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ABSTRACT ARTICLE HISTORY
A multi-institution collaborative team of Australian chemistry Received 8 July 2016
education researchers, teaching a total of over 3000 first year ~ Accepted 15 February 2017
chemistry students annually, has explored a tool for diagnosing
students’ prior conceptions as they enter tertiary chemistry C - .

. - . . oncept diagnostic

courses. Five core topics were selected and clusters of diagnostic instrument; general
items were assembled linking related concepts in each topic chemistry; psychometric
together. An ordered multiple choice assessment strategy was analysis; ordered multiple
adopted to enable provision of formative feedback to students choice
through combination of the specific distractors that they chose.
Concept items were either sourced from existing research
instruments or developed by the project team. The outcome is a
diagnostic tool consisting of five topic clusters of five concept
items that has been delivered in large introductory chemistry
classes at five Australian institutions. Statistical analysis of data has
enabled exploration of the composition and validity of the
instrument including a comparison between delivery of the
complete 25 item instrument with subsets of five items, clustered
by topic. This analysis revealed that most items retained their
validity when delivered in small clusters. Tensions between the
assembly, validation and delivery of diagnostic instruments for the
purposes of acquiring robust psychometric research data versus
their pragmatic use are considered in this study.

KEYWORDS

Introduction

Effective teachers find out what students know by asking them questions, but what are the
right questions to ask? Based on the answers, how should a teacher respond in their prac-
tices to support learning? These factors inform the task process and outcome of classroom
learning (Biggs, 1993). This process represents the teachers’ application of their topic-
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specific professional knowledge (TSPK) in uncovering their incoming students’ miscon-
ceptions then selecting appropriate instructional strategies, learning resources and
content organisation to address these. TSPK is canonical, and is an important dimension
of teacher professional knowledge and skill (Gess-Newsome, 2015). Teachers’ practice also
often echoes the common body of knowledge that is evidenced through research as they
informally gather evidence of student knowledge and understanding. For example, it is
known that students develop their misunderstandings through misinterpretation of obser-
vable everyday phenomena, despite explanations through theory taught in high school and
undergraduate chemistry (Johnstone, 1983). Furthermore, it is known that students apply
teleological reasoning to explain observed phenomena based on their understanding of the
real world and analogies (Talanquer, 2007; Talanquer, 2013). These alternate conceptions
extend into higher instructional and developmental levels; indeed many incoming chem-
istry doctoral students also find it difficult to apply their theoretical understanding of
chemistry concepts to answer questions that have been situated in real-world contexts
(Bodner, 1991). Over the past three decades, chemistry education researchers have built
a strong collective knowledge surrounding alternative conceptions, including insights
into the origin of misconceptions (Bergquist & Heikkinen, 1990; Hackling & Garnett,
1985; Hand & Treagust, 1988; Kind, 2004; Peterson, Treagust, & Garnett, 1989).

Conceptual change as a field of constructivist research has been the focus for wide-
spread cognitive research studies in science education over many decades. Several
reviews of the field (Driver & Erickson, 1983; Duit & Treagust, 2003; Duit & Treagust,
2012) describe the journey from the classical approach to conceptual change, deriving
from the seminal work of Posner, Strike, Hewson, and Gertzog (1982), to current perspec-
tives. Two approaches to thinking about conceptual change are popular; these are based on
the work of diSessa (diSessa, 1988; diSessa, 2008; diSessa, Gillespie, & Esterly, 2004), who
regards the process of learning as collecting pieces of knowledge and integrating them into
a larger system of complex knowledge, and the work of Vosniadou (Vosniadou, 2012;
Vosniadou, Vamvakoussi, & Skopeliti, 2008), who considers preconceptions to be ideas
encountered informally that are built upon or require adjustment in formal learning. Rec-
ommendations from this body of research almost universally encourage further research
into individual student conceptions with a goal of improving teachers’ pedagogies and
practices. This aligns with Ausubel’s view (1968, p. vi) that If we had to reduce all of edu-
cational psychology to just one principle, we would say this: The most important single
factor influencing learning is what the learner already knows. Ascertain this and teach
him [sic] accordingly’. Conceptual change research studies have been disseminated
across the gamut of science discipline-based education research journals, resulting in a
vast array of strategies and understanding (Singer, Nielsen, & Schweingruber, 2012). In
chemistry, the investigation of students’ existing conceptions is a common pursuit, and
research targeting specific concepts has expanded during the past decade. Singer and col-
leagues (2012, p. 60) observe that 120 chemistry research papers were published on the
topic of conceptual change between 2000 and 2010. One particular approach adopted
by researchers is to design multiple-choice items and assemble them into inventories
(diagnostic instruments) to gain insight into student thinking.

Nearly 30 years ago, Treagust proposed a methodology for chemistry educators and
researchers to translate knowledge of student misconceptions gained through qualitat-
ive observations and interviews into diagnostic instruments (Treagust, 1988). This
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methodology forms a widely accepted basis for the development of chemistry diagnos-
tic instruments, and has been extended to formative assessment measuring effective-
ness of instruction (Adams & Wieman, 2011). Chemistry conceptual change
research has resulted in numerous diagnostic instruments that have been reported to
explore a range of conceptions across multiple levels of learning. The instruments
that have particular relevance to the present study are summarised in Table 1.

