

Q2(a) 
3, 5, 2, 1, 4: meet criterion 

1 EV2 

   
Q2(b) 
B only: meet criterion 

1  

A, C, D, or E: invalid criterion ─1  
   
Q2(c )  
Temperature or heat: link to temperature  

1 IG2 

   
Q2(d) 
C: link to volume 

 
1 

 
 

D: link to concentration    1 IG3 
A, B, or E:  invalid link ─1  
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 5 of 24)  
 
Problem No: 3 
Scenario: Periodic Table 
 
Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Evaluating: 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Observed phenomenon: 

The peculiar shape of the modern 
periodic table 

 

1st link:  

Number of protons in the atom of each 
element (atomic number) 
 

2nd link:  

Electron arrangement: the arrangement 
of electrons in the atom of each element  
 

3rd link:  

Number of electrons in the outermost 
shell of the atom (valency) 
 

4th link: 

Chemical reactivity / behaviour: atoms   
react to achieve fully filled shells (shell theory 
of atoms) 
 

Scientific explanation:  

The first and most definitive pattern is in the 
number of protons.  Next, the arrangement of 
electrons in shells determines the position of 
the element in each horizontal row (period). 
Then, the elements in the same vertical 
column (group) have the same number of 
electrons in the outermost shell, which in 
turn determines the chemical reactivity of the 
elements. 
 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 

The electron arrangement 
of an atom can be 
determined from its proton 
number (e.g. 120). 

Theoretical / empirical criteria: 

 The order of occupancy of 

orbitals. 

 The chemical properties are 

determined by the number of 

electrons in the outermost shell. 

 

The atom with proton number 
120 is formed by occupying 5f, 
6d, 7p and 8s. It has two 
electrons in its outermost shell. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 6 of 24)  
 
Problem No: 3 
Scenario: Periodic Table 
 
 
Outcome Space:  

Expected Response Score  

Q3(a) 
A: link to number of protons 

1  

B: invalid link ─1  
C: link to atomic size 1  
D: link to electron arrangement 1  
   
Q3(b) 
A, B, C, and D only: deduce the correct rules for the electron 
arrangement, meet criterion 

1  

E: invalid criterion ─1  
   
Q3(c) 
Any of Be, Mg, Ca, Sr, Ba or Ra (where no of outermost 
electrons = 2): meet criterion 

1 EV3 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 7 of 24)  
 
Problem No: 4 
Scenario: Water Witch 
 
Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Observed phenomenon: 

A stream of water bends when a charged 
plastic spoon is brought near to it. 
 

1st link: 
Properties of matter 

Friction causes electrons to transfer from 
one material to another if one of the 
materials have a stronger attraction for 
electrons. Most plastics have a stronger 
attraction for electrons than hair and 
clothing. 

 

2nd link:  
Structure of matter 

The shape of the water molecule is such 
that one end of the water molecule is 
more negative than the other.  
 

3rd link:  
Chemical bonding 

Water is made of two hydrogen atoms bonded 
to an electronegative oxygen atom. 
 

Scientific explanation:  

When close to the negative electric field of 
the plastic spoon, the negative ends of the 
water molecules shift away from the spoon.  
The positive ends shift toward the spoon, 
which draws the water and the spoon 
together. 
 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 

The technology underlying 
the ’copy’ feature of the 
photocopying machine is 
analogous to the water and 
plastic spoon. 

Theoretical / empirical criteria:  

 Static charges attract 

 The mobile phase is deflected by 

the stationary phase 

The toner is first attracted to the 
drum by electrostatic forces. 
Subsequently, the toner is 
transferred to the paper, also by 
electrostatic attraction. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 8 of 24)  
 
Problem No: 4 
Scenario: Water Witch 
 
 
Outcome Space: 
 

Expected Response Score  

Q4(a) 
A: link to properties of matter   

1  

B: invalid link ─1  
C: link to chemical bonding 1  
D: link to atomic structure 1 IG4 
   
Q4(b) 
Match ‘water’ to ‘toner’: meet criterion 

1 EV4 

Match ‘spoon’ to ‘drum’ and ‘paper’ (meet theoretical / 
empirical criterion) 

1 EV5 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 9 of 24)  
 
Problem No: 5 
Scenario: Fenton Chemistry 
 
Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 
 
 
 
 

Observed phenomenon: 
In the Fenton reaction, mixing together 
iron(II) ions (Fe2+), hydrogen peroxide 
(H2O2) , and tartaric acid in an alkaline 
medium produced a violet-coloured 
solution. 
 

3rd link:  

Kinetics: neither Fe2+ nor H2O2 alone 
oxidized the tartaric acid, so a more reactive 
species must have been generated. 
 

2nd link:  

Redox: The tartaric acid lost two hydrogens 
to form the 2,3-dihydroxymaleic acid. 
 

Scientific explanation:  

The Fe2+ catalysed the decomposition of H2O2 
to form a new reactive species, which 
oxidised the tartaric acid to 2,3-
dihydroxymaleic acid. The violet colour was 
due to the complexation of this compound 
with the Fe2+ ions.  
 

1st link: 

Kinetics: The Fe2+ ions catalysed the 
reaction because it did not proceed in its 
absence, and Fe2+ remained at the end. 
 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 
 

The relative oxidizing power 
of three species can be 
determined from the given 
observations. 

