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Abstract

Structure—property reasoning (SPR) is one of the most important aims of chemistry education but is
seldom explicitly taught, and students find structure—property reasoning difficult. This study assessed
two design principles for the development of structure—property reasoning in the context of
demonstrations: (1) use of a POE task (predict—observe—explain) and (2) use of the domain-specific
perspective for structure-property reasoning, both to increase student engagement and to scaffold
micro-level modeling. The aim of the demonstration series was to teach structure—property reasoning
more explicitly to pre-university students (aged 15—-16). Demonstrations pertained to the properties
of metals, salts, and molecular compounds. The SPR instrument was used as a pretest and posttest to
gain insight into the effects on structure—property reasoning. In addition, one student (Sally) was
followed closely to see how her structure—property reasoning evolved throughout the demonstrations.
Results show that after the demonstrations students were more aware of the structure models at the
micro-level. The students also knew and understood more chemical concepts needed for structure—
property reasoning. Sally’s qualitative data additionally showed how she made interesting progress in
modeling micro-level chemical structures. As we used conventional demonstrations as a starting point
for design, this could well serve as a practical tool for teachers to redesign their existing
demonstrations.

This chapter was based on:

den Otter, M.-J., Dam, M., Juurlink, L.B.F., & Janssen, F.J.J.M (2021). Two Design Principles for the
Design of Demonstrations to Enhance Structure—Property Reasoning. Education Sciences, 11(9), 504-
523.
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4 1 Introduction

In chemistry, structure—property reasoning is considered to be one of the most important overarching
constructs (Talanquer, 2018). It is a type of chemical reasoning in which chemists explain the
macroscopic properties of a compound in terms of the structure level of this type of compound,
namely the particles, their organization, and interactions. The properties refer to observable
properties of compounds such as melting point, hardness, and solubility. Structure—property reasoning
is important for explaining and predicting properties of compounds. It is also critical for designing new
compounds with desired properties. Therefore, this type of reasoning takes a prominent place in
various curricula over the world including in the Netherlands (National Research Council, 2012;
Ottevanger et al., 2014).

Chemistry students generally have problems developing such reasoning resulting from rather
particular difficulties. The first difficulty is the requirement to switch between different levels of
thought within chemistry (Johnstone, 1982, 1991). When observable phenomena need to be explained
and interpreted at the micro-level, students must connect the two levels using models of particles and
their interactions. However, as students are mostly novices in structure—property reasoning, they tend
to stick with the macro-level observations and simply use former experiences to explain the properties
instead of using the micro-level models (Gabel, 1999). Reasons for this are being unfamiliar with the
micro-level models and experiencing difficulties with their interpretation, e.g., precisely how micro-
level particles interact to account for the observed properties at the macro-level.

The second difficulty in developing structure—property reasoning is that micro-level particles
cannot be seen with the naked eye or even with the best optical microscope. Consequently, structure—
property reasoning becomes rather abstract, and students draw on more general problem-solving
skills to solve chemical problems instead of on a deep understanding of structure—property
relationships (de Jong & Taber, 2015; Gabel, 1999).

The challenges associated with structure-property reasoning can largely be attributed to the
instructional approaches and organization of chemistry curricula. As most national curricula are
organized around chemical topics (chemical bonding, etc.) instead of explicit conceptual relationships
or cross-cutting forms of chemical thinking, teachers are not facilitated to explicitly teach structure—
property reasoning. As a result, students develop heuristics such as “surface similarity” (compounds
with similar appearances are compounds of the same group and thus they have the same properties)
to answer questions in this realm. However, students' comprehension of these structure-property
relations remains inadequate. (Cooper et al., 2013; Kozma & Russell, 1997; Talanquer, 2014).

Literature suggests that the teaching of structure—property reasoning should be explicit and
centered on the “core idea” of structure—property relationships (Stowe et al., 2019; Talanquer, 2018).
Students should learn to connect the real with the modeled world and to use structure models to
explain real chemical phenomena (Talanquer, 2018).

The use of demonstrations to show chemical phenomena has been suggested as a teaching
practice to explicitly teach structure—property reasoning (Kelly & Jones, 2008; Ramsey et al., 2000;
Treagust & Tsui, 2014). In conventional demonstrations, learning starts at a macro-level familiar to
most students. Teachers demonstrate real chemical phenomena, and students are expected to
observe what happens at the macro-level before the teachers provide a micro-level explanation for
the chemical phenomenon at hand (observe—explain demonstration) (Tsaparlis, 2009).

What is lacking in most of the typical observe—explain demonstrations is that: (1) teachers do
not let their students activate prior knowledge to build on what they already know and (2) most

48



teachers do not ask students to model micro-level explanations themselves (Tsaparlis, 2009). These
two imperfections of a conventional demonstration led to a twofold need: an approach in which
students can actively build on what they already know and a means to stimulate and guide micro-level
modeling by students in connection with a demonstration. The former may be done by predicting
outcomes prior to performing a demonstration. For the latter, an explicit scaffold for students’ micro-
level modeling may be introduced (de Jong & Taber, 2015).

In the study presented in this chapter, we designed and tested a demonstration-based lesson
series aimed at improving structure—property reasoning. For the design of the lesson series, we
explicitly used conventional demonstrations as a basis and applied two design principles: (1) the
introduction of a POE task (predict—observe—explain) to demonstrations (Hilario, 2015; Liew &
Treagust, 1998; Treagust & Tsui, 2014; White & Gunstone, 1992) to stimulate students’ engagement
and their modeling process and (2) scaffolding of the POE task with a domain-specific perspective for
structure-property reasoning (Janssen et al., 2020; Landa et al., 2020) in order to explicitly guide the
modeling at the micro-level for students in the “explain” phase of the POE task. This perspective for
structure-property reasoning consisted of a question agenda with questions on which type of
compound, which properties, and which type of particles. Next, the demonstration-based lesson series
was tested for the level of students’ structure—property reasoning as reproduction, understanding,
application and evaluation. We studied student engagement as they developed models for the
structure level for three dominant types of chemical compounds: metals, salts, and molecular
compounds. The learning objective for the students in the upper pre-university tier of secondary
education was to acquire these structure models. We performed the lesson series and investigated
how students reproduced, understood, applied, and evaluated structure—property reasoning.