It can be seen that slightly over half of these instruments were developed for use with
high school students and the remainder were developed for first-year undergraduate stu-
dents; several have been used in both contexts. Of the instruments listed, the Chemical
Concept Inventory (CCI) (Mulford & Robinson, 2002) is most widely adopted (Kruse
& Roehrig, 2005) and has been recently validated through extensive psychometric
testing (Barbera, 2013; Schwartz & Barbera, 2014). Concepts and topics that are addressed
in the CCI include the conservation of matter, phase change, solutions and atomic prop-
erties. Approximately half of the items in the CCI were adapted from previous instruments
and many were informed by published qualitative research studies.

The wide variety of concept inventories that are published annually addressing con-
cepts across both science and engineering disciplines demonstrates the sustained interest
in this form of assessment tool. However, the utility of the majority of these instruments,
beyond their initial publication and use by their originating research group, is not com-
monly shared. An exception is the CCI; a review of subsequent use demonstrates that
similar outcomes are obtained for many items regardless of context (Barbera, 2013;
Kruse & Roehrig, 2005; Lawrie et al., in review; Schwartz & Barbera, 2014).

Multiple choice (MC) is the most popular format for diagnostic items, offering the
advantage that large numbers of students can be tested and results can quickly be gener-
ated and distributed compared to written responses, interviews or open-ended surveys.
The disadvantage of MC is that new insights into conceptual understanding cannot be
obtained from student explanations unless they are invited to explain the reason for
their choice. Two methods that have been developed to increase information into
student understanding while maintaining the MC format are Ordered Multiple Choice
(OMC) and two-tier (or multiple-tier) items.

OMC involves the careful design of distractors when developing MC diagnostic items to
elicit awareness of the nature of students’ conceptions. This is particularly effective when
the distractors are based on known levels of conceptual development. OMC was established
by Briggs and co-workers in 2006 (Briggs, Alonzo, Schwab, & Wilson, 2006) and has been
adopted by Parchmann and colleagues for chemistry concepts (Hadenfeldt, Bernholt, Liu,
Neumann, & Parchmann, 2013). Combining incorrect responses from several related items
corrects for linguistic problems, poor concentration or simple transcription errors.

Two-tier items, pioneered by Treagust (1986), consist of an MC or a true/false question
in the first tier coupled to a second question, in which students select the reason for their
first response (Othman, Treagust, & Chandrasegaran, 2008; Peterson et al., 1989; Treagust,
1988; Tyson, Treagust, & Bucat, 1999). The second tier is developed, informed by student
interviews and evidence of common misconceptions. Hence, like OMC, such items provide
insights into student conceptual understanding. One limitation of two-tier items is the
interpretation of instances when students select the incorrect answer in the first tier but
the correct reason in the second tier. Despite this, two-tier instruments are popular and
are used in combination with single-tier MC items in many instruments (Table 1).



Table 1. Chronological list of relevant published quantitative concept inventories, their composition and context.

Inventory

Concepts covered

Total number of
items (of those, two
tier) and format

Availability of complete
inventory of items

Context

Reference

Covalent bonding
and structure
Untitled

Untitled

Chemistry Concepts
Inventory (CCl)

Chemistry | &
Chemistry |l

Chemistry concept
test (CCT)

ParNoMA

Two-concept
diagnostic

General Chemistry |
Concept Survey

Kinetic particle theory
inventory (KPTI)

Structure and motion
of matter SAMM

Untitled

Thermochemistry
Concept Inventory

Bonding
Representations
Inventory

Untitled

Bond polarity, molecular shape, molecule polarity,
lattices, intermolecular forces and octet rule
Isomerism, redox and acid-base,

Equilibrium

Conservation of mass-matter, phase change,
stoichiometry/limiting reagent, bond energy,
atomic scale, specific heat capacity and solutions

Specific heat capacity, bonding, phase changes,
equilibrium, acids & bases and electrochemistry

Stoichiometry, mole concept, intermolecular forces,
conservation of matter, periodic properties, acids
& bases, chemical equilibrium, electrochemistry
and organic chemistry

Particulate nature of matter

Particulate nature of matter and bonding

Covalent bonding and molecular structure

Interparticular spacing, changes in state,
intermolecular forces, and diffusion in liquids and

gases
Particulate nature of matter

Particulate nature of matter
Thermodynamics

Bonding and representations of bonding
Conservation of mass-matter, phase change,

stoichiometry/limiting reagent, bond energy,
atomic scale and solutions

15 (15) MC

6 MC from large
pool

Not specified; all

two tier MC
16 (6) MC

30+31 MC

65; used 37 and 37
with 9 common;
60 MC 5 SA

20 MC

10 (10) MC
26 MC
11 MC
3 multipart open-
ended

10 OMC
10 MC

15 (8) MC

22 MC

Not specified
Not specified
Not specified

Supplementary material

Contact authors

Not specified

Supplementary material

Contact authors
Not specified

Supplementary material
Supplementary material
Supplementary material
Contact authors

Contact authors

Supplementary material

High school (grade 11 and
12)

High school (grades 11—
13)

High school

First-year undergraduate

First-year undergraduate

First-year undergraduate

Middle school, high
school and
undergraduate

High school (grade
9 and 10)

First-year undergraduate

High school (ages 14-16)

Middle school, high
school and
undergraduate

High school (grades 6-12)

