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Abstract

One of the biggest challenges when teaching chemistry at the elementary and secondary
levels arises from the conceptual gap between the ontology of macroscopic objects and
agents and an ontology where the relevant objects behind macroscopic phenomena are,
in fact, inaccessible to our senses. This work employs tools from the general philosophy
of science to uncover the implicit ontology of school chemistry, offering an analysis that
aligns with Talanquer’s proposition of a structure—property progression in chemistry learn-
ing. This is achieved through examining the distinction between two different theoretical
functions in our science: modeling interactions and providing general structural frame-
works. We envision that our proposal will help teachers when guiding the conceptual tran-
sitions of students along their learning progression.

1 Introduction

In the opening lines of his renowned book “The Nature of the Physical World,” Sir
Arthur Eddington discusses two tables: a solid one on which he can rest his hands,
and a second one composed of minuscule particles, essentially made up of empty

< Federico Benitez
federico.benitez@unibe.ch

Diego Maltrana
diego.maltrana@pucv.cl

Rosa Guifiez
rosa.guinez @ gmail.com

Ana Herrera
a.herreram @ gmail.com

Alvaro Jara

alvarojaray @ gmail.com

Pontificia Universidad Catdlica de Valparaiso, Valparaiso, Chile

Escuela de Ingenierfas y Tecnologias, Universidad Gabriela Mistral, Santiago, Chile

University of Bern, Bern, Switzerland

Published online: 04 September 2024 | Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11191-024-00555-7&domain=pdf
http://orcid.org/0000-0001-7978-970X

D. Maltrana et al.

space—completely dissimilar to the first table. The progress of science has repeatedly
demonstrated that things are not as they appear to us. Navigating this conceptual shift is
one of the most crucial objectives of formal education in modern societies.

Within the realm of science education, no other subject is as transformative in shap-
ing our perception of the world as chemistry. One could argue that the primary role
of chemistry in formal education is to instill in students a new worldview, completely
detached from their sensory experiences. In this paradigm, the behavior of chemical
substances is interpreted in terms of invisible, intangible objects (Johnstone, 1993). It is
a profound departure from common sense to assert that the substances we encounter are
composed of atoms, that all our experiences can be reduced to combinations of a few
elements, and that the diversity of observed properties emerges from the interactions of
these elemental entities. Such a shift necessitates adopting an ontology entirely different
from what our senses report. This alteration of reality raises subtle metaphysical ques-
tions that warrant philosophical inquiry.

The roots of this discussion can be traced back to Lavoisier and the origins of the
discipline, but it was Mendeleev who explicitly addressed the issue when he proposed
a periodic system for the elements. He argued that these elements should not be viewed
as simple substances but rather as metaphysically inaccessible entities, of which we can
only know one property—their atomic weight (Labarca, 2016; Scerri, 2020).

The transition to understanding sub-microscopic entities presents significant cog-
nitive challenges, creating complex problems for teachers to tackle. Let us consider a
concrete example: a student is given the task of distinguishing between two samples of
yellow dust, one of sulfur (S) and another of lead oxide (PbO). In such a scenario, the
comparison is drawn between substances that appear similar at the macroscopic level
and possess comparable structural patterns without further intervention. Herein lies the
task for chemistry teachers—to persuade students that these seemingly alike objects
are actually composed of distinct entities—microscopic particles—that also serve as
the foundational concepts for other essential chemical notions, such as differentiating
between elements and compounds. Convincing pupils of this notion is crucial for build-
ing a solid understanding of chemistry.

The distinction between the macroscopic and microscopic levels has deeply influ-
enced the discourse on chemistry education, most notably through Johnstone’s well-
known triad of thinking levels (Johnstone, 1991, 1993, 2000). In an effort to enhance
the teaching and learning of chemistry in schools, Johnstone proposes classifying
chemical thinking into three levels: the macroscopic level, which deals with tangible
objects; the sub-microscopic level, involving atoms, molecules, ions, and other chemical
structures; and the symbolic level, representing concepts expressed through equations,
symbols, and graphs. These three levels can be depicted as vertices of a triangle, under-
scoring their interconnectedness (see Fig. 1). While Johnstone does not assign superior-
ity to any particular level, he acknowledges that the explanatory power of chemistry is
grounded in the sub-microscopic level. Interestingly, although Johnstone never explic-
itly approached the triad from a metaphysical perspective, it becomes evident that the
macroscopic and sub-microscopic levels presuppose the existence of two distinct levels
of reality. Similar to Eddington’s table analogy, the ontology of water as a macroscopic
substance differs significantly from the ontology of hydrogen and oxygen atoms engag-
ing in continual interactions.