4.2 Theoretical Framework

To improve students’ structure—property reasoning, it should be taught explicitly and be in line with
students’ macroscopic orientation (Gabel, 1999). This can be achieved by using real chemical
phenomena in which properties of substances are investigated (Talanquer, 2018). Students can be
effectively engaged with such real-life chemical phenomena by using demonstration experiments
(Hodson, 2014). Due to the way many teachers incorporate the demonstration into their teaching
practice, learning efficiency for the students is low. Although the students are engaged by questions
about what they have just observed, they are given few opportunities to discover for themselves how
to explain the chemistry phenomena using the structure-level models, let alone to discover and create
these models themselves. As a result, the demonstration is little more than a beautiful show and
learning efficiency remains low (Roth et al., 1997).

The question arises: to what extent are teachers able to offer students opportunities to think
for themselves during a demonstration? How can students be actively and explicitly engaged in
structure—property reasoning? Teaching practices that use conventional demonstrations are often
characterized by teachers presenting theory before the demonstration, thereby reducing students’
explicit engagement with structure—property reasoning. Consequently, students passively observe the
demonstration and opportunities for active learning are missed.

To overcome these problems described in the paragraph above, an active role for the student is
necessary (Crouch et al., 2004). Our first design principle, the addition of a POE task (predict—observe—
explain) (Hilario, 2015; Liew & Treagust, 1998; Treagust & Tsui, 2014; White & Gunstone, 1992) to
conventional demonstrations was intended to achieve this. In a POE task, students are challenged to
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learn actively by predicting the outcome of a demonstration and justifying their predictions. Next, they
describe what they observe during the demonstration, and, afterward, they explain their observations
and reconcile any discrepancy between their predictions and observations. This technique has been
frequently investigated over the years (Costu et al., 2011; Crouch et al., 2004; Hilario, 2015; Kala et al.,
2013; Karamustafaoglu & Mamlok-Naaman, 2015; Kearney et al., 2001; Kibirige et al., 2014; Liew &
Treagust, 1998; Mattox et al., 2006; Smith et al., 2010; Yaman & Ayas, 2015; Zakiyah et al., 2019, 2020).
Therefore, it is a known approach in science education research, but the implementation is lacking.
Besides fostering engagement, the POE task can be used to reduce misconceptions (Zakiyah et al.,
2019, 2020) and it can help students to improve their learning outcomes (Kibirige et al., 2014). The
POE task is also suitable for enabling students to model the structure level of a compound to explain a
certain property (Tien et al., 2007). Finally, it encourages students to engage in explicit structure—
property reasoning by connecting their macroscopic observations to their models of the structure level
(Mattox et al., 2006). We believe that these characteristics of the POE task, such as students’ active
engagement and the opportunities for students to model themselves, give the POE task potential to
reinforce demonstrations and improve students’ structure—property reasoning.

Adding a POE task changes the order of teaching activities for demonstrations (Figure 4.1). A
conventional demonstration has three steps: introduction or orientation, show and observe and
explain. In all three steps, the teacher takes the lead. Even in the observation step, teachers direct the
students’ attention to important observations (and distract them from undesired observations).

[ Traditional teaching practice for demonstration in the class |

SHOW OBSERVE EXPLAIN

teacher student teacher

Target teaching practice for demonstration in the class |

PREDICT SHOW OBSERVE EXPLAIN
students teacher students students

Figure 4.1. Conventional and target practice for demonstration in the class.

The target teaching practice of a POE task-based demonstration consists of an extra step
“predict”. In addition, all the steps (except for “show”) have become student-centered to get students
more engaged with the demonstration. In this way, students are challenged to reason using micro-
level structures to explain the demonstrated properties on the macro-level. For this, they can create
and use micro-level structure models.

When students start creating the micro-models in the “explain” step of the POE task, they need
to know the conditions for a micro—macro explanation. The students need insight into the underlying
structure of the explanation and the corresponding questions that can be asked to systematically
address the problem. A scaffold can be of assistance (van de Pol et al., 2010). Hence, we introduced
our second design principle: scaffolding of the POE task with a domain-specific perspective for
structure-property reasoning (Janssen et al., 2020; Landa et al., 2020)
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As illustrated in Figure 4.2, this perspective for structure-property reasoning consists of a set of
guestions (a question agenda) that experts in chemistry would unconsciously ask themselves when
dealing with structure—property relations (Janssen et al., 2020; Landa et al., 2020). For example, when
dealing with a problem about the potential solubility of poly-4-hydroxystyrene in a basic solution, one
needs to know—besides which substance and which property—which type of particles is involved
(polymer with hydroxy groups and basic particles) and which type of bonds (ion—dipole bonds) plays a
role.

Which substance or material does it consist of?
Which properties does it have?

Which particles?

Perspective for structure-property reasoning
Which bonds and interactions?

How are the particles organized?

Is there a relevant motion to the particles?

Figure 4.2: The six main questions of the perspective for structure-property reasoning: dark blue lines for the
macro-level questions, dotted orange lines for the micro-level questions.