First-year undergraduate

High school and
undergraduate

First-year undergraduate

Peterson et al. (1989)

Schmidt (1997)

WIIZLNHDS W () v

Tyson et al. (1999)

Mulford and Robinson (2002)

Krause, Birk, Bauer, Jenkins, and
Pavelich (2004); Pavelich, Jenkins,
Birk, Bauer, and Krause (2004)

Potgieter and Davidowitz (2011);
Potgieter, Davidowitz, and Blom
(2005); Potgieter, Davidowitz,
and Venter (2008)

Yezierski and Birk (2006)

Othman et al. (2008)

Pentecost and Langdon (2008)

Treagust et al. (2010)
Stains et al. (2011)
Hadenfeldt et al., 2013
Wren and Barbera (2014)

Luxford and Bretz (2014)

Lawrie, Schultz and Wright
(in review)
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Thus, a substantial pool of items exists upon which teachers can draw to explore their
own students’ conceptions in their practice. However, the use of an existing instrument for
diagnosing conceptions may be difficult because the specific set of topics that a teacher
seeks to explore may not match any currently available instrument. Furthermore, most
of the instruments in Table 1 were designed for educational research purposes and not
for classroom diagnostic practices. Indeed, tension is emerging in the different ways
that teachers and educational researchers apply these diagnostic tools and how they use
the information gleaned. Some researchers aim to protect the integrity of their instruments
by preventing widespread dissemination of their items, preferring to be contacted directly
by users to provide access to items, while others openly disseminate their instruments to
inform teaching practices and enhance teachers’ TSPK (Stains, Escriu-Sune, De Santizo,
Molina Alvarez de Santizo, & Sevian, 2011) or to examine how teachers apply diagnostic
tools to gain insight into their students’ thinking (Sadler, 1998).

Increased rigour has been called for to establish validity and reliability of research
instruments (Arjoon, Xu, & Lewis, 2013; Barbera, 2013; Schwartz & Barbera, 2014;
Wren & Barbera, 2013) and recently published instruments that explore conceptual
understanding in a single topic have manifested exacting standards (Brandriet & Bretz,
2014; Luxford & Bretz, 2014; Wren & Barbera, 2013; Wren & Barbera, 2014). Teachers
may often be unaware of the underlying process and intention that was involved in the
development of these carefully structured, validated and reliable diagnostic instruments.
As practitioners, they do not have the resources or time to conduct detailed student inter-
views to support the development of their own diagnostic items. They are also not
equipped to validate instruments for each particular cohort, and are more likely to use
items that appeal to them in combinations that suit their immediate purposes. Outcomes
of ad hoc use of diagnostic items in practice are rarely disseminated in the research litera-
ture, so there is likely an extensive body of data in existence that is not published.

With these factors in mind, we have developed the following research questions aimed
at exploring the process of developing a diagnostic instrument for the purposes of teaching
practice and providing formative feedback to tertiary students.

e To what extent do concept items retain their validity when they are separated from the
instrument in which they originated?

e To what extent does the structure and format of diagnostic items impact upon students’
responses?

The context of this study was first-semester undergraduate general chemistry classes at five
large research-intensive Australian universities located in three Australian states (Institutions
1 &2 in Queensland, Institutions 3 & 4 in New South Wales and Institution 5 in Victoria). All
these classes are large, with between 250 and 1500 students enrolled depending on the seme-
ster and institution; cohorts typically include between 10% and 20% international students.
High school chemistry is a pre-requisite for entry into first-semester chemistry at only one
of these institutions. Thus, the combined cohort of students entering tertiary chemistry typi-
cally represents diverse prior learning experiences and understandings in chemistry.

To date no published instrument exists that is designed to provide strategic and con-
structive formative feedback to students about their conceptions. In this study, an instru-
ment with this aim has been validated. The provision of formative feedback is recognised
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as a transitional pedagogy (McInnis, James, & McNaught, 1995; Yorke, 2001) aligned with
high-impact assessment and feedback practices (Nicol & Macfarlane-Dick, 2006). This
manuscript reports part of a larger study (Lawrie et al., 2013; Lawrie et al.,, 2015) and
forms the continuation of our previous work developing diagnostic instruments for prac-
titioners (Lawrie et al., in review). The overarching aim was to partner tailored formative
feedback to students with associated remediation activities (Lawrie et al., 2016).

Methodology

The project team, 10 faculty members who identified as chemistry education researchers,
had substantial knowledge of the extensive published research in exploring student exist-
ing preconceptions and alternative conceptions in chemistry. As the first step in the
process of item selection and development, five core topic areas were selected to align
with topics taught in the general chemistry courses at all five institutions: phase change,
heat and energy, conservation of matter, aqueous solutions and equilibrium. This topic
choice was informed by research literature on concepts that present persistent difficulties
for students (Johnstone, 2010). The topics also aligned with five of the big ideas of under-
graduate chemistry that have been elucidated following an exhaustive process choreo-
graphed by the American Chemical Society’s Examinations Institute (Murphy, Holme,
Zenisky, Caruthers, & Knaus, 2012). For each of these topics, we were aware of validated
items that we could use or adapt for our instrument.