Despite its significant influence, Johnstone’s contribution has not fully addressed the
learning challenges faced by students. When grappling with explanations related to mix-
tures or chemical reactions, research has demonstrated that students often conceptualize
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Fig.1 The three basic compo- Macro
nents of chemical descriptions. :
From Johnstone (1993, p. 703)

Sub Micro Representation

an (incorrect) intermediate level between the macroscopic and the submicroscopic,
known as the semi-particulate level (Galagovsky et al., 2003). Within this framework,
students attribute macroscopically observable properties to sub-microscopic particles,
for instance, associating red color and malleability with copper atoms. Thus, while
Johnstone’s triad implies an ontological distinction between the macroscopic and sub-
microscopic levels, it alone does not offer complete solutions to the learning difficulties
encountered by students during the transition between these levels. These difficulties
are often referred to as erroneous (Sanders, 1993; Ozalp and Kahveci, 2015) or alterna-
tive conceptions (see Chi et al., 1994; 2008). These terms denote non-scientific ideas or
explanations that stem from students’ belief systems or prior experiences before formal
education, influenced by their culture and general context, ultimately impeding their
acquisition of accurate scientific concepts. The process of transitioning from alterna-
tive conceptions to conceptual change, understood as learning that modifies pre-existing
concepts (Chi et al., 1994), faces a hurdle linked to the ontological assumptions under-
pinning the explanatory discourse used in the classroom. This work aims to explore this
aspect and highlight its significance.

We firmly believe that the ontological distinction between the macroscopic and
submicroscopic realms is a pivotal element for unlocking a profound understanding
of chemistry. This viewpoint is also shared by Talanquer (2018), who underscores the
importance of considering the interplay between the macroscopic and submicroscopic
levels when explaining the phenomena studied in school chemistry.

Talanquer draws upon well-established notions of conceptual change and types of
human reasoning (Brown, 2014; Chi, 2008) to explore the progression that students
undergo as they attempt to explain the properties of macroscopic substances in terms of
their composition.

Throughout this learning process, Talanquer identifies intermediate stages of expla-
nation that gradually become more sophisticated in terms of chemical knowledge.
These stages represent the changing notions that students grapple with as they develop
a deeper understanding of chemistry and its underlying principles. By comprehensively
exploring the evolution of student reasoning, Talanquer sheds light on the complexity of
conceptual change in chemistry education.

In this study, we build upon the understanding that ontological confusions present a sig-
nificant obstacle to the effective learning of chemistry, as evidenced in existing literature.
We see this as an opportunity to make a meaningful contribution to chemistry education by
incorporating perspectives from the philosophy and metaphysics of science.
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Specifically, we demonstrate that Talanquer’s proposal for a progression in the teaching
process in schools is rooted in the recognition and resolution of these ontological confu-
sions. By employing theoretical tools derived from the philosophy of science, we show
how these confusions can be effectively dissolved.

Taking our metaphysical analysis further, we argue that, at the level of school chemistry,
it is more appropriate to perceive macroscopic substances not as actual entities but rather
as patterns or structural bundles of regularities that emerge from the interactions of more
fundamental (submicroscopic) substances.

We firmly believe that such theoretical tools will prove invaluable to chemistry teachers,
and it should be an essential topic for discussion and analysis during the training of future
teachers. By embracing the insights from philosophy and metaphysics, we aim to enhance
chemistry education and contribute to a deeper and more comprehensive understanding of
the subject for future educators.