Theoretical criterion: Each reaction 
compares the relative oxidising 
power of a pair of oxidising agents. 
Empirical criterion: The direction of 
reaction is deduced from the 
observations. 
 

The order of increasing 
oxidizing power is:  

I2  < Fe3+  < Cr2O7
2  <  ClO3
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 10 of 24)  
 
Problem No: 5 
Scenario: Fenton Chemistry 
 

Expected Response Score  

Q5(a) 
A: link to kinetics (the Fe2+ ions were needed for the reaction, 
and they remained at the end) 

1  

B: invalid link (the Fe2+ was not oxidized, and neither was the 
tartaric acid oxidized in the absence of Fe2+.) 

─1  

C: invalid link (it is not known if other compounds will give the 
same result) 

─1  

D: link to redox (the tartaric acid lost two hydrogens to form 
the 2,3-dihydroxymaleic acid) 

1 IG5 

E: link to kinetics (neither Fe2+ nor H2O2 alone oxidized the 
tartaric acid, so a more reactive species must have been 
formed in the process). 

1  

   
Q5(b) 
True: meet criterion 

1 EV6 

False: meet criterion 1 EV7 
   
Q5(c) 
4, 3, 2, 1 only: meet criterion 

1  
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 11 of 24)  
 
Problem No: 6 
Scenario: Gibbs Free Energy 
 
 
Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 

 

1.  

 

 

 

Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 
 

Conceptual problem: 

Rank four reaction profiles in order of  
yield of products. 
 

Link:  

∆G with chemical equilibria:  A system 
comes to equilibrium when it reaches its 
minimum Gibbs free energy, i.e., when 
∆G = 0. 
 

Link:  

Reaction kinetics:  The activation 
energy is the minimum energy required 
for a reactant molecule to convert into a 
molecule of product. 
 

Scientific solution:  

The more negative the ∆Go , the higher the 
proportion of products before equilibrium is 
reached. Hence, the higher the yield of 
product. 
 

 

Conceptual problem: 

Rank four reaction profiles in order of  
rates at a given temperature 
 

 

Scientific solution:  

The lower the activation energy, the faster is 
the reaction.  
 
 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 

Four reaction profiles with 
different activation energy 
at 25oC. 
 Theoretical criterion: At a higher 

temperature, the proportion of 
reactants that is equal to or higher 
than the activation energy 
increases.  
Empirical criterion: The higher the 
activation energy, the higher is this 
proportion; hence the faster the 
rate of reaction. 
 

The order of rates at a higher 
temperature (50oC) follows the order 
of activation energy. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 12 of 24)  
 
Problem No: 6 
Scenario: Gibbs Free Energy 
 
 
Outcome space: 
 

Expected Response Score  

Q6(a) 
4,3,2,1 only: link to chemical equilibria (the more negative the 
∆Go, the higher the yield of product).  

 
1 

 
IG6 

   
Q6(b) 
3,4,2,1 only: link to reaction kinetics (the lower the activation 
energy, the faster is the reaction).  

1  

   
Q6(c ) 
D only:  meet criterion 

1  

   
Q6(d) 
C only:  meet criterion 

1  

A, B, D, or E:  invalid criteria —1  
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 13 of 24)  
 
Problem No: 7 
Scenario: Acids and Bases 
 
Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

CRITERION 

CLAIM VERDICT 

EVALUATING 
 

 

The position of equilibrium 
for an acid-base reaction 
can be determined from the 
relative acid strengths. 

Theoretical criterion: Identify acid, 
base, and conjugate among the 
species in an acid-base reaction. 
Empirical criterion: For an acid with 
a lower pKa, the acid-base 
equilibrium lies to the right hand 
side, in favour of its conjugate base. 

The position of equilibrium for  
H2O + CH3O— HO— + CH3OH 
lies on the right hand side 
because H2O is a stronger acid 
than CH3OH. 
 

Hypothesis: 

The ability of aspirin to be absorbed by 
the various environments in the body is 
a direct result of its acid-base properties. 

1st link: 

Chemical equilibria:  The pKa values 
determines the position of equilibrium in 
an acid-base reaction. 
Under acidic conditions, aspirin is mostly 
in its uncharged form. In alkaline 
condition, its predominant form is the 
charged form. 
 

Scientific inquiry:  

Under acidic conditions, aspirin is mostly in its 
uncharged form. Hence it is absorbed by the 
non-polar environment of the stomach. 
In alkaline condition, its predominant form is 
the charged form. In this form, it is absorbed 
into the blood. 
 

2nd link:  

Chemical bonding:  The uncharged form of 
a drug is absorbed by a non-polar 
environment, and the charged form is 
absorbed by a polar environment. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 14 of 24)  
 
Problem No: 7 
Scenario: Acids and Bases 
 
 
Outcome space: 
 

Expected Response Score  

Q7(a)  
A and D only: meet criterion 

1 EV8 

B or C:  invalid criterion ─1  
   
Q7(b) 
A only: meet criterion 

1 EV9 

B or C:  invalid criterion ─1  
   
Q7(c )  
Match ‘uncharged form’ to ‘stomach’, and ‘charged form’ to 
‘intestine’, ‘blood’, and ‘brain’: Link to chemical equilibria 

1  

   
Q7(d) 
A and C only: link to chemical bonding 

1  

B or D:  invalid link 0  
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 15 of 24)  
 
Problem No: 8 
Scenario: Phase Diagram 
 
Construct Map for Integrating: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Conceptual problem: 

How can supercritical carbon dioxide be 
used to extract caffeine from coffee 
beans? 