A process was established for the identification and refinement of items involving col-
lation and evaluation of published instruments on each topic to form clusters of five ques-
tions for each topic. Where necessary to complete a cluster, new items were developed
according to the methodology first proposed by Treagust (1988). Details of this process
together with perceptions of our faculty community of practice will be published separ-
ately (Lawrie et al., in preparation). The principles behind the OMC strategy represented
a viable mechanism for the provision of richer formative feedback to students than simply
informing them whether their answer was correct. This strategy enabled combination of
their incorrect responses within a specific topic cluster to highlight specific misconcep-
tions or ill-developed conceptions. As part of the process of adopting this approach,
items that had been sourced from existing instruments, which were not developed as
OMC items, were re-appraised by the project team to assign their distractors to different
developmental levels (Vosniadou, 2012), as described below for one cluster.

While considering the distractors for items in the diagnostic tool, the project team
deliberated extensively on the best approach to encourage students to answer authentically
so that effective formative feedback could be delivered. It was decided that, where feasible,
items would include a distractor ‘T don’t know’, to avoid ‘forcing’ students to guess and
then select one of the options randomly, which would result in delivery of ineffective feed-
back. Since our cohorts include students who have never studied chemistry before, there
will be some students who genuinely cannot answer some items. Our intention was to
encourage students to engage with the instrument so that we could help remediate their
missing or incorrect conceptions with tailored feedback. Also, if students are intimidated
by their lack of prior knowledge and feel unprepared when they encounter terms that they
have not heard, it is possible that some students may withdraw. The literature on including
T don’t know’ as an answer option does not present a consistent view (Haladyna &
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Downing, 1989; Haladyna, Downing, & Rodriguez, 2002). Note that the proportion of stu-
dents answering ‘T don’t know” was fewer than 2% for all items of our instrument.

After preliminary assembly of the instrument, all items were re-assessed to consider
content and face validity along with reliability (Wren & Barbera, 2013). A number of exist-
ing items required minor amendment to phrasing and terminology for the Australian
context while others were reworded to better align them to the topic cluster. A consistent
format and presentation in the display of items was adopted including modification of any
sub-microscopic representations, applying best practice in diagrammatic representations
of chemical structures (Tasker, 2014). The origin of all items that were used (Table
Suppl) and the changes made to each between 2013 and 2014 (Table Supp2) are provided
in the supplemental material together with the complete final instrument (Table Supp2).

Phase change cluster

Understanding of phase transformations is built upon the concepts of the particulate
nature of matter, intermolecular forces and fundamental ideas related to atoms and mol-
ecules. Significant knowledge regarding students’ understanding of phase change exists
(Bridle & Yezierski, 2012; Costu, Ayas, & Niaz, 2010; Johnson, 1998; Kirbulut & Beeth,
2013; Mulford & Robinson, 2002; Othman et al., 2008; Yezierski & Birk, 2006). The
project team decided that water should be the common substance for all items in this
cluster because the properties of water have been the focus of substantial educational
research, are used in instructional resources for related topics in general chemistry and
also have relevance to the real world. For example, item 4 in this cluster was derived
from the CCI (Mulford & Robinson, 2002) where the context was a glass of cold milk.
This was adapted from the original qualitative work published by Osborne and Cosgrove
in 1983 involving ice. We decided to return to the original focus of the item, that is, to
water for consistency in our item cluster. The cluster was thus designed to gain insights
into student understanding of the processes of boiling, evaporation and condensation of
water, and enable provision of relevant formative feedback.

It has been reported that the word ‘water’ is sometimes used by learners to mean any
liquid (Krnel, Watson, & Glazar, 2005; Solomonidou & Stavridou, 2000), which may imply
that water has an additional dimension when used to explore concepts and therefore could
represent a weakness in our decision to use only water as the context in the cluster.
However, those studies involved younger learners who were developing their language
in parallel with their conceptual understanding. It is also established that students’” devel-
opment of their conceptions changes over time because they experience ontological shifts
in their thinking (Tytler, 2000). In our study, it was assumed that first-year students rep-
resent adult learners who possess more sophisticated ontologies and epistemologies; hence
our choice of water as the common molecule should not be problematic.

Applying the underlying principle of OMC, the distractors for the five items within the
phase change cluster were classified into four categories (Figure 1). The categories chosen
for developmental stages of this concept are physical change (correct response), chemical
change, teleological responses and ‘I don’t know’. These categories were informed by the
body of research regarding students’ thinking around phase changes involving water and
also by published outcomes from the CCI (Barbera, 2013; Mulford & Robinson, 2002;
Schwartz & Barbera, 2014). The most common alternate conception is that water undergoes
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Answers Options:

Q1 Air

Water boiling, what

is in bubble Hydrogen gas & oxygen gas — ™\
Oxygen gas

water vapour

I don’t know

Physical change

Q2 Hydrogen & Oxygen gas
Water evaporating N
Water with H & O atoms —_

Nothing
H & O atoms N
water vapour X \
» Chemical change
Q3 forms bonds in new molecules ] \ /
f::;:honl heat breaks O-H within molecule - 4

break H-bond between molecules '
makes molecules larger take up more space

I don’t know '”

e

I\
Q4 water from ice, evaporates, condenses
Water condensing “

Teleological

water vapour in air condenses //

on a glass water from melted ice passes through gla7 .
hydrogen and oxygen in air combine ."'.