The structure of this work is as follows: Sect. 2 provides a concise overview of the issue
of identifying ontological levels within chemistry education. In Sect. 3, we follow Talan-
quer’s ideas to demonstrate how each stage of learning is based on expanding a structural
understanding to encompass more aspects of macroscopic phenomena. Section 4 explores
how certain concepts from the general philosophy of science and scientific metaphysics
highlight the connection between interactions and material objects. Additionally, it empha-
sizes that a significant portion of scientific descriptions focuses not on interactions or
objects, but on structural frameworks. This has implications at both the ontological and
epistemic levels, which we believe are pertinent to science education. Section 5 serves as
the bridge between these philosophical concepts and the findings of Talanquer, illustrating
how the former provide a solid foundation for the latter. It enables a deeper comprehension
of the challenges that students encounter in their learning process. Section 6 briefly dem-
onstrates how our proposal aligns naturally with current didactic strategies, such as mode-
ling, by explicitly linking it to relevant examples from existing literature. Finally, in Sect. 7,
we present our conclusions summarizing the key insights and contributions of our work.

2 Ontological Issues in Chemistry Education

Science teachers often encounter a common issue in the classroom: despite providing stu-
dents with similar conditions and learning opportunities, only some of them successfully
make the desired transition to a new conceptual framework. Harrison and Treagust (2001)
shed light on this matter, explaining that the problem lies at the ontological, epistemic, and
socio-affective levels.

On the ontological level, the authors highlight that students tend to unjustifiably transfer
macroscopic properties to microscopic entities. For instance, in a case study, it is shown
that when teaching the concept of particles, various analogies are used, inadvertently lead-
ing students to overlook the microscopic nature of particles. Furthermore, students may fail
to recognize that macroscopic properties are a product of the interactions and behavior of
these microscopic constituents. These analog models can unwittingly reinforce the notion
that causal explanations function solely at the macroscopic level, resulting in ontologi-
cal confusions. This becomes apparent in the erroneous transitions students make in their
explanations when they describe microscopic entities with macroscopic characteristics or
properties.
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In a similar vein, Chi et al. (1994) stated that the essence or metaphysical standing of the
concept of interest needs to be adjusted along the path of conceptual change. In essence, it
is crucial to address the fundamental understanding of the concept, particularly when deal-
ing with the transition from macroscopic to microscopic levels in scientific explanations.
By recognizing and addressing these issues at the ontological level, science educators can
better support students’ conceptual change and foster a deeper understanding of the subject
matter.

Along the same lines, Ozalp and Kahveci (2015) conducted an inquiry into students’
understanding of the concept of particles and found that students often attribute macro-
scopic properties to submicroscopic entities. For instance, they may believe that the shape
of a water droplet is directly associated with water molecules, or that molecules behave
like melting ice cubes as temperatures rise, thus transferring their common-sense knowl-
edge to the submicroscopic realm. Similarly, students tend to associate characteristics of
gold atoms with the hardness and brightness of jewelry they have personally encountered
or culturally integrated. They may also mistakenly believe that atoms and molecules can
be observed under a microscope, similar to how they observe cells in their biology class.
Additionally, students may link color and smell to these submicroscopic particles. When
considering fluids, they commonly conceptualize particles as small spheres of fluid, mov-
ing in contact with one another, which is a misconception also found among adults.

In summary, students face difficulty in distinguishing between submicroscopic particles
and the macroscopic world they constitute. This inability to differentiate between two dif-
ferent realms of phenomena and recognize their causal dependency is what we refer to as
a case of ontological confusion. Students struggle to identify the interactions of submi-
croscopic entities as the underlying cause of the properties and characteristics observed
in macroscopic objects and events. Addressing and resolving these ontological confusions
is crucial to supporting students’ conceptual change and fostering a more accurate under-
standing of chemistry and its submicroscopic nature.

Another classic example of these issues arises with acid—base theory, where erroneous
conceptions are sometimes reinforced by standard textbooks. These textbooks may loosely
traverse from the macroscopic to the submicroscopic level, rather than focusing on the
central ideas (Paik, 2015), leading to misleading or inaccurate explanations and applica-
tions (Quilez, 2019). As a result, students’ understanding of chemistry is hindered (Quilez,
2021).

When it comes to acid—base phenomena, students often mix their explanations by refer-
ring to microscopic entities such as protons or hydroxide ions but attributing to their prop-
erties and characteristics observed in the macroscopic reactions, such as the colors they see
in the lab. They also struggle to grasp the concept that the same species can act as an acid
or a base depending on its interaction with other substances. This highlights the fact that
students fail to assign the explanation of the phenomenon to the interaction of entities at
the submicroscopic level, and instead, they remain at the macroscopically observable level.