 

Scientific solution:  

The extraction process involves the use of a 
compressor to convert the carbon dioxide 
into its supercritical state, and then 
converting it back to its normal gaseous state 
by reducing the pressure, or increasing the 
temperature. 
 

4th link:  

Pressure and Temperature: Carbon 
dioxide in the vapour state can be liquefied 
at sufficiently high pressure. 
 

1st link:  
Pressure and Temperature: 

Supercritical carbon dioxide is produced 
under high pressure and temperature.  

CRITERION 

CLAIM VERDICT 
EVALUATING 

 

Four alternative substances 
(benzene, dichloromethane, 
ethyl ethanoate, and water) 
could be used to produce 
decaffeinated coffee. Theoretical / Empirical criteria:  

Low health risk 
Low boiling point 
High natural abundance 
Environmentally friendly 
High yields of caffeine 
 

Water is suitable by all the criteria 
except for its high boiling point. 

2nd link:  
Density and Solvent properties: 

Supercritical carbon dioxide acquires a 
high density, and consequently, its 
solvent property for caffeine is 
enhanced. 
 

3rd link:  

Pressure and Temperature: Supercritical 
carbon dioxide can be converted back to a 
vapour with low density by lowering the 
pressure and temperature. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 16 of 24)  
 
Problem No: 8 
Scenario: Phase Diagram 
 
 
Outcome space: 
 

Expected Response Score  

Q8(a) 
1. supercritical fluid: link to pressure and temperature 

1 IG7 

2. supercritical fluid: link to density and solvent properties 1 IG8 
3. vapour: link to pressure and temperature 1 IG9 
4. liquid: link to pressure and temperature 1  

   
Q8(b) 
A: meet criterion 

 
1 

 
EV10 

B: invalid criterion ─1  
C: meet criterion 1 EV11 
D: meet criterion 1 EV12 
   
Q8(c)  
D only: meet criterion 

 
1 

 

A, B, and C: invalid criterion 0   
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 17 of 24)  
 
Problem No: 9 
Scenario: Van Arkel Triangle 
 
Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test hypothesis: 

The identities of six substances, where 
the electronegativity values are not 
given, can be deduced from their 
positions in the Van Arkel triangle. 
 

Scientific inquiry:  

The six substances are identified: 
1 NaCl 
2 Al2O3  
3 Ti-Al 
4 OF2 
5 HCl 
6 HI 
 

2nd  link: 

Periodicity: The electronegativity values 
generally increases across a period and 
decreases down a group. From their 
relative positions, HCl and HI can be 
identified.  
 

1st link:  

Chemical Bonding: From the 
difference in electronegativity between 
the two bonded atoms, the substances 
can be classified: metallic (Ti-Al), ionic 
(NaCl and  Al2O3) and covalent (HCl, HI, 
and OF2). 
 

 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 

Hydrogen has an 
electronegativity value 
which is between that of a 
metal and a non-metal. 

Theoretical / Empirical criteria: 
The compounds HCl and HI are 
classified as covalent compounds 
because of their positions in the 
Van Arkel triangle (near the lower 
right corner). From the difference in 
electronegativity and the given 
values for Cl and I, the 
electronegativity of hydrogen can 
be deduced to be 2.2.  
 

 

The electronegativity of 
hydrogen is found to be 
2.2. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 18 of 24)  
 
Problem No: 9 
Scenario: Van Arkel Triangle 
 
 
Outcome space: 
 

Expected Response Score  

Q9(a) 
1 NaCl;  
2 Al2O3 
3 Ti-Al 
4 OF2 
2,4,1,3: link to chemical bonding 

 
 
 
 
 
1 

 
 
 
 
 

IG10 
   
Q9(b) 
5 HCl; 6 HI: link to periodicity 

 
1 

 
IG11 

   
Q9(c) 
Metallic: Ti-Al; Ionic: NaCl;, Al2O3; Covalent: HCl, HI, OF2 :  
meet criteria 

 
 
1 

 
 
EV13 

   
Q9(d) 
2.16 (accept 2.1 to 2.3): meet criterion 

 
1 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 19 of 24)  
 
Problem No: 10 
Scenario: Huckel Rule 
 
Construct Map for Integrating:  

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Test hypothesis: 

Three structures of benzene were 
proposed: Kekule, Dewar, and 
Ladenburg. The relative stability and the 
supporting evidence for the structures 
are investigated. 
 

Scientific inquiry:  

The relative stability of the three structures 
increasing order is: Ladenburg, Dewar, and 
Kekule. However, none of these models is 
consistent with the observed chemical 
stability of benzene. 

2nd  link: 

Chemical Properties: The lack of reaction 
with bromine and the unexpectedly low 
enthalpy change upon reaction with 
hydrogen gas suggest unusual stability of 
benzene, inconsistent to all three models. 
 

1st link:  

Chemical Bonding: The stability of a 
structure can be deduced from the 
strength of bonds formed.  
The bond length give supporting 
evidence for the Ladenburg model, while 
the bond angles support the Kekule 
model. 
 