Relative novices, as students mostly are, can use the question agenda to interrogate the
problem. In this way, the perspective for structure-property reasoning can act as a scaffold for the
students to model the structure models of the micro-level, which in turn can be used for explaining
the macro-level. Students need to get acquainted with the questions and the answers, i.e., chemical
concepts of this perspective for structure-property reasoning, to become proficient in structure—
property reasoning. In addition, the questions and answers can be seen as thinking tools for structure—
property reasoning. Figure 4.3 shows an elaborated version of the perspective for structure-property
reasoning with all the chemical concepts needed for structure—property reasoning explored in this
study.

In the “explain” phase of the POE task, students need to explain their observations. The
perspective for structure-property reasoning can therefore act as a scaffold to facilitate the students
in this phase. By answering the questions of the perspective, the students are scaffolded to the
appropriate chemical concepts needed to explain their observations.

The domain-specific perspectives can also act as a stepping stone to expand the required
chemical concepts needed for structure—property reasoning. When used repeatedly in multiple
settings such as lessons, new chemical concepts can be added to the question agenda, and questions
can be divided into several sub-questions. As students’ knowledge grows, the perspective for
structure-property reasoning grows, and more complex problems can be investigated. Furthermore,
the students’ knowledge will be organized by the perspective for structure-property reasoning. This
gives students an overview, and interdependences become clear (Janssen et al., 2020; Landa et al.,
2020).
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metals
salts
Which substance? molecular compounds
pure substance
mixture
hardness
. émelting point
Which property? .
conductivity
solubility

metal atoms

ions
Which type of particle?
non-metal atoms

molecules
Perspective for metal bond
structure-property ionic bond
reasoning . polar
Which force exists between covalant or atomic bond apolar

the particles
van der Waals force

intermolecular interaction dipole-dipole interaction

hydrogen bond

crystal lattice
amorphous

) ) metal lattice
How are the particles organized? e )
ionic lattice

atomic lattice

molecular lattice

As in a solid
How do the particles move? As in a liquid / solution

As in agas

Figure 4.3. Perspective for structure-property reasoning elaborated with the chemical concepts a student should
master in the fifth year of the pre-university track.

The two design principles served as the basis for our design study. We aimed to design
demonstrations with a POE task and the scaffold of the perspective for structure-property reasoning
to engage pre-university students in modeling the structure level of metals, salts, and molecular
compounds and to enable them to learn how to perform structure—property reasoning.

4.3 Materials and Methods

4.3.1 Research Design

Using a one-group pretest—posttest design, the effectiveness of a demonstration-based lesson series
with a POE task and the perspective for structure-property reasoning as scaffold was investigated. The
aim of the demonstration-based lesson series was to stimulate and develop students’ structure—
property reasoning. To be more specific, the students had to learn the chemical concepts, e.g.,
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hydrogen bridge or ions, that are associated with the micro-models of metals, salts, and molecular
compounds. Figure 4.3 shows all the chemical concepts offered in these demonstrations and thus the
learning objectives for the students. They also had to construct and apply the micro-models
themselves with the associated chemical concepts.

The activities were designed by the first author and piloted in her own teaching practice. This
pilot showed that the selected design worked well for the group metals and the group salts. For
molecular compounds, however, we noticed that students generally were not able to predict
properties. Consequently, we redesigned the lesson on molecular compounds (see “Overview of the
Lesson Series” below). The adapted lessons were again provided by the first author.

4.3.2 Setting and Participants
The lesson series was performed in two cohorts in a Dutch secondary school: cohort 18-19 and cohort
19-20. Table 4.1 shows the number, gender, and ages of students in both cohorts.

The students were in the fourth year of the pre-university track. In the third year, they had been
introduced to chemistry with an introduction to the topics: substances and their properties, particle
models, separation methods, chemical reactions, atoms, molecules, metals, organic compounds,
reaction heat, reaction rate, stoichiometry, fuels, and plastics. Our designed demonstration lessons
were part of a topic about chemical bonding. Before this course, the students had learned about Bohr’s
atomic model, mole, stoichiometry, and concentration.

Table 4.1. Composition of the two cohorts.

Year Students Male Female Age
Cohort 18-19 4 37 21 16 15-16
Cohort 19-20 4 16 9 7 15-16

4.3.3 Overview of the Lesson Series

The two design principles were incorporated into the lesson series which comprised three lessons of
50 min each. Properties of the three types of substances (metals, salts, and molecular compounds)
were demonstrated. Students then engaged in activities to discover the structure models underlying
some of the common properties of these three types of compounds (Figure 4.4).
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Demonstration 3
Properties of
molecular
compounds
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Demonstration 2
Properties of salts

Demonstration 1
Properties of metals

/ J
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I simplified '

@%@ 333

[ Underlying teaching models: target student models J

Figure 4.4 Overview of the lesson series.

Step 1: Predict (P)

The demonstration lesson series started with metals. Several metals were displayed on the teacher’s
desk, such as iron, copper, lead, aluminum, and zinc. First, the question agenda of the perspective for
structure-property reasoning was handed out to the students, and the teacher asked them to complete
this with answers suitable for the metals (to obtain their prior knowledge). Next, the students were
asked to predict the properties of this group of substances. These predictions of the properties were
collected in a class discussion.

Step 2: Observe (0)

Properties shown in this step were: general aspects such as color, phase at room temperature,
malleability, hardness, and electrical conductivity. During the demonstration, there was a class
discussion solely about the macroscopic properties of the metals. The order of the shown properties
was chosen to facilitate a step-by-step development to build on what students had already studied in
their third year (a more general particle model) toward a more sophisticated structure model of
metals, the learning objective for this course. The students had to observe the demonstrated
properties of each of these metals.