The enumeration of such conceptual mistakes could continue at length, and several
recent descriptions of these issues can be found in the literature (Chi & Roscoe, 2002;
Goémez et al., 2006; Ayas et al., 2010; Kahveci, 2009; Nyachwaya et al., 2011; Ozmen,
2008; Tsitsipis et al., 2011; Bridle and Yeziersky, 2012; Muniz et al., 2018; Lemma &
Belachew, 2022). The underlying categorical mistake remains the same: students assign
macroscopic properties or characteristics to submicroscopic entities without fully under-
standing that it is the interaction of objects at an entirely different ontological level that
causally explains chemical phenomena. This ultimately hinders students from progressing
towards a scientifically accurate conceptualization of matter. Addressing and rectifying
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these conceptual challenges is crucial for facilitating a deeper and more accurate under-
standing of chemistry among students.

Indeed, authors such as Posner et al. (1982) (cited in Harrison & Treagust, 2001) have
provided analyses of these issues primarily in epistemic terms. However, there is a clear
affinity between their ideas and the diagnosis we have presented. The relationship between
conceptual change and ontology is explicitly explored in the works of authors like Chi
et al. (1994), Thagard (1993), and Vosniadou (1994), who emphasize the significance of
ontological analyses in understanding how students explain scientific phenomena.

For instance, Chi et al. (1994) discuss conceptual change based on the premise that
scientific entities belong to distinct ontological categories and are an intrinsic part of
the world’s makeup. According to this perspective, conceptual change occurs when stu-
dents are capable of shifting their explanations to the appropriate ontological level (Chi &
Roscoe, 2002). In other words, students need to modify the way they perceive the world
and place their explanations within the correct ontological framework. Ideally, this process
should be guided by a teacher who is aware of the issues we have discussed. It is not suf-
ficient to monitor learning while assuming the base ontology as a given and universally
accepted premise. Instead, it is necessary to encourage students to question their implicit
ontological commitments to achieve significant learning of the contents in the chemistry
curricula.

By promoting a deeper understanding of the ontological underpinnings of scientific
explanations, teachers can facilitate meaningful conceptual change and help students
develop more accurate and scientifically sound perspectives of the chemical world. Encour-
aging students to question and critically analyze their implicit ontological assumptions is
an essential step in fostering a more profound and enduring comprehension of chemistry
concepts.

Indeed, it can be concluded that ontological confusion is a significant factor contribut-
ing to the challenges faced by chemistry teachers. When students attempt to provide causal
explanations for scientific phenomena, they frequently rely on macroscopic elements rather
than understanding the underlying submicroscopic interactions. This reliance on macro-
scopic explanations demonstrates how misunderstandings about ontology can impede the
process of conceptual change in students’ understanding of scientific concepts.

This raises important questions about the role of science education in bridging the gap
between these two ontological levels in the teaching practice. The ultimate goal is to facili-
tate the students’ adequate appropriation of scientific phenomena. To achieve this, science
educators need to take a deliberate and thoughtful approach to address ontological issues in
the classroom.

Teachers should strive to guide students towards a more accurate and scientifically valid
understanding of the subject matter by emphasizing the connections between macroscopic
observations and the underlying submicroscopic interactions. By making these connections
explicit, students can develop a more coherent and consistent conceptual framework that
aligns with the principles of chemistry.

Science education must go beyond merely conveying facts and concepts; it should
encourage students to think critically about the ontological foundations of scientific expla-
nations. By fostering a deeper understanding of ontology and its role in scientific under-
standing, educators can help students navigate the conceptual changes necessary to develop
a robust and scientifically sound understanding of chemistry.

In summary, addressing ontological confusion and explicitly connecting the mac-
roscopic and submicroscopic levels in the teaching practice are vital steps to facilitate
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meaningful learning and support students’ appropriation of scientific phenomena in chem-
istry education.

3 Macro- and Micro-ontologies

The problems we have highlighted in chemistry education share a common feature: confu-
sion at the ontological level. This is not surprising, as chemistry is the primary subject in
early formal education where the conventional understanding of the world is challenged.
The implicit message of school chemistry is that macroscopic properties, which we natu-
rally associate with attributes of visible objects, are actually the outcomes of interactions
among invisible submicroscopic entities. While this message might be evident and uncon-
troversial for most teachers, we believe that it has not been emphasized to the extent it
deserves.