 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 

Predict whether given 
compounds exhibit  
aromatic stability. 

Theoretical / Empirical Criteria: 
For a structure to have 
aromatic stability, it must be 
cyclic, planar,  contain a ring of 
delocalised π electrons, and 
the number of π electrons 
must be equal to 4n + 2, where 
n = 0, 1, 2, etc. (Huckel’s rule). 

Cyclopentadienyl anion, 
cycloheptatriene cation, and  
1,6-methano[10]annulene 
exhibit aromatic stability 
because they have respectively 
6, 6, and 10 π electrons. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 20 of 24)  
 
Problem No: 10 
Scenario: Huckel Rule 
 
 
Outcome space: 
 

Expected Response Score  

Q10(a) 
3, 2, and 1: link to bond energy 

 
1 

 
IG12 

   
Q10(b) 
1. Ladenburg: Link to bond energy 

 
1 

 
IG13 

2. Kekule: Link to bond energy 1 IG14 
3. Ladenburg: Link to chemical properties 
 

1 IG15 

Q10(c) 
D: meet criterion 

1  

A, B, or C: invalid criterion ─1  
   
Q10(d) 
A: invalid criterion 

 
─1 

 

B: meet criterion 1 EV14 
C: meet criterion 1 EV15 
D: meet criterion 1  
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 21 of 24)  
 
Problem No: 11 
Scenario: Functional Group Level 
 
Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Integrating: 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 
 

Reactions can be identified 
from changes in functional 
group level. 

Theoretical / Empirical  criteria: 
Reactions within a level swaps 
an heteroatom for another (e.g. 
hydrolysis); moving up a level 
involves oxidation; moving 
down a level involves 
reduction. 

Reactions during which there is no 
change in level can be identified as 
hydrolysis. 

Conceptual problem: 

How to convert chloroethane,  
CH3CH2Cl into ethyl ethanoate, CH3CO2CH2CH3? 
 

 

Scientific solution:  

Sequence of steps: substitution, 
oxidation, esterification 

1st link:  
Substitution:  

CH3CH2Cl   CH3CH2OH 

 

2nd link:  
Oxidation:  

CH3CH2OH   CH3CO2H 

 

 

 3rd link:  
Esterification:  

CH3CH2OH +  CH3CH2OH  CH3CH2OCOCH3 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 22 of 24)  
 
Problem No: 11 
Scenario: Functional Group Level 
 
 
Outcome space: 
 

Expected Response Score  

Q11(a) 
Carbon  moves up a level, A only; meet criterion 

 
1 

 
EV16 

Carbon remains within a level, C, D, and E only: meet 
criterion 

1 EV17 

Carbon moves down a level, B only: meet criterion 1  
   
Q11(b) 
A: meet criterion 

 
1 

 
EV18 

B: invalid criterion ─1  
C: meet criterion 1  
   
Q11(c ) 
1. link to substitution 

 
1 

 
IG16 

2. link to oxidation 1 IG17 
3. link to esterification 1 IG18 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 23 of 24)  
 
Problem No: 12 
Scenario: Nano Kid 
 
 
Construct Map for Evaluating: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct Map for Integrating: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CRITERION 

CLAIM VERDICT 
EVALUATING 

 

Determine the number of 
different carbon 
environments in Nano Kid. 

Theoretical / Empirical Criteria: 
Two carbon atoms are in the 
same environment if they are 
bonded to exactly the same 
groups. 

There is a total of 21 different 
environments in Nano Kid. 

Conceptual problem: 
Determine the enthalpy change of 
reaction of the given coupling reaction. 
 

Link:  
∆H with bond energy:   

Bonds broken: C-I and C-H 
Bonds formed: C-C and H-I 

Scientific solution:  

The enthalpy change of reaction is the net 
energy change of bond breaking and bond 
forming. 
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Concept maps and outcome spaces of items in the chemistry reasoning instrument 
(page 24 of 24)  
 
Problem No: 12 
Scenario: Nano Kid 
 

 
Outcome space: 
 

Expected Response Score  

Q12(a) 
Equivalent: 4 = 13, 5 = 12, 25 = 31, 26 = 32 
Unique: 17 and 18 
6 signals in total due to triple bond carbons: meet criterion 

 
 
 
1 

 

   
Q12(b) 
Equivalent: 1 =16, 28 =29 =33 = 34 = 35 = 36 
Unique: none 
2 signals in total due to methyl group carbons: meet criterion 

 
 
1 

 

   
Q12(c) 
Equivalent: 2 =15, 3 = 14, 27 = 33,  38 = 39 
Unique: 37 
5 signals in total due to remaining carbon atoms: meet criterion 

 
 
1 

 

   
Q12(d) 
therefore 8 + 6 + 2 + 5 = 21 different environments:  
meet criterion 

 
1 

 

   
Q12(e) 
A and B: link to bonds broken: C-I and C-H 

 
1 

 

C and D: link to bonds formed: C-C and H-I 1  
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Standardised instruction for administration of the chemistry reasoning instrument  
(page 1 of 2) 
 

Instructions for Invigilators 
 
1. Write on the whiteboard: 

 

Chemistry Reasoning Questionnaire 

Duration: 45 – 60 min 

       Link:     http://tinyurl.com/CR050116 
 

 

2. Before the start of the questionnaire: 

 As the students report, check their names against the attendance list and give them 

their password slip. 