I don’t know

Q5 Nitrogen molecule heavier than water molecule
Water a liquid,
nitrogen a gas bonds between water stronger than nitrogen

Nitrogen molecule lighter than water molecule
bonds within water stronger than nitrogen

I don’t know

Figure 1. Classification of distractors into categories that describe different levels of student under-
standing for the phase change cluster.

a chemical change into hydrogen and oxygen molecules or atoms. Teleological explanations
were distractors that involved a purpose or a consequence (Talanquer, 2007; Talanquer,
2013). For example, air and oxygen gases are known to be dissolved in water in the
context of streams or fish tanks. Figure 1 illustrates the relationships between the distractors
and the categories, indicating how student responses to the items within the cluster can be
integrated to provide formative feedback based on the student’s level of understanding. It
can be seen that, while these items were not originally designed to function as OMC items,
this strategy could be retrospectively applied to the items in a meaningful way.

Heat and energy cluster

The topic of heat and energy is complex and is strongly related to learning progressions
associated with energy extending from primary school to tertiary education (Lewis &
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Linn, 1994; Prince, Vigeant, & Nottis, 2012). This is a critical topic in general chemistry
that, while considered widely in physics and engineering education research, has received
less attention in chemistry concept research. This may be due to the crosscutting nature of
the concepts that underpin bond energies, heat transfer, temperature, phase change and
equilibrium (Chu, Treagust, Yeo, & Zadnik, 2012). Items for this cluster were selected
or developed by the project team with the objective of providing students with feedback
specifically in regard to their understanding of the flow or transfer of thermal energy
and the breaking and formation of bonds.

Conservation of matter cluster

This cluster was designed to explore student understanding of the particulate nature of
matter in chemical reactions. We selected this topic to build on the outcomes of our
earlier study (Lawrie et al., in review) where students found it difficult to account for
atoms in a chemical reaction. The understanding of concepts of matter has been widely
researched, with many studies focusing on how students construct and apply their under-
standing from early conceptions and misconceptions (Kahveci, 2013; Stains et al., 2011;
Talanquer, 2016; Treagust et al., 2011).

An example of a modification that was made to an item to fit a cluster is for item Q15 in
this cluster, which had the stem ‘when a match burns, matter is destroyed’. This was orig-
inally a true/false question representing the first tier of a two-tier item in the CCI. Pub-
lished outcomes for this item indicated that it was too easy and non-discriminatory
(Barbera, 2013; Mulford & Robinson, 2002; Schwartz & Barbera, 2014). Thus, it was refor-
mulated into a single-tier item by embedding the reasoning from the second tier to form
the distractors to provide more effective formative feedback.

Aqueous solution cluster

Student understanding of speciation in aqueous solutions has been widely researched
(Devetak, Vogrinc, & Glazar, 2009; Dickson, Thompson, & O’Toole, 2016; Kahveci,
2013). Concepts related to this topic have attracted interest from researchers for a
number of reasons: insight is gained into students understanding of ionic bonding
(Othman et al., 2008), speciation is important for explaining experimental observations
such as precipitation (Tasker, 2014) and students struggle with quantitative calculations
relating to solution concentration and dilution (de Berg, 2011; Devetak et al., 2009;
Jansoon, Coll, & Somsook, 2009). It is well established that many students do not
possess a mental model of separated, hydrated ions in solution and this impacts on
their ability to apply simple ratios in dilution calculations. The focus of this cluster was
on the identity of dissolved species and the interpretation of concentration. Very few
items had been reported in the literature that suited the aim for this cluster and hence
four items were developed by the project team, informed by their prior research
(Dickson et al., 2016; Tasker, 2014; Tasker & Dalton, 2006).

Equilibrium cluster

Equilibrium has long been regarded as one of the most problematic areas for chemistry
students because it relies on several fundamental concepts that students must integrate
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(Bergquist & Heikkinen, 1990; Hackling & Garnett, 1985; Tyson et al., 1999). The inherent
scientific terminology, including words that have different meanings in everyday life,
makes this topic area particularly challenging (Johnstone, 2010). This topic was chosen
to address higher level conceptions typically encountered in high school chemistry that
are extended in the tertiary context. Since equilibrium concepts are central to understand-
ing multiple topics (e.g. solutions, acids & bases, phase transitions), it proved difficult to
collate existing literature items into a coherent equilibrium cluster so several items were
developed by the team. These items addressed concepts relating to Le Chételier’s principle,
dissolution, saturated solutions and graphical representations of concentration changes.

In 2013, the resulting 25-item instrument was delivered at the beginning of the first
semester of first-year chemistry at four of the institutions. While high school chemistry
preparation was recommended for enrolment at all five institutions, only Institution 1
required students to have this preparation; at the other institutions, between 10% and
30% of students had not studied chemistry before. All enrolled students were invited to
complete an online questionnaire (Qualtrics™) by email in week 1 of semester 1. Partici-
pation in this research study was on a voluntary opt-in basis through informed consent
and institutional ethical approval was gained. Demographic questions embedded in the
questionnaire enabled comparison of outcomes for students for whom English was a
second language (ESL).