The ontology of school-level chemistry revolves around submicroscopic objects, while
the macroscopic materials and phenomena we observe serve the theoretical function
of providing guiding structures or constraining the possible behaviors at the atomic and
molecular levels that are relevant to the subject. For instance, school chemistry assumes
that the physical properties of water, such as density, surface tension, boiling point, and
heat capacity, are all explained by interactions between H20 molecules. However, the rela-
tionship between these macroscopic properties and the submicroscopic ones is more subtle
than it may initially appear.

The macroscopic observations impose constraints on the microscopic states, ensuring
that only a small subset of the countless possible submicroscopic behaviors is analyzed
in each case. For example, a proton by itself behaves very differently from a proton in an
aqueous solution, and it is only the latter that is relevant to acid-base theory. This subtlety
is of significant importance and warrants further consideration.

Interestingly, the question of the ontology of chemistry has been a topic of debate within
philosophers of science. The literature can be divided into two main currents: microstruc-
turalism and anti-microstructuralism, which differ in their stance on whether the submi-
croscopic level entirely determines the macroscopic one or not. Similarly, there has been
extensive discussion about different kinds of reduction of chemistry to physics.

For readers interested in this topic, we recommend following the academic discussion
between Olimpia Lombardi and other renowned authors in the philosophy of chemistry.
The debate can be traced through a sequence of articles: Lombardi and Labarca (2005),
Needham (2006), Lombardi and Labarca (2006), Labarca and Lombardi (2010), Lombardi
and Castagnino (2010), Mulder (2011), Lewowicz and Lombardi (2013), Lombardi (2014),
Hettema (2014), and Manafu (2013). While we will not delve into the specifics of these
discussions here, it is important to emphasize that the question of whether the submicro-
scopic world is the entirety of the ontology of chemistry remains an open one. However,
at least at the level of school chemistry, we can safely consider the world to be made up of
submicroscopic components. What is taught in schools essentially posits that these sub-
microscopic entities entirely determine the macroscopic world’s phenomenology through
their properties and interactions.

The ontological division between the macroscopic and submicroscopic realms lies at the
heart of the competences that chemistry aims to develop at the school level. This recogni-
tion has been well-established, dating back to the works of Johnstone (1991, 1993, 2000),
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and it also holds significant importance in Talanquer’s research on the progression of rea-
soning concerning the structure—property relationship. In particular, Talanquer (2018)
identifies a series of intermediate phases of student understanding for each of the two onto-
logical levels. These phases describe the typical progression of chemical knowledge among
students, encompassing properties that may appear intrinsic to systems, as well as those
related to perceptible changes. A summary of these phases is presented in Table 1.

If we analyze in detail the progression found by Talanquer regarding the understand-
ing of intrinsic properties, it is interesting to note that what distinguishes one stage from
the next is the type of component that students invoke to make sense of the properties and
phenomena under study, with associative thinking being a common thread. Let us examine
some examples from Talanquer’s (2018) classification:

(1) Corpularism: At this stage, students transfer properties from one ontological level to
another. For instance, they might think that copper atoms are red and malleable, or that
gas particles expand when the temperature rises.

(2) Atomic/functional compositionism: In this stage, students make different connections
between ontological levels depending on the type of atoms or molecules known to play
a part in the system. For example, they might associate oxygen atoms with flammability
or recognize that the OH group in alcohols affects the boiling temperature.

(3) Atomic centralized causalism: When it comes to behaviors that can be directly per-
ceived, such as solubility or reactivity, and are often explained by an agent carrying
certain dispositions, students usually establish a linear connection between these dispo-
sitions and the observed properties. For instance, at this stage, students might connect
the reactivity of some atoms to their size, assuming a direct correlation.

(4) Energetic stabilism: Here, students see chemical stability (or lack of reactivity) as an
absolute property of a chemical species, depending on the composition and structure
of subcomponents assumed to be static and isolated from each other. For example,
students might think that bromide is bigger than chlorine, and therefore more stable.

These stages illustrate the gradual development of students’ understanding of intrinsic
properties, and how they progressively link different components at the submicroscopic
level to explain macroscopic phenomena.