 Allow them to be seated at any available computer terminal. 

 If they have not signed up, ask them to wait to see if there is an available computer 

terminal later on. 

 Read to them:  

- “There is no need for any notes, stationery, or calculator, but keep away your 

bags with your hand-phones in your bags (switched off or silent mode).” 

- “Don’t discuss during the questionnaire.” 

- “Don’t google for resources.” 

- “Try not to leave any questions unanswered.” 

 

3. Access to questionnaire: 

 The student logs in with his / her HCI account. 

 If the student forgets his / her password, send the student to EdTech to reset; or use his 

/ her own mobile device for the questionnaire. 

 Use the browser to access the questionnaire at the given link. 

 When prompted for a password, use the one given in the slip. 

 If the student is unable to go online, ask him / her to check that the LAN plug is correctly 

inserted to the laptop. 

 If the student is unable to proceed with the computer terminal, send him / her to EdTech 

staff, who will let him / her sign out an iPad. 

 If come to worse, the student may use his / her own smart phone to attempt the 

questionnaire. 

  

4. About the Questionnaire: 

 Tell the students once they access the questionnaire, the first page reads: 

CONSENT TO PARTICIPATE IN THIS RESEARCH PROJECT (they can only proceed to the 

next page only after they fill up their particulars and completed this page). 

 Tell them to enter the correct email because communication with them is only through 

this email. 
 

 

 

http://tinyurl.com/CR050116
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Standardised instruction for administration of the chemistry reasoning instrument  
(page 2 of 2) 
 

 

 The next page is INSTRUCTION page, followed by the questionnaire (12 problems, with 

sub-parts). 

 Remind them that they can choose more than one answer in the multiple choice items. 

 The responses are automatically saved, and they will be alerted that the questionnaire 

closes when they arrive at the last page. 

 Alert them not to click the Backspace button by accident (it will exit the questionnaire 

and they will have to start all over again.) 

 

5. Handling any query from students: 

 All instructions are provided in the questionnaire. 

 In case of doubt, please call /text Benjamin Chan at 81288482. 

 

6. Ending the session: 

• Announce to the students when there are 15 min remaining. 

 Thank them for their participation. 

 Remind the students to shut down the computer and not to leave anything behind. 

 
 
 
THANK YOU for your help! 
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Shipley Institute of Living Scale instrument 
(page 1 of 10) 
 

SHIPLEY-2 
This questionnaire measures your reasoning skills. 

 It consists of two tests. Test 1 is on Vocabulary and has a 10-minute time limit, while 

Test 2 is on Abstraction and also has a 12-minute time limit. 

 You need to complete Test 1 before attempting Test 2. 

 

Test 1: Vocabulary 
There are 40 items in this test. For each item, select the word that has the same meaning as the 
one written in capital letters. 

Q1 TALK 
 draw (1)       

 eat (2) 

 speak (3) 

 sleep (4) 

 

Q2 COUCH 
 pin (1) 

 eraser (2) 

 sofa (3) 

 glass (4) 

 

Q3 REMEMBER 
 swim (1) 

 recall (2) 

 number (3) 

 plan (4) 

 

Q4 PARDON 
 forgive (1) 

 pound (2) 

 divide (3) 

 crash (4) 

 

Q5 HIDEOUS 
 forgive (1) 

 tilted (2) 

 young (3) 

 dreadful (4) 
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Shipley Institute of Living Scale instrument 
(page 2 of 10) 
 

 

Q6 MASSIVE 
 bright (1) 

 large (2) 

 speedy (3) 

 low (4) 

 

Q7 PROBABLE 
 likely (1) 

 portable (2) 

 friendly (3) 

 comprehensive (4) 

 

Q8 IMPOSTER 
 conductor (1) 

 officer (2) 

 book (3) 

 pretender (4) 

 

Q9 FASCINATE 
 welcome (1) 

 fix (2) 

 stir (3) 

 enchant (4) 

 

Q10 EVIDENT 
 green (1) 

 obvious (2) 

 skeptical (3) 

 afraid (4) 
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Shipley Institute of Living Scale instrument 
(page 3 of 10) 
 

 

Q11 NARRATE 
 yield (1) 

 buy (2) 

 associate (3) 

 tell (4) 

 

Q12 HAUL 
 respond (1) 

 twist (2) 

 pull (3) 

 realize (4) 

 

Q13 HILARITY 
 laughter (1) 

 speed (2) 

 grace (3) 

 malice (4) 

 

Q14 IGNORANT 
 red (1) 

 sharp (2) 

 uninformed (3) 

 precise (4) 

 

Q15 CAPTION 
 drum (1) 

 ballast (2) 

 heading (3) 

 ape (4) 
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Shipley Institute of Living Scale instrument 
(page 4 of 10) 
 

 

Q16 INDICATE 
 defy (1) 

 excite (2) 

 signify (3) 

 bicker (4) 

 

Q17 SOLEMN 
 serious (1) 

 satisfying (2) 

 rough (3) 

 tremendous (4) 

 

Q18 FORTIFY 
 submerge (1) 

 strengthen (2) 

 vent (3) 

 deaden (4) 

 