Data were filtered for consent and completion, then combined and statistically analysed
(SPSS). Descriptive statistics included the mean and standard deviation values for each
item to obtain the % correct responses. Classical test theory was applied to determine
item difficulty, discrimination, effect size (Hedge’s g variation of Cohen’s d was applied
to account for different population sizes where applicable) and Cronbach’s alpha values
(for each cluster of five items as well as the whole instrument). The discrimination for
each item was determined through point biserial analysis regarded as most suitable for
dichotomous data. Data were also filtered to compare the outcomes for students who
had completed high school chemistry preparation with those who had not. Rasch analysis
was also completed to evaluate the instrument’s internal validity (Rasch, 1993).

While this instrument was intended ultimately to be a teaching practitioner’s tool, one
aim of this study was also to consider whether the items sourced from existing research-
based diagnostic instruments retained their cited ability to discriminate students’ con-
ceptions. Therefore, evaluation of the whole instrument and individual items has been
completed. Data were combined from all the participating institutions.

Results & discussion

To enable the provision of timely formative feedback to students, the instrument was
delivered online during the first two weeks of the first semester across four participating
institutions in three Australian states in 2013. A total of 1988 students attempted and 1132
students completed the instrument out of a possible 3517 enrolled students at the four
institutions. Three institutions included students within their cohorts who had not com-
pleted high school chemistry despite advice that this preparation was required for success.
Therefore, it was important to explore whether completion of high school chemistry
impacted substantially on student outcomes. These are presented for each item, filtered
by prior chemistry experience, in Figure 2. Significant differences were observed
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Figure 2. Percentage correct for each item in 2013, illustrating the impact of high school chemistry
(N=1089 prior high school chemistry, N=155 no prior high school chemistry). Asterisks indicate
significant differences.

between students who had completed high school chemistry compared to those who had
not for every item except Q7 and Q22, with medium to large effect sizes observed (¢ stat-
istics and effect sizes are provided in the supplemental material Table Supp3).

Classical test theory includes the determination of item difficulty (mean score for each
item) and evaluation of whether each item is able to discriminate between different levels
of student understanding (point biserial analysis). Seventeen items were found to lie
within the accepted ranges for difficulty (0.25-0.75) and discrimination (equal to or
above 0.3), highlighted by the box shown in Figure 3. Eight items were identified as pro-
blematic (numbered outside the box in Figure 3) including six that were insufficiently dis-
criminatory. One item was considered too difficult based on this analysis (Q15 in the
conservation of matter cluster) and a second item, while discriminatory, was deemed
insufficiently difficult (Q4 in the phase change cluster).
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Figure 3. Comparison of discrimination and difficulty for students who had completed high school

chemistry. ltems that are in the accepted range of values for a concept inventory are contained
within the box. Data are from 2013.
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While several items were identified as non-discriminatory (D < 0.3), they were retained in
their clusters because they complemented other items within the same cluster enabling OMC
diagnosis of alternate conceptions for individual students. Q18 and Q19 were evidently the
simplest items (greater than 75% students selected the correct answer); so they were substi-
tuted with newly developed items in the 2014 delivery of the diagnostic instrument.

A parallel measure of item difficulty is the logit scale derived from Rasch analysis, used
in previous related studies of the CCI items (Barbera, 2013, Lawrie et al., in review). Pub-
lished logit values for individual items have been compared with the values obtained in
this study (Table Supp4) and general agreement was observed, with major differences
only when an item was changed from two tier to single tier.

Rasch analysis of the whole instrument resulted in a Wright map representing the person
and item internal consistency (Cronbach’s alpha value of 0.81) and this has been displayed
to show items in their clusters (Figure 4). It is evident that the equilibrium cluster contained

PHASE HEAT & CONSERVATION AQUEOUS EQUILIBRIUM
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Figure 4. Wright map generated from Rasch analysis of the 2013 data (# represents eight participants).
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the most difficult conceptual items with all five items (Q21-25) displayed as positive logit
values. The aqueous solutions cluster has all five items (Q16-20) with negative logit values
indicating that this is the easiest cluster. This correlates with the data shown in Figure 3
where Q17-20 were highlighted as non-discriminatory and not very difficult.

Having validated the instrument and established that items drawn from literature and
new items could be combined to form a single instrument, several variables that might
impact on diagnosis of students’ prior understanding of chemistry were considered
more deeply. Linguistic (Johnstone, 1991; Taber, 2015) and cultural influences (Solano-
Flores & Nelson-Barber, 2001) on item validity are strongly dependent on the context
in which they are placed. In Australia, there is a significant cohort of tertiary students
for whom English is a second language (ESL); so it was critical to try to ensure that incor-
rect responses were not attributable to an issue of vocabulary or unfamiliar language usage.
A comparison of outcomes for students with English as their first language and ESL stu-
dents revealed significant differences for 11 items and these data are presented in Table 2.

Of the 11 items for which a significant difference was observed, the ESL students per-
formed better in 7 items. Many international students have completed up to 12 months
more of high school chemistry compared to Australian high school leavers; so it is inferred
that their additional experience of chemistry led to a higher level of conceptual under-
standing compared to Australian domestic students. Of the four items in which ESL stu-
dents performed worse than students who had self-identified as having English as their
first language, each possessed a potential barrier in the form of terminology either in
the item stem or the distractors. Vocabulary or terms that ESL students may not be fam-
iliar with included: ‘railway track’ (Q9); ‘fate’ and ‘ash’ (Q15); ‘dilution’ (Q17) and ‘evap-
oration’ (Q18). However, none of the statistical effect sizes is large for this variable; the
effect sizes are small for eight of the items, and small to medium for Q7, Q8 and Q17.