What is most relevant for this work is the clear ontological distinction between the sub-
microscopic and macroscopic worlds, which forms the foundation of school-level chem-
istry. Specifically, the focus is on how students’ understanding of this division evolves
towards a state in which the causal mechanisms explaining all chemical phenomena are
attributed to the submicroscopic agents, while macroscopic systems provide constraints
and boundary conditions for the interplay of these microscopic agents. The main goal
of chemistry education at the school level is to guide students to reach this final stage of
abstraction, where they can construct causal-mechanistic explanations that connect the
scales of electrons, atoms, molecules, and ultimately the macroscopic world.

It is important to note that this progression is not solely about differentiating between
the macro and micro scales, as students may incorporate microscopical elements at vari-
ous stages of learning. Rather, the crucial distinction lies in the functional role that these
levels play. The submicroscopic level becomes meaningful only to the extent that it reveals,
through interactions, the underlying cause of macroscopic properties and phenomena. In
other words, as students progress through their learning journey, they may refer to micro-
scopic elements at different stages, but they gradually approach an understanding of the
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distinct functional roles of the two ontological levels. It is only in the final stage that they
fully grasp the theoretical significance of the submicroscopic world, recognizing its key
role in explaining macroscopic phenomena through microscopic interactions.

If we analyze the transition described by Talanquer, the most significant aspect is the
gradual shift of causal mechanisms from macroscopic substances to the submicroscopic
level, where all causal events ultimately occur in the last stage. This pattern is evident at
each stage of Talanquer’s progression, and we can illustrate this using the intrinsic proper-
ties of water as an example:

(1) Intuitive eclecticism: At this stage, water’s intrinsic characteristics are attributed to
whatever components it is made of, such as being liquid and wet.

(2) Macro-compositionism: In this stage, water’s properties are attributed to macro-com-
ponents, like being hydrated in the presence of oxygen.

(3) Corpularism: The properties of water are associated with the intrinsic properties of its
submicroscopic components. For instance, students might think that water molecules
have the shape of droplets or little ice cubes that melt at higher temperatures.

(4) Atomic compositionism: At this stage, water’s properties are directly related to the
presence of oxygen and hydrogen, without considering global structural issues. For
example, students might attribute the higher boiling point of water to the larger size of
oxygen atoms compared to hydrogen atoms.

None of these explanations seems to rely on interactions between agents; instead, they
are more focused on structural aspects. This structural perspective descends in scale until it
eventually only considers atoms and molecules as the causal agents.

These conceptual transitions are subtle and can lead to various erroneous alternative
conceptions among students. Hence, it is crucial to seek conceptual and educational tools
that assist teachers in facilitating more fluid transitions. In the next section, we present
a classification of theories derived from general arguments in the philosophy of science.
These theories may provide the necessary tools to correctly identify ontological and func-
tional roles in theories and models of chemical phenomena, thereby helping to address the
challenges in chemistry education.

4 Interactions and Frameworks in Chemistry

Up to this point, our focus has been on the issues in science education related to the incor-
rect ontological classification of elements in chemistry and how school chemistry aims
to provide explanations of phenomena based on the interactions between submicroscopic
constituents of matter. These concepts align well with the meta-theoretical distinction pro-
posed within the general philosophy of science between framework and interaction theo-
ries, which attributes different ontologies, theoretical functions, and types of explanations
to each type of theory or theoretical construct.

The origin of this distinction can be traced back to the writings of Galileo, Newton,
and Poincaré, but it gained further prominence in the philosophy of physics after an arti-
cle by Einstein (1919). More recently, it has been refined by scholars like Flores (1999)
and Maltrana et al. (2022). The crux of the distinction is that theoretical products in sci-
ence, such as theories, laws, and models, can generally be categorized into two groups:
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(1) Interaction theories: These theories allow for the elaboration of mechanistic-causal
explanations, explicitly modeling the action of agents that are causally responsible for
phenomena. In the context of chemistry, these would involve theories that focus on
describing and explaining the interactions between submicroscopic entities, revealing
the causal mechanisms behind macroscopic properties and events.

(2) Framework theories: On the other hand, framework theories enable the elaboration
of unificationist explanations of phenomena through structural constraints that do not
depend on any specific agent. These theories provide the broader conceptual frame-
works within which interactions between agents can be understood and integrated.