Q19 MERIT 
 deserve (1) 

 distrust (2) 

 fight (3) 

 separate (4) 

 

Q20 RENOWN 
 length (1) 

 head (2) 

 fame (3) 

 loyalty (4) 
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Shipley Institute of Living Scale instrument 
(page 5 of 10) 
 

 

Q21 FACILITATE 
 turn (1) 

 help (2) 

 strip (3) 

 bewilder (4) 

 

 
 
22 AMULET 
 charm (1) 

 orphan (2) 

 dingo (3) 

 pond (4) 

 

Q23 STERILE 
 barren (1) 

 illegal (2) 

 helpless (3) 

 tart (4) 

 

Q24 CORDIAL 
 swift (1) 

 muddy (2) 

 leafy (3) 

 affable (4) 

 

Q25 SQUANDER 
 tease (1) 

 belittle (2) 

 slice (3) 

 waste (4) 
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Shipley Institute of Living Scale instrument 
(page 6 of 10) 
 

 

Q26 SERRATED 
 dried (1) 

 notched (2) 

 armed (3) 

 blunt (4) 

 

Q27 PLAGIARIZE 
 maintain (1) 

 intend (2) 

 revoke (3) 

 pilfer (4) 

 

Q28 ORIFICE 
 brush (1) 

 hole (2) 

 building (3) 

 lute (4) 

 

Q29 PRISTINE 
 vain (1) 

 sound (2) 

 unspoiled (3) 

 level (4) 

 

Q30 INNOCUOUS 
 powerful (1) 

 pure (2) 

 medicinal (3) 

 harmless (4) 
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Shipley Institute of Living Scale instrument 
(page 7 of 10) 
 

 

Q31 JOCOSE 
 humorous (1) 

 paltry (2) 

 fervid (3) 

 plain (4) 

 

Q32 RUE 
 deal (1) 

 lament (2) 

 dominate (3) 

 cure (4) 

 

Q33 INEXORABLE 
 untidy (1) 

 inviolable (2) 

 relentless (3) 

 sparse (4) 

 

Q34 DIVEST 
 dispossess (1) 

 intrude (2) 

 rally (3) 

 pledge (4) 

 

Q35 MOLLIFY 
 mitigate (1) 

 direct (2) 

 pertain (3) 

 abuse (4) 
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Shipley Institute of Living Scale instrument 
(page 8 of 10) 
 
 

Q36 QUERULOUS 
 maniacal (1) 

 curious (2) 

 devout (3) 

 complaining (4) 

 

Q37 ABET 
 waken (1) 

 ensue (2) 

 incite (3) 

 placate (4) 

 

Q38 DESUETUDE 
 disuse (1) 

 remonstrance (2) 

 corruption (3) 

 inanity (4) 

 

Q39 PEREGRINATE 
 contemplate (1) 

 mince (2) 

 solidify (3) 

 traverse (4) 

 

Q40 QUOTIDIAN 
 travesty (1) 

 everyday (2) 

 calculation (3) 

 promise (4) 
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Shipley Institute of Living Scale instrument 
(page 9 of 10) 
 
Test 2: Abstraction 
There are 25 items in this test. For each item, fill in the missing letter, number, or word to 

complete each sequence. Each blank space represents one character. 

 

Q1  

1          2          3          4          5          ___ 

 

Q2  

white     black               short    long               down     ___ ___ 

 

Q3  

AB          BC          CD          D___ 

 

Q4  

10          1         9          2          8          ___ 

 

Q5  

A          Z          B          Y          C          X          D          ___ 

Q6  

oh     ho          rat     tar          mood     ___ ___ ___ ___ 

 

Q7  

escape          scape          cape          ___ ___ ___ 

 

Q8  

mist     is               wasp     as               pint     in               tone     ___ ___ 

 

Q9  

NE/SW          SE/NW          E/W          N/___ 

 

Q10  

12321          23432          34543          456___ ___ 

 

Q11  

knit    in               spud     up               both     to               stay     ___ ___ 

Q12  

57326          73265          32657          26573          ___ ___ ___ ___ ___ 
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Shipley Institute of Living Scale instrument 
(page 10 of 10) 
 

 

Q13  

Scotland          landscape          scapegoat          ___ ___ ___ ___ ee 

Q14  
3     7               5     11               2     ___ 
 

Q15 

tam     tan               rib     rid               rat     raw               hip     ___ ___ ___ 

Q16  

G     V               J     T               M     R               ___ ___ 

Q17  

surgeon     1234567               snore     17635               rogue      ___ ___ ___ ___ ___ 

Q18  

4     11               7     20               3     ___ 

Q19  

two     w               four     r               one     o               three     ___ 

Q20  

thicken     10               founder     4               nectarine     ___ 

Q21  

3124          82          73          154          46          13___ 

Q22  

K     W               M     S               P     P               T     N               ___ ___ 

Q23  

pole post mail   carton box fight    film picture depict   money ___ ___ ___ ___ ___ ___ alter 

Q24  

9     6               12     7               3     ___ 

Q25  

trauma     tuna          flight     fit           wife     ___ a ___ ___          glossy     gravity 
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Rights and permissions for use of the Shipley Institute of Living Scale instrument 
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Motivated Strategies for Learning Questionnaire 
(page 1 of 5) 
 
This questionnaire asks about your learning strategies and study skills for chemistry. It consists 

of 50 items and will take approximately 20 to 30 minutes to complete. There are no right or 

wrong answers to this questionnaire. This is not a test. We want you to respond to the 

questionnaire as accurately as possible, reflecting your own study strategies and skills.  