Step 3: Explain (E)
In this step, the students were asked to produce a structure model of the shown substance based on
their observations of the properties. They could use the question agenda from the perspective for
structure-property reasoning as a scaffold (Figure 4.1), and they discussed their models in small groups.
After that, their structure models were discussed in a whole-class discussion to enable the students to
test their own structure models. After approximately three iterations of the first student-generated
models, their models were compared with the commonly accepted teaching models.

The students were asked to create a structure model for the metals that explained the
properties shown in the demonstration. After the group discussions, the teacher discussed the
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common denominator of the student-generated structure models. Then, the teacher asked the
students to show how the property malleability could be explained in the structure model. After group
discussions, this was again discussed in the whole class. After that, the teacher asked the students to
produce two iterations: (1) to adapt the structure model to explain the hardness of alloys and (2) to
adapt the structure model to explain conductivity of electricity. Finally, students supplemented the
qguestion agenda of the perspective for structure-property reasoning from the beginning with the
discovered concepts and structure models.

More information about the demonstration lesson series can be found in the Appendix, where
the demonstration protocols for the metals, salts and molecular compounds are described (Appendix
2).

Based on the pilot, we used a slightly different approach for the molecular compounds. Students
found it difficult to predict the various properties of the molecular compounds. Consequently, they
found modeling of the underlying structures to be complicated, and thus less complex structure
models were needed to enable a constructive modeling process. For this reason, we simplified the
structure model of the molecular compounds by concentrating on the general molecular interaction.
In later lessons, this simplified model was explored by giving instructions about the various types of
molecular interactions. In addition, it appeared the students needed an explicit scaffold for the
modeling process. To offer this, we used the question agenda of the perspective for structure-property
reasoning to structure the demonstrations.

For these reasons, we adapted the structure of the demonstration lesson as follows: the lesson
started with the questions of the perspective for structure-property reasoning, and the class was asked
to give suggestions on which property should be demonstrated by the teacher for discovering the
answer to those questions (P phase). For example, to discover the type of particles, students could
argue that conductivity should be demonstrated to reveal whether the particles were charged.
Subsequently, all necessary properties, such as boiling point and conductivity, were demonstrated (O
phase) by the teacher, and the questions of the perspective for structure-property reasoning
concerning the micro-level were discussed together with the associated chemical concepts (E phase).
At the end of the demonstration for the molecular compounds, the students completed the
perspective for structure-property reasoning again. An additional advantage of this approach was that
it gave students the opportunity to explicitly practice the questions of the perspective for structure-
property reasoning.

4.3.4. Data Collection and Data Analysis

We gathered several types of data about the level of proficiency in structure—property reasoning using
a combination of quantitative and qualitative instruments. We gathered data using the SPR instrument
(structure—property reasoning instrument) (den Otter et al., 2022), which was developed in previous
research to estimate various aspects of structure—property reasoning at different levels of mastery. To
provide insight into how the demonstration-based lesson series impacted learning, we also gathered
data in the form of manifest student products (student structure models, perspectives) and audio
recordings of student group discussions.

The SPR instrument was administered as a pretest and posttest for both cohorts. Student results
on the pre- and posttests were compared statistically to determine significant growth in structure—
property reasoning. The SPR instrument consists of four tasks (see Table 4.2): an unframed and framed
sorting task and an unframed and framed mapping task, all four based on the perspective for structure-
property reasoning.
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Table 4.2. Description of SPR instrument.

Order Task Description Instruction

1 Unframed 16 problems on cards, all You received 16 cards with
sorting task  containing a structure aspect and problems. Sort these cards in

a property aspect, must be groups based on

sorted into groups. Each group underlying common chemical

should be given a name. concept.
Give each group an appropriate
name. Form at least 2 groups and
maximal 15 groups.

2 Framed 16 problems on cards, same as Shuffle your 16 cards and sort
sorting task  unframed, must be sorted into them

four groups, namely in the four groups as stated on

molecular/bonding, your worksheet:

molecular/lattice, ionic, metallic.  molecular/bonding,
molecular/lattice, ionic, metallic.
Every group should contain at
least one card.

3 Unframed Participants receive questions of  In front of you, you see the
mapping perspective for structure- guestions of the perspective for
task property reasoning (see Figure structure-property reasoning.

2). The questions should be A perspective is a way of

completed by guestioning your topic or

answers in form of chemical problem.

concepts. Creating hierarchy is Complete the questions with the

allowed. appropriate chemical concepts.
You are allowed to form a
hierarchy.

4 Framed Participants receive questions of  Again, you are given the
mapping perspective for structure- questions
task property reasoning (see Figure 2) of the perspective for structure-

and 30 chemical concepts. The
concepts should be placed under
the

appropriate question.

Creating hierarchy is allowed.

property reasoning.

Complete the questions with
the given 30 chemical concepts.

You are allowed to form a
hierarchy.

In the sorting tasks, the percent pairs (%P) for the structure level and the property level were
determined. The percentages of pairs of cards equal to pairs found in the ideal structure or property
sort formed by the participant were determined. The more similar a sort is to an ideal sort—either
structure or property—the higher the percent pairs will be.
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To provide insight into the type of group names the students used to categorize the formed
groups in the unframed sorting task, the group names were coded by type of category name with the
codes “referring to structure”, “referring to property” or “other”, as shown in Table 4.3. In the framed
sorting task, the framed difference (FD) score was determined. The FD score is defined by the number

of cards that are placed in a group other than the ideal sort.

Table 4.3. Coding scheme.

Codes Example of Group Names

Referring to structure Electrons, hydrogen bonds, atomic bond, lattice
Referring to property Hardness, density, conductivity, phase, solubility
Other Polymers...

In the unframed mapping, the number of given chemical concepts was counted and judged on
correctness. The given chemical concepts were compared to the reference map (Figure 4.3). In the
framed mapping task, the percentage of correctly placed chemical concepts was determined.