The distinction between these two types of theories offers valuable insights for
understanding the nature of scientific explanations and the roles of different theoretical
constructs in explaining natural phenomena. In the context of chemistry education, rec-
ognizing this distinction can aid in developing effective teaching strategies and concep-
tual frameworks to facilitate students’ understanding of the causal and structural aspects
of chemical phenomena.

Einstein used two theories, thermodynamics and the kinetic theory of gasses, as
examples to illustrate the distinction between framework and interaction theories. In
thermodynamics, the laws are universally applicable and independent of the constitution
or specific properties of matter. For instance, the second law of thermodynamics is valid
for any system, whether it be an ice cube or a black hole. It provides a structural frame-
work that governs all processes, irrespective of their nature. As thermodynamics applies
universally, the explanations derived from its laws do not require specific mechanisms
or causal agents to be mentioned.

On the other hand, the kinetic theory of gasses, formulated by Boltzmann, pre-
supposes that gasses consist of microscopic particles that undergo mutual collisions.
According to this theory, all the macroscopic properties of gasses, such as pressure and
temperature, result from the interactions between these microscopic gas particles.

Flores provides a philosophical analysis of Einstein’s proposal, identifying three
dimensions in the distinction: ontological, epistemic, and functional. Each dimension
provides elements that differentiate these two types of theories, as depicted in Table 2.

Within interaction theories, agents that interact are essential components, as these
theories describe phenomena based on the interactions of actual or modeled pieces
of matter. Their functional role at the meta-theoretical level is to provide information
about observed interactions in the natural world. Consequently, an ontology of agents
and their dispositions to act becomes necessary to fulfill this function. Interactions can-
not be conceived without the agents undergoing them, as there are no relations without
relata, and these theories focus on studying specific relations in nature.

Ontologically, interactions are what cause a change in the material world. Every
effect in the material world has a material cause, which is invariably the result of inter-
actions. Therefore, interaction theories enable bottom-up explanations of phenomena.

On the other hand, framework theories can generate descriptions of the material world
without directly appealing to causal mechanisms. Instead, they aim to capture common
structural elements that unify a group of phenomena. These regularities explicitly exclude
agents and interactions and are grounded in constraints on the modal space in which indi-
vidual cases are framed. The ontology of framework theories and theoretical elements is in
principle empty of objects and purely structural, as they abstract away from individualities
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to reveal general principles or conditions that apply to any interaction within the realm of
interest.

The framework/interaction distinction allows for the recognition of the epistemic,
ontological, and functional roles of diverse theoretical elements even before conducting a
detailed analysis of the theory. This classification is particularly relevant in chemistry edu-
cation, where the main objective is to help students transition to a view of the world where
macroscopic properties emerge from interactions at the submicroscopic level. This con-
nection between the framework/interaction distinction and chemistry education is further
explored in the following section.

5 Interactions as Submicroscopic Causes

In his seminal 1919 article in the Times of London, Einstein explicitly expressed his pref-
erence for causal explanations. According to his arguments, only what we now refer to as
interaction theories (which he called “constructive” theories) provide genuine explanations
of phenomena, as they reveal the causal mechanisms behind them.

However, modern philosophy of science has moved beyond these biases and now con-
siders both causal explanations and “unificationist” explanations as legitimate and comple-
mentary approaches. Unificationist explanations, which do not focus on causal processes,
are recognized as valuable in their own right. Some authors even argue that this comple-
mentarity between causal and unificationist explanations can lead to ideal explanations (see
Salmon, 1984; and De Regt, 2006).

Considering this historical bias towards causal explanations, it becomes even more
important to take into account the recent works by Talanquer in the context of chemistry
education. At each stage of the progression analyzed by Talanquer, we can observe how
students construct their understanding of chemical phenomena by introducing spurious
agents that they assume to be causally responsible for the observed phenomenon. However,
in many cases, there are no actual interactions or causal connections, and these “agents”
are merely personifications of essential characteristics.