 

For each item, select the option which best describes you. 

 

 Not at all like me (1) 

 Not like me (2) 

 Not much like me (3) 

 Neutral (4) 

 Somewhat like me (5) 

 Like me (6) 

 Just like me (7) 

 
 

Q1  

When I study the readings for this course, I outline the material to help me organize my 

thoughts.   

Q2  

During class time I often miss important points because I’m thinking of other things.   

Q3  

When studying for this course, I often try to explain the material to a classmate or friend.   

Q4  

I usually study in a place where I can concentrate on my course work.   

Q5  

When reading for this course, I make up questions to help focus my reading.   

Q6  

I often feel so lazy or bored when I study for this class that I quit before I finish what I 

planned to do.   

Q7  

I often find myself questioning things I hear or read in this course to decide if I find them 

convincing.   

Q8  

When I study for this class, I practice saying the material to myself over and over.   
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Motivated Strategies for Learning Questionnaire 
(page 2 of 5) 
 
 

Q9  

Even if I have trouble learning the material in this class, I try to do the work on my own, 

without help from anyone.   

Q10  

When I become confused about something I’m reading for this class, I go back and try to 

figure it out.   

Q11  

When I study for this course, I go through the readings and my class notes and try to find the 

most important ideas.   

Q12  

I make good use of my study time for this course.   

Q13  

If course readings are difficult to understand, I change the way I read the material.   

Q14  

I try to work with other students from this class to complete the course assignments.   

Q15  

When studying for this course, I read my class notes and the course readings over and over 

again.   

Q16  

When a theory, interpretation, or conclusion is presented in class or in the readings, I try to 

decide if there is good supporting evidence.   

Q17  

I work hard to do well in this class even if I don’t like what we are doing.   

Q18  

I make simple charts, diagrams, or tables to help me organize course material.   

Q19  

When studying for this course, I often set aside time to discuss course material with a group 

of students from the class.    

Q20  

I treat the course material as a starting point and try to develop my own ideas about it.   
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Motivated Strategies for Learning Questionnaire 
(page 3 of 5) 
 

 

Q21  

I find it hard to stick to a study schedule. 

Q22  

When I study for this class, I pull together information from different sources, such as 

lectures, readings, and discussions.   

Q23  

Before I study new course material thoroughly, I often skim it to see how it is organized.   

Q24  

I ask myself questions to make sure I understand the material I have been studying in this 

class.   

Q25  

I try to change the way I study in order to fit the course requirements and the instructor’s 

teaching style.   

Q26  

I often find that I have been reading for this class but don’t know what it was all about.   

Q27  

I ask the instructor to clarify concepts I don’t understand well.   

Q28  

I memorize key words to remind me of important concepts in this class.   

Q29  

When course work is difficult, I either give up or only study the easy parts.   

Q30  

I try to think through a topic and decide what I am supposed to learn from it rather than just 

reading it over when studying for this course.   
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Motivated Strategies for Learning Questionnaire 
(page 4 of 5) 
 

 

Q31  

I try to relate ideas in this subject to those in other courses whenever possible.   

Q32  

When I study for this course, I go over my class notes and make an outline of important 

concepts.   

Q33  

When reading for this class, I try to relate the material to what I already know.   

Q34  

I have a regular place set aside for studying.   

Q35  

I try to play around with ideas of my own related to what I am learning in this course.   

Q36  

When I study for this course, I write brief summaries of the main ideas from the readings 

and my class notes.   

Q37  

When I can’t understand the material in this course, I ask another student in this class for 

help.   

Q38  

I try to understand the material in this class by making connections between the readings 

and the concepts from the lectures.   

Q39  

I make sure that I keep up with the weekly readings and assignments for this course.   

Q40  

Whenever I read or hear an assertion or conclusion in this class, I think about possible 

alternatives.   
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Motivated Strategies for Learning Questionnaire 
(page 5 of 5) 
 

 

Q41  

I make lists of important items for this course and memorize the lists.   

Q42  

I attend this class regularly.   

Q43  

Even when course materials are dull and uninteresting, I manage to keep working until I 

finish.   

Q44  

I try to identify students in this class whom I can ask for help if necessary.   

Q45  

When studying for this course I try to determine which concepts I don’t understand well.   

Q46  

I often find that I don’t spend very much time on this course because of other activities.   

Q47  

When I study for this class, I set goals for myself in order to direct my activities in each study 

period.   

Q48  

If I get confused taking notes in class, I make sure I sort it out afterwards.   

Q49  

I rarely find time to review my notes or readings before an exam.   

Q50  

I try to apply ideas from course readings in other class activities such as lecture and 

discussion.   
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Survey of educators on the evaluating and integrating items 
(page 1 of 2) 
 
Instructions to educators 

Dear chemistry educator, 

The following items are part of an instrument which is constructed to measure the cognitive 

dimensions of ‘evaluating’ and ‘integrating’ in chemistry reasoning among college students.  