The above combination of psychometric analyses based on classical test theory con-
firmed that the instrument functioned as a valid diagnostic tool. However, several items

Table 2. Statistical comparison of the outcomes for the core concept instrument between students who
self-identified as ESL and the remainder of the cohort (N = 1087).

Concept English as first t Effect size

item Topic language M (SD) ESL M (SD) statistic ~ Significance  (Cohen'’s d*)

Q5 Intermolecular forces 0.74 (0.439) 0.82 (0.391) —2.194 .029 0.17
(nitrogen gas and water)

Q6 Definition of heat 0.60 (0.491) 0.74 (0.442) —3.752 <0.001 0.29

Q7 Energy transfer (bond 0.30 (0.459) 0.49 (0.501) —4.582 <.001 0.41
formation)

Q8 Bond energies (dinitrogen 0.22 (0.413) 0.40 (0.491) —4.515 <.001 0.42
tetroxide)

Q9 Heat effect (iron railway 0.71 (0.452) 0.63 (0.485) 2212 .028 0.19
expansion)

Q10 Heat and temperature 0.47 (0.499) 0.59 (0.493) —-2.837 .005 0.24
(plastic and metal)

Q14 Stoichiometry 0.74 (0.439) 0.83 (0.377) -2.807 .005 0.21

Q15 Conservation (fate) of 0.23 (0.421) 0.16 (0.371) 2122 .035 0.16
matter

Q16 Dissolution (calcium 0.65 (0.477) 0.76 (0.425) —3.157 .002 0.24
chloride)

Q17 Dilution (sugar solution) 0.76 (0.424) 0.60 (0.492) 4176 <.001 0.39

Q18 Salt solution evaporation 0.87 (0.333) 0.78 (0.417) 2.836 .005 0.28

*Values are Hedge's g variation of Cohen’s d taking into account the two different population sizes.
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were identified as requiring modification or substitution with the aim of developing a
more discriminatory and challenging suite of concept clusters. The project team also
decided that only single-tier OMC items would be used to improve the useful formative
feedback for students. Each item in the diagnostic instrument was considered in terms
of student outcomes, validity and reliability, difficulty and discrimination, as well as revi-
siting alternative conceptions that students selected. Details of the revision, reformatting
or substitution of items have been provided in the supplemental material (Table Supp5).

In particular, during this review process, the project team became aware of the role of
visual representation as potentially influencing how students answered an item (Cook,
Wiebe, & Carter, 2008; Crisp & Sweiry, 2006). It was noted that Q1 had been presented
in published studies with (Johnson, 1998; Osborne & Cosgrove, 1983; Othman et al.,
2008) and without (Mulford & Robinson, 2002) a supporting visualisation image (not
integrated into the item); hence a question arose in regard to whether this representation
provided scaffolding that supported students in their understanding. To explore this
further, the team developed a graphical representation of a beaker with bubbles. In
2013, all participating students were randomly assigned either a text only (QlA) or a
graphical version (Q1B) of the same item when they accessed their online questionnaire.
It was found that there was no significant difference in the outcomes for Q1A and Q1B for
students who had completed high school chemistry. However, there was a significantly
higher achievement by students who had no prior high school chemistry who had been
presented with the graphical version of the item (full data in Table Supp3). This indicated
that visual representations should be included in the selection of resources to scaffold
understanding. Use of diagrams and schematic representations within diagnostic items
should follow the best practice in chemical visualisation to avoid generating misunder-
standing (Tasker, 2014). Four other items (Q2, Q8, Q12 and Q17) contained a graphical
display of the molecular level information in the core instrument but there was no pattern
of higher achievement evident for these items compared with the text-only items.

In 2014, the primary goal for the project team was to deliver effective formative feed-
back to their own students; hence the delivery in terms of the timing and structure of the
instrument was highly variable. The diagnostic items were applied in separate concept
clusters rather than a single delivery of the entire instrument at three institutions, and
timing aligned with corresponding teaching activities and sequence of topics according
to the context and curriculum at each institution. Figure 5 illustrates the process and
timing; note that only two of the institutions in the study used all five clusters in 2014.

The student outcomes for individual items for Institution 1 was compared between
2013 and 2014, and data are presented in Figure 6. It is evident that there was a consistent
performance for items used in both these years. Improvements in performance in 2014
may be attributed in part to the timing of their delivery, with clusters of questions used
in parallel with the teaching schedule rather than all presented in week 1 as in 2013. It
can also be seen that students found some topics less challenging (phase change and
aqueous solutions) than others (conservation of matter and equilibrium). A complete stat-
istical analysis for the items used in both years is provided in the supplemental material
(Table Suppé).