We also gathered qualitative data. These consisted of manifest student products (student
structure models, perspectives) and audio recordings of student group discussions. To gain insight into
how the demonstration-based lesson series impacted student learning, we chose to present a case
study in which we described how one student’s learning (Sally, cohort 19—20) was impacted by the
lesson series. Sally (a fictive name) was chosen because her learning progression was a clear example
of how students developed during the demonstration lessons. This student, Sally, collaborated with
three female students in one group. We collected Sally’s structure models about the topic of the group
metals (first demonstration) and audiotaped Sally’s group discussions. Resulting drawings and group
discussions were analyzed as follows. First, we transcribed Sally’s group discussions around the topic
of metals and compared these to the drawings that Sally made to map how the modeling process of
the structure level (for metals) progressed. Next, we analyzed in these transcripts how Sally’s group
spoke about the properties of malleability, hardness, and electrical conductivity and how these
properties were visible in their structure models. The main starting question for analysis was how the
group adapted their first structure model of metals and how they progressed to the final structure
model of metals.

4 4 Results

In this section, we first present the quantitative SPR instrument outcomes. After that, we present the
case study of Sally.

4.4.1. Pre- and Posttest by the SPR Instrument

Framed mapping task

The framed mapping task tested whether the students acquired the offered chemical concepts of the
perspective for structure-property reasoning. Table 4.4 shows that the number of correctly placed
chemical concepts increased significantly in the posttest. Students barely made any mistakes after the
demonstration series. This result shows that students acquired and understood the chemical concepts
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needed for structure—property reasoning. The students were able to connect the chemical concepts
with the corresponding question of the perspective for structure-property reasoning.

Table 4.4: Results of the framed mapping task.

Cohort Pre Post
Number of correct answers Cohort 18-19 27 33

Cohort 19-20 31 35
Percentage Cohort 18-19 74% 93%

Cohort 19-20 86% 97%

Unframed mapping task

Table 4.5 shows that the perspective maps created by the students were more comprehensive in the
posttest compared to the pretest. The students provided more answers, i.e., chemical concepts, and
their mapping was more comparable to the reference map. The results show that students were able
to reproduce the learned concepts. Furthermore, they understood and applied the learned chemical
concepts by connecting them to the corresponding question.

Table 4.5. Results of the unframed mapping task.

Number of Cohort Pre Post Difference
Answers Cohort 18-19 14 20 +6

Cohort 19-20 16 26 +10
Answers comparable Cohort 18-19 6 15 +9

with reference map Cohort 19-20 4 17 +13

Framed sorting task
The demonstration lesson contributed to greater proficiency in structure—property reasoning. Both
cohorts showed an increase in the %P-structure score in the posttest. Students’ sorts in the
predetermined categories (framed mapping task) were more similar to the ideal structure sort. This
probably means that after the demonstrations, students were more able to apply their acquired
knowledge of the perspective for structure-property reasoning to problems concerning structure—
property reasoning. Students were more able to evaluate these problems on the less visible structural
aspects such as type of particles or bonding.

In the framed sorting task, the data showed a decrease in the FD score in both cohorts (Table
4.6). This means that after the demonstration-based lesson series students made fewer mistakes in
sorting the problems into the appropriate predetermined categories. This applied specifically to the
categories of metals and salts where students were found to make considerably fewer mistakes. This
implies that the demonstration-based lesson series helped students to acquire structure models and,
in their application, to solve problems. Students found the difference between bonds and lattices in
the category of molecular compounds more difficult.
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Table 4.6. Overview of the results of the framed sorting task of the SPR instrument.

FD Score * Percent Pairs

Pre Post Difference
Cohort 18-19  Pre 7.8 Property 21% 18% -3pp
Cohort 19-20 6.8 20% 19% -1pp
Cohort 18-19 Post 6.8 Structure 31% 46% +15pp
Cohort 19-20 6.4 36% 38% +2pp

Note. * The FD score is defined by the number of cards that are placed in a group other than the ideal sort.

These predetermined categories helped the students to sort the problems into a structure level.
This can also be seen in the higher %P-structure score for the pretest and the posttest compared to
the unframed sorting task (Table 4.6 for the framed sorting task and Table 4.7 for the unframed sorting
task).

Table 4.7. Overview of the results of the unframed sorting task of the SPR instrument.

Category Name is Referring to Percent Pairs
Cohort Pre Post Difference  Pre Post Difference
Property 18-19* 74% 66% -8pp 70% 61% -9pp
19-20*  84% 58% -26pp 82% 71% -11pp
Structure 18-19* 3% 12% +9pp 8% 13% +5pp
19-20* 0% 25% +25pp 5% 9% +4pp

Note. * Cohort 18-19: Total number of categories produced in the pretest: 183; in the posttest: 189;
# Cohort 19-20: Total number of categories produced in the pretest: 75; in the posttest: 79.

Unframed sorting task

As shown in Table 4.7, students of both cohorts, mainly sorted on property aspects in both pretest and
posttest. This finding confirmed the pre-university students’ macroscopic orientation (Gabel, 1999;
Johnstone, 1991). Examples of these category names were melting point, density, and solubility. This
macroscopic orientation was also depicted in the high %P-property scores in the pretest and the
posttest of both cohorts (Table 4.7).

At the same time, Table 4.7 shows a noteworthy increase in the mean %P-structure scores in
the posttest. In other words, students’ sorts in the posttest were more similar to the ideal structure
sort. This result shows an increase in students’ proficiency in structure—property reasoning after the
demonstration lessons. As the questions of the perspective for structure-property reasoning were
derived from the way an expert thinks 19, we could say that the students’ evaluation of the problems

became more similar to that of an expert.
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4.4.2. Case Study Sally

To provide insight into how the demonstration-based lesson series impacted student learning, we
present the case study of one student. Sally was a female student enrolled in the 19-20 cohort who
was followed during the demonstration lesson on the topic of metals. She worked in a group with three
other girls: Ryanna, Cathy, and Fatima (fictive names).