Talanquer (2018, p. 999) states:

Humans also seem to have implicit causal schemas that guide the identification of
plausible causes for given effects (Grotzer, 2003; Keil, 2006). These schemas tend
to be general cognitive constructs that are applied to build explanations in different
domains (Talanquer, 2006; diSessa, 2014; Coley et al., 2017). We often, for example,
explain changes by looking for an agent acting on or within a system in linear and
direct ways (linear causality), explain behaviors in terms of the wills or desires of
certain agents (teleology), or explain observable properties in terms of hidden com-
ponents or essences with inherent characteristics (essentialism). These causal sche-
mas allow us to generate tentative hypotheses of why things happen.” (Talanquer,
2018, p 999).

This bias towards causal explanations is evident at every stage of students’ progression
in their understanding of chemistry. Whenever students assign a property to “something”
(which could be an object, a system of objects, a state, etc.), there is a risk of attributing
causal agency to that “something.” Talanquer points out this tendency, as properties are
commonly perceived as belonging to agents that possess them, and untrained individuals
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often struggle to recognize structural properties as modal restrictions without imagining an
agent behind them.

This bias contributes to the ontological confusions reported in the literature and summa-
rized in Sect. 1. Students frequently attribute macroscopic properties (such as color, shape,
hardness, fluidity) to mesoscopic structures, systems of molecules and atoms, or even sub-
microscopic particles. This is a result of two interrelated mistakes: firstly, the tendency to
see properties as belonging to some identifiable “something” or “someone,” which rein-
forces the inclination to seek agents, even in cases where the structure is the only relevant
factor. Secondly, many of these properties are causally inert and simply emerge as a conse-
quence of interactions at a lower level of reality.

The latter point may seem evident upon detailed analysis. It is clear that the property
of “fluidity” relies on the intensity of interactions between molecules or particles. For
example, to have a liquid, the interaction among its submicroscopic components should be
strong enough to prevent the macroscopic system from transitioning into a gaseous state
at room temperature, but also sufficiently weak to avoid forming solid structures. Simi-
larly, we understand that the transparency of certain substances results from photons with
energies within the visible spectrum being unable to interact with the electronic levels of
the submicroscopic elements that constitute the substance. However, the idea that material
entities can be singularized by their causal profile is so counterintuitive that it is prob-
ably the source of a profound and well-reported misconception, namely, that some students
think of particles as embedded in matter, failing to recognize that matter is no more than
the resultant of those particles’ interactions (Beerenwinkel et al., 2011; Griffiths & Preston,
1992; Renstrom et al., 1990; Wiser & Smith, 2009).1

Grasping the abstract notion that the properties we typically associate with material
substances are, in most cases except for the most fundamental dispositions (as discussed
in Benitez, 2019, where a dispositionalism related to fundamental charges in physics is
defended), the outcome of interactions among elements belonging to lower levels or scales
than the one observed, constitutes a conceptual leap that is particularly challenging to
make. This understanding usually arises implicitly within the contents taught in chemistry
class, making it a difficult concept to fully comprehend.

Indeed, students often do not initially learn that the properties we observe are emergent
from interactions between submicroscopic elements. Instead, this understanding tends to
develop gradually over time, as depicted in Talanquer’s research findings. However, it is
important to recognize that this need not be the case, as these concepts directly stem from
the distinction between theories proposed by Einstein and later refined by Flores and other
scholars. The underlying message is simple yet transformative: not all theoretical products
resulting from scientific endeavors require descriptions in terms of agents, but some offer
structural elements that constrain interactions. Agents only come into play when interac-
tions occur.

We firmly believe that conveying this message can significantly impact the teaching
and learning of chemistry. By highlighting the role of interactions in shaping macroscopic
properties, students can better comprehend the emergence of properties from underlying
interactions at the submicroscopic level, leading to a more profound understanding of the
subject.

! We would like to thank the anonymous referee for bringing this example to our attention.
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In the context of school chemistry, interactions are primarily observed at the submicro-
scopic level. Content that explicitly focuses on interaction theories and mechanistic-causal
explanations naturally aligns with this ontological level. However, this does not imply that
at higher scales, there are no interacting agents or theories describing such interactions. In
biology, for instance, interactions between bacteria and host cells or between higher ani-
mals are discussed, and engaging with these interaction theories commits us ontologically
to the agents involved (such as viruses, cells, and animals).

What we aim to emphasize is that, in the case of school chemistry, the focus remains
implicitly on interactions among submicroscopic elements. The description of interactions
between macroscopic substances is generally left