1. Conceptual definitions: 

Evaluating = assessing the validity, reliability and credibility of information; or justifying 

explanations or conclusions, or testing hypothesis, through sound reasoning and logical 

argument 

Integrating = linking together principles and concepts from different areas of chemistry 

Items 1 to 18 are designed to observe a student’s skill of ‘evaluating’. 

Items 19 to 36 are designed to observe student’s skill of ‘integrating’. 

 

2. There may be more than one correct response to each item. When you go through the items, 

it is not important what the actual correct responses are. Rather, please focus on whether 

the particular item measures the intended dimension of ‘evaluating’ / ‘integrating’. 

 

3. For each item, please indicate whether you agree that the item measures the intended 

dimension by ticking the appropriate checkbox (Strongly agree / Agree / Disagree / Strongly 

disagree / Not sure). 

 

4. Although your name is a required field in the survey (for clarification purposes, if necessary); 

no names will be quoted for all reporting of the research. 

 

Thank you very much for your support for this research. 

Benjamin Chan 
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Survey of educators on the evaluating and integrating items 
(page 2 of 2) 
 

Responses of educators on evaluating (EV) items (N = 22) 
 

Item %SA %A %D %SD %NS  %SA + A 

EV1 45.5 45.5 9.1 0.0 0.0  90.9 
EV2 23.8 71.4 0.0 0.0 4.8  95.2 
EV3 22.7 63.6 13.6 0.0 0.0  86.4 
EV4 31.8 59.1 9.1 0.0 0.0  90.9 
EV5 31.8 59.1 9.1 0.0 0.0  90.9 
EV6 59.1 40.9 0.0 0.0 0.0  100.0 
EV7 59.1 40.9 0.0 0.0 0.0  100.0 
EV8 30.0 70.0 0.0 0.0 0.0  100.0 
EV9 19.0 76.2 4.8 0.0 0.0  95.2 

EV10 19.0 71.4 9.5 0.0 0.0  90.5 
EV11 19.0 71.4 9.5 0.0 0.0  90.5 
EV12 19.0 71.4 9.5 0.0 0.0  90.5 
EV13 27.3 68.2 0.0 0.0 4.5  95.5 
EV14 36.4 63.6 0.0 0.0 0.0  100.0 
EV15 36.4 63.6 0.0 0.0 0.0  100.0 
EV16 45.5 50.0 4.5 0.0 0.0  95.5 
EV17 45.5 50.0 4.5 0.0 0.0  95.5 
EV18 31.8 63.6 4.5 0.0 0.0  95.5 

 SA = Strongly Agree; A = Agree; D = Disagree; SD = Strongly Disagree; NS = Not Sure 

 

Responses of educators on integrating (IG) items (N = 22) 

Item %SA %A %D %SD %NS  %SA + A 

IG1 13.6 68.2 18.2 0.0 0.0  81.8 
IG2 13.6 77.3 9.1 0.0 0.0  90.9 
IG3 18.2 72.7 9.1 0.0 0.0  90.9 
IG4 13.6 68.2 9.1 0.0 9.1  81.8 
IG5 36.4 63.6 0.0 0.0 0.0  100.0 
IG6 31.8 68.2 0.0 0.0 0.0  100.0 
IG7 31.8 63.6 0.0 0.0 4.5  95.5 
IG8 31.8 63.6 0.0 0.0 4.5  95.5 
IG9 31.8 63.6 0.0 0.0 4.5  95.5 

IG10 18.2 72.7 9.1 0.0 0.0  90.9 
IG11 14.3 76.2 9.5 0.0 0.0  90.5 
IG12 18.2 77.3 4.5 0.0 0.0  95.5 
IG13 22.7 77.3 0.0 0.0 0.0  100.0 
IG14 22.7 77.3 0.0 0.0 0.0  100.0 
IG15 22.7 77.3 0.0 0.0 0.0  100.0 
IG16 28.6 66.7 4.8 0.0 0.0  95.2 
IG17 28.6 66.7 4.8 0.0 0.0  95.2 
IG18 28.6 66.7 4.8 0.0 0.0  95.2 

 SA = Strongly Agree; A = Agree; D = Disagree; SD = Strongly Disagree; NS = Not Sure
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Multifactorial ANOVA using evaluating (EV) and integrating (IG) bands as fixed 

factors 

 

Descriptive statistics of academic performance with evaluating (EV) and 

integrating (IG) bands as fixed factors (N = 287) 

EV Band IG Band Mean Standard 
deviation 

N 

A A 63.26 13.230 111 

 B 57.54 13.180 55 

 Total 61.36 13.447 166 

B A 60.89 13.914 14 

 B 55.89 15.402 107 

 Total 56.47 15.267 121 

 

         

Mean academic performance with evaluating (EV) and integrating (IG) bands as 

fixed factors  

 

The independent two-way ANOVA indicated that there was a significant main effect for IG bands 

in respect of academic performance: F1, 283 = 5.342,  p = .022; d = 3.27. This can be seen from 

the gap between the two lines representing the two IG bands in Figure 5.1. There was no 

significant main effect for EV bands: F1, 283 = .753, p  = .386. This is probably due to the small 

mark range involved, as can be seen from the gentle gradient of the two lines in Figure 5.1. There 

is no interaction because the lines are almost parallel, as borne out by F1, 283 = .024, p = .876. 