During the demonstration lesson

FIRST STEP: PREDICT

As the lesson started, Sally received an empty perspective for structure-property reasoning and was
asked by the teacher to complete the questions for the group of metals. The resulting perspective (see
Figure 4.5 for Sally’s first perspective for structure-property reasoning, dotted underline) showed that
her prior knowledge of the metals—properties and structure models—was quite comprehensive,
meaning that her prior knowledge was good. Sally compared her personal perspective for structure-
property reasoning with that of others from her group in the subsequent group discussion, in which
the four girls discussed the six questions for the metals and tried to formulate appropriate answers.

valence electrons

neutrons

. Which type of particle?
metals -Which substance? ype of p protons
metal atoms
melting point
heat metal bond
conductivity
electricity Perspective for Which force exists between atomic bond
structure-property the particles van der Waals force
malleable -Which property? reasoning molecular bond
attractive force
firmness
shiny How are the particles organized? metal lattice
mixtable bouncing
How do the particles move? valence electrons

move through lattice

Figure 4.5. Sally’s complete perspective for structure-property reasoning before (gray dotted lines dots) and
additions after (gray lines and circled with a gray line) the demonstration lesson on metals.

The audio recordings of Sally’s group discussion revealed that her group started with the
guestion “type of substance” (Figure 4.5). Next, they discussed “type of particles”, and they named,
among others, valance electrons (Figure 4.5) because of their role in conductivity. They also discussed
“type of organization”, how the valence electrons move through the lattice and the regularity of this
lattice. They constantly switched between these two questions: “type of particles” and “type of
organization” (Figure 4.5). Then they switched to the properties of metals and talked about the
malleability, conductivity and mixability of metals (Figure 4.5, “which properties?”). Again, they
discussed the ability of valence electrons to move through the lattice (Figure 4.5, “type of particles”
and “how the particles are organized?”). At this point, they also named metallic particles. Then they
listed all the bonds they knew, looking for a bond that fitted for the metals (Figure 4.5, “which force
between the particles?”).

The teacher then brought the predictions of the properties together in a class discussion.
Together, the class named all the important properties of the metals, i.e., gray-colored, shiny after
polishing, hard, malleable, solid at room temperature and able to conduct electricity and heat.
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SECOND STEP: OBSERVE

In the demonstration, the teacher showed the properties of the metals. These were general aspects
such as color, phase at room temperature, malleability, hardness, and conductivity of electricity. There
was a class discussion solely about the macroscopic properties of the metals.

THIRD STEP: EXPLAIN

Sally’s group started with the general model for particles, as shown in the second column of Table 4.8,
and in their discussion, they immediately tried to consider the conductivity of electricity, something
they also named in their starting situation. They correctly suggested that valence electrons play a role
in conductivity and that a neat lattice is needed for these electrons to move. They used the same size
of circles for the particles in their drawing, showing that all the particles are equal. However, they paid
no attention to the fact that a metal is malleable in their discussion of their first models (Table 4.8,
column 2).

In the class discussion about the property malleability and the corresponding structure model, the
teachers drew the common divisor of all the drawings she observed: equal round particles in a neat
lattice. The teacher asked whether this structure model explained the property malleability. Sally
mentioned that a row of particles can be moved without obstructions, and she showed it to her
classmates in the drawing (Table 4.8, column 3).

After this adaptation of the structure model, the teacher asked the students to adapt the model
to explain the hardness of an alloy such as steel (Table 4.8, column 4). Sally’s group now recognized
that differently sized particles are not able to move along easily and that malleability decreases, as
Sally remarked: “With another substance in it, other particles which are larger or smaller” (Table 4.8,
column 4). In a short class discussion, the adaptation of the structure model was discussed.

To explain the conductivity of electricity, the students had to adapt their structure model again.
Sally’s group discussed the role of the negatively charged valence electrons again, but the girls did not
discuss the existence of the positively charged metal atoms. (Table 4.8, column 5). They correctly
recognized that these electrons move freely through the lattice.

In the class discussion, the role of valence electrons was discussed. The students said that these
electrons move freely: “they are playing tag”. The teacher discussed the positively charged metal atom
that appeared when a negatively charged electron moves through the lattice. The teacher asked the
students to explain the conductivity of heat using this knowledge. Sally’s group found it difficult to
explain, but they discussed that the shaking or movement of a particle might play a role.

The adapted structure model as drawn in Table 4.8 (column 4) was now used to explain the high
boiling point of metals. The teacher asked the class what was necessary on the structure level to obtain
a high melting point on the property level. Sally suggested a strong bond between the particles. She
also suggested that this strong bond originates in the attraction of positive and negative charges.
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Table 4.8. Students” modeling of metals.

First Model

1st Adaptation

2nd Adaptation

Final Model

T: Draw what a metal
looks like at particle
level.

C: Something like a
metal lattice, right?

R: Nicely arranged lattice
and space for the
valence electrons.

F: Are there neutrons,
uh, is there a neutron
and a proton together?
C: It looks like...

R: Current and heat
conductivity has
something to do with
the valence electrons.
S: So nicely arranged
that it can therefore
easily pass through.

F: Valence electrons go
just through.

C: Nice circles, even,
next to each other,
nicely arranged.

R: Do they have to be
straight next to each
other?

F: 1 think so, so this
way...

S: And then like this, like
building blocks. Building
blocks are also arranged
like this.