It is evident that the approach of applying an OMC strategy to categorising distractors
provides rich feedback to the instructor in regard to the range of conceptions held by their
students but also in regard to troublesome concepts where the majority of the class opted
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Semester 1 2013

Weeks 1-3
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Weeks 1-3
25 Item Instrument

Semester 1 2014

Weeks 1-3
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Week 5
Phase Change
Week 6
Heat & Energy

Week 8
Aqueous Solutions,

Week 10

Weeks 2-5
Aqueous
Solutions

Weeks 3-7
Aqueous
Solutions

Weeks 7-10
Equilibrium

Weeks 10-12

Equilibrium

Equilibrium

Week 13
Matter Conservation

Figure 5. Timeline for the delivery of the concept clusters in 2014 illustrating the different applications
at each institution.

for one incorrect response. Of particular interest is the conservation of matter (Q15) where
less than 30% of students selected the correct answer in both 2013 and 2014 (Institution 1),
with the incorrect responses indicating that their misunderstanding of the concept implied
that heat possessed mass. The next step for the instructor is to use this information to
embed a learning activity that addresses students’ alternate conceptions, either as part
of the face-to-face teaching sessions or as a self-directed online learning module
(Lawrie et al., 2016, Lawrie et al., in review, Lawrie et al.,, 2015).

One further objective of this study was to explore the potential limitations of statistical
analyses that are commonly applied to concept inventory data relating to the number of
items considered. For comparison with 2014 data, the 2013 data were subdivided into
topic clusters and the discrimination index (point biserial analysis) was calculated for
subsets of five items as well as the full instrument (supplemental material Table Supp7).
The resulting data are difficult to interpret; it was observed that, when considered as

Phase Change Heat & Energy

Conservation of Matter

#2013 .
a0 2013

2014 2014

% Correct
% Correct

a6 a7 [e) Q9

8

% Correct
s a
&

Figure 6. Percentage of students correct for 2014 items; data for 2013 are included for items that
remained the same between 2013 and 2014. Asterisks indicate significant differences.
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Table 3. Cronbach’s alpha values for each topic cluster. The 2013 data were collected at a single time
point at the commencement of the semester and the 2014 data were collected at several time points
during the semester.

Phase change Heat & energy  Conservation of matter  Aqueous solutions  Equilibrium ~ Combined clusters

2013 0.63 0.44 0.55 0.45 0.62 0.81
2014 0.66 0.37 033 0.15 0.44 0.72

subsets of data in clusters, the discrimination of many of individual items dropped below
the acceptable limit of 0.3. In contrast, the discrimination of several items increased when
considered as a subset of data within their topic cluster (Q1, Q2, Q7, Q8, Q18, Q19, Q22
and Q23).

To further illustrate challenges in the statistical interpretation of data, the Cronbach’s
alpha values were calculated for each separate topic cluster and compared to the entire 25-
item instrument. These data are presented in Table 3. The reader is reminded that the 2014
data were collected at five separate time points during the semester; hence it is question-
able whether the alpha value of 0.72 for the combined data is valid. Cronbach’s alpha
values are known to be sensitive to both the number of items and the number of partici-
pants (Gliem & Gliem, 2003; Sijtsma, 2009; Tavakol & Dennick, 2011) and hence the low
values for each cluster reflect the subdivision into five items. This effect is illustrated by the
combination of the responses for the aqueous solutions and equilibrium clusters (10
items) for all participants across four institutions - the calculated Cronbach’s alpha
rises to 0.47 (2014) in comparison to the separate cluster values of 0.15 and 0.44.

While acknowledging the limitations of a small-item pool, the Cronbach’s alpha for the
phase change topic is higher than that for each of the other clusters (just below the com-
monly cited acceptable threshold of 0.7 for internal reliability). It is of interest to note that
the items within this cluster possessed the greatest degree of contextual integration in
terms of linked conceptions based on the choice of water as a common substance. It
appears that this cluster functioned well in increasing insight into student thinking and
enables the provision of useful feedback relating to alternate or missing conceptions. As
was shown in Figure 1, each alternate conception was probed through several distractors,
and so their combinations of responses can be used to engage students in a suitable learn-
ing intervention. The poor internal consistency for the other separate clusters reinforces
the tension between practice and research in the application of concept diagnostic tools.
For classroom practice, where the intention is to provide feedback, this may not represent
a hurdle; however, the outcome of this study indicates that further exploration is required
to develop small-item clusters for the purpose of researching the nature of alternate
conceptions.

Summary and recommendations for practice

We have developed a useful diagnostic instrument organised into five topic clusters that
can be delivered to support the timing and sequence of typical general chemistry
courses. The outcomes of this diagnostic instrument provided us with deeper insight
into the prior understanding held by incoming tertiary chemistry students enabling pro-
vision of formative feedback. We have included our complete instrument in the sup-
plemental material and encourage its adoption in teaching practice.
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Our data support the premise that it is possible to combine items sourced from multiple
instruments to suit a range of teaching contexts. As a research tool, psychometric analysis
of our data indicated that, when considered as clusters, subsets of five items demonstrated
reduced validity. However, the validity is sufficient for teaching practice where it is not as
important that an item be demonstrated as valid in each context of its use. Thus, items
sourced from validated and reliable instruments can be combined as needed; however,
the new instruments will require some degree of validation for the purpose of publication
(Adams & Wieman, 2011).

In this study, we established that use of a pictorial representation to support a text item
assisted students with a weaker background in chemistry to identify the correct response.
In the discipline of chemistry where it has long been known that some students struggle
with the macroscopic-submicroscopic-symbolic triad (Johnstone, 1991), supporting stu-
dents by providing another representation is recommended, especially in the context of a
diagnostic instrument being used to support learning rather than in a summative manner.
Finally, we recommend using simple yet precise language in concept items and avoiding
terms that are not necessary to test the concept under investigation and may confuse stu-
dents who face language barriers.
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