F: What was this called
again?

S: A metallic lattice.

S: A lattice is nicely
arranged.

T: Now we have this
model, can you explain
why a metal is
malleable? Draw!

R: Well, yes

S: Well, you can move
those things like this.
S: Look at this. This is
what it looks like. Look, |
moved it.

R: | got that, too.

T: Adapt your drawing so
that it is not malleable
anymore.

S: With another
substance in it, other
particles which are larger
or smaller.

F: Oh so. They are all
different sizes now and
then it can’t deform
anymore.

R: If it is pure, it is easier
to deform than if it is an
alloy.

S: An alloy can bend less
easily than a pure
substance.

T: Adapt your model so
that it explains the
property conductivity.
C: That current that
conducts between all
those things, doesn’t it?
R: With those valance
electrons that go
everywhere in between.
F: Are those valence
electrons very small
then?

C: 1 don’t know.

R: They can move freely.
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The last step of the lesson was the completion of the perspective for structure-property
reasoning again, now with all the concepts learned in this lesson (see Figure 4.5 for Sally’s result; circled
with a gray line). In a class discussion, the appropriate concepts for the metals were formulated for
each question of the perspective.

Results of SPR instrument of Sally’s group before and after the demonstration lesson series
One week after the exam and five weeks after the last demonstration lesson, the students were asked
to perform the SPR instrument as a posttest. Part of this test was the unframed mapping task, in which
the students had to complete the questions of the perspective for structure-property reasoning with
the appropriate chemical concepts. The personal perspective for structure-property reasoning showed
the knowledge organization of the individual students. Sally’s perspective for structure-property
reasoning (Figure 4.6) was very complete and comparable to the reference perspective for structure-
property reasoning (Figure 4.3). Some chemical concepts were missing from her perspective for
structure-property reasoning, mainly on the question “which type of particle?” (Figure 4.6). This
concerns the concepts of metal and non-metal atoms and molecules.
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Figure 4.6. Posttest perspective for structure-property reasoning of Sally, derived from the SPR instrument,
unframed mapping task.

Sally’s unframed sorting task showed a macroscopically orientated sort in the pretest. She used
four categories: solubility, conductivity, melting point, and hardness. These are the same categories
that she also used in her posttest. Her %P-property scores in the pre- and posttest were 72% and 84%,
respectively, meaning that her sorts were comparable with the ideal property sort, underlining her
macroscopic orientation in these sorts. In the framed sorting task, she had a lower FD score in the
posttest (decrease from 10 to 5). Her %P-structure increased from 29% in the pretest to 44% in the
posttest. With the predetermined categories in the framed sort, Sally was able to evaluate the
problems on structural aspects after the demonstration series. This suggests that Sally increased her
proficiency in structure—property reasoning.
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4.5. Conclusions and Discussion

This chapter describes two design principles for demonstration-based lessons aiming to help students
develop structure—property reasoning. The two design principles were: (1) adding a POE task to
demonstrations to stimulate students’ engagement and their modeling process and (2) scaffolding of
the POE task with a domain-specific perspective for structure-property reasoning (Janssen et al., 2020;
Landa et al., 2020) to explicitly guide the modeling at the micro-level for students in the “explain”
phase of the POE task. For the design of the lesson series, we explicitly used conventional
demonstrations as a basis. The demonstration-based lesson series design with these two design
principles was tested in two cohorts of upper pre-university students to investigate the effects of the
two design principles on the level of their structure—property reasoning.

First, the results of the SPR instrument indicated that the demonstration series contributed to
students’ proficiency in structure—property reasoning. The unframed and framed mapping task of the
SPR instrument showed that most students acquired and understood the chemical concepts needed
for structure—property reasoning. In the framed mapping task, all students matched 97% of the given
chemical concepts with the associated question of the perspective for structure-property reasoning.
In the posttest, the unframed mapping tasks were notably more comprehensive. Furthermore, the
framed and unframed sorting tasks showed that students were better able to apply their acquired
knowledge to problems concerning structure—property reasoning in the posttest. Students were also
found to use more structure—property reasoning to evaluate and sort the types of problems that they
were presented with in the posttest. The unframed and the framed sort in the posttest bore a greater
resemblance to an ideal structure sort. Students also placed more cards in the “correct” category in
the framed sort. In the unframed sorting task, the students used more category names referring to the
structure level.

Considering design principle 1, adding the POE task, our data showed that the POE task engaged
students in modeling of the structure level and, therefore, in acquiring structure level understanding.
The qualitative data of Sally and her classmates (cohort 19-20) started with the general model for solids
to explain the first property demonstrated. Sally and her classmates extended this model step-by-step
by reviewing the model for the other demonstrated properties. Finally, they came to a model that
explained all demonstrated properties of metals. During classroom reasoning, we could see that the
properties demonstrated—solid at room temperature, malleability, hardness, and conductivity of
electricity—were used to create, extend, and test their structure models. Moreover, Sally’s perspective
for structure-property reasoning from the posttest (Figure 6) showed that she had acquired all the
chemical concepts needed for proficient structure—property reasoning. In this study, we only followed
the learning progression of one student. In further research, the learning progressions of a bigger
group of students should be investigated.

Literature shows that one of the difficulties students experience with structure—property
reasoning is the connection between the macroscopic level of the properties and the micro-level
where the structure models emerge. Due to their inexperience, students tend to start their reasoning
from their macroscopic orientation (Gabel, 1999; Johnstone, 1991). By adding the “predict” step and
the student-centered “explain” step, in which students actively construct the structure models and
explain the predicted and observed properties, students had to make explicit connections between
the two levels of representations. This might increase their proficiency in structure—property
reasoning.
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The qualitative data—Sally’s drawings and her discussions with her classmates—also showed
that the addition of the POE task to the demonstrations gave the students the opportunity to model
the structure level themselves. After adapting her prior particle model of a solid (see the second row
in Table 4.8), Sally formulated a structure model of metals that explained the demonstrated properties.
It appears that the POE task facilitated students in the modeling process. Interestingly, the data also
showed that this modeling process appeared to consist of several stages. Sally and her classmates did
not merge all the shown properties into one comprehensive structure model in one take. Instead, the
group first constructed a tentative model based on their prior knowledge and a general particle model
and then extended this tentative model step-by-step into a more extensive model so that it could
continue to explain new properties. In this way, Sally and her classmates explicitly commuted back and
forth between properties and structure models. Such an iterative modeling process and back-and-forth
thinking between properties and structure require the teacher to scaffold this well, e.g., by showing
the properties in an order that supports an iterative modeling process.

Considering design principle 2 (scaffolding of the POE task with a domain-specific perspective
for structure-property reasoning) the SPR instrument—especially the unframed and framed mapping
tasks—showed that students’ perspective for structure-property reasoning was more developed in the
posttest. Developing the perspective for structure-property reasoning also increased its value as a
scaffold for the students. By obtaining the answers—the chemical concepts—to the question agenda,
the students acquired the tools for structure—property reasoning. Furthermore, these chemical
concepts were connected in functional coherence in the perspective for structure-property reasoning.

Normally, students learn the chemical concepts, and as a next step, they apply these concepts
in specific situations. In these demonstrations, students developed the chemical concepts in a context
of structure—property reasoning. During the modeling process, the students had to work through the
guestion agenda of the perspective for structure-property reasoning several times, in an iterative
process. Each time the perspective for structure-property reasoning was extended, more options
became available. These added concepts increased their proficiency in structure—property reasoning,
and the students were able to question more complex and increasingly varied problems.

It is known from literature that one of the difficulties of structure—property reasoning that
students experience is the invisibility of the structure level 5. The structure level cannot be seen with
the naked eye or through a microscope and models are needed to describe it. Because of this,
structure—property relations become abstract and students are prone to misconceptions and
experience various difficulties in solving problems (de Jong & Taber, 2015; Gabel, 1999). In our study,
the use of the perspective for structure-property reasoning gave the students a scaffold to support the
reasoning process by offering the concepts and the questions from the question agenda in coherence.
Furthermore, the question agenda of the perspective gave the students insight into domain-specific
reasoning. It enabled them to reason more like experts by questioning the problems with the aid of
the question agenda. In sum, the perspective for structure-property reasoning with its questions and
the associated chemical concepts will increase the proficiency in students’ structure—property
reasoning and will help them to solve problems with structure—property relations in the future.

The design of the demonstrations and the modeling process by the students worked best for
metals and salts, as can be seen in the results of the framed and the unframed sorting tasks. These
groups of compounds are well-defined groups with clear structure—property relations and hardly any
exceptions. The molecular compounds group was more difficult to demonstrate due to its complexity
in terms of properties but also in terms of structure models: various types of bonds and lattices. This
could probably be solved by dividing this group into several sub-groups of molecular compounds based
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on properties such as solubility and/or boiling points. In our demonstration, the problem was solved
by reversing the design. Instead of asking them to model the structure level of molecular compounds,
the students were asked to design appropriate demonstrations to help them find the answer to the
guestions of the perspective for structure-property reasoning. This change of design was beneficial for
teaching the students the perspective for structure-property reasoning and thus for the explicit
teaching of structure—property reasoning.

Both design principles helped to promote structure—property reasoning among students.
However, these principles will only be used in day-to-day practices and on a wider scale if teachers
estimate the principles to be practical. We know from the literature that teachers judge innovations
to be practical based on three criteria: (1) the teaching practice needs to contain instrumental content
so that teachers know how it will work in their setting; (2) the teaching practice needs to be congruent
with teachers’ goals and regular teaching practice; and (3) the teaching practice should be low-cost in
terms of time and energy that need to be invested (Doyle & Ponder, 1977; Janssen et al., 2014). In the
present study, we used existing demonstrations as a starting point for redesign. We used the design
principles to adapt these demonstrations. We expect that using existing elements (high
instrumentality), a redesign close to teachers’ existing teaching practices and materials already present
(high congruency and cost-effectiveness) and the small change of the order of existing building blocks
(Figure 1) amounts to high practicality for teachers. As demonstrations could be an important online
teaching method in the present time of COVID-19, and as a weakness of online teaching is the lack of
interaction with students, the addition of a POE task to demonstrations could increase the interactions
with students making the online demonstration minds-on.

The combination of the two design principles together could be used in any situation in which
students (from primary school to higher education) are asked to develop a model to explain
phenomena. This is not only the case for science-related subjects but also, for example, in economics,
social studies, geography or linguistics (as part of teaching a language). For the modeling of
phenomena, the POE task could be used in the same manner each time, but for each domain, a
different domain-specific perspective should be used. The perspective could act as a thinking frame
for the students, and this might enhance the domain-specific way of thinking. Further research is
needed for the development and implementation of both the perspective for structure-property
reasoning and the other domain-specific perspectives.

One lesson series to develop the perspective for structure-property reasoning, associated
chemical concepts and proficiency in using the question agenda of the perspective for structure-
property reasoning is clearly not enough. Repetitive use of the question agenda and application of the
chemical concepts in several assignments and tasks would be needed to mature structure—property
reasoning. The lesson series described here could be the start of systematic use of the perspective for
structure-property reasoning for explicit teaching of structure—property reasoning. Further research
could aim to develop strategies (tools) for teachers to design additional lessons using the perspective
for structure-property reasoning.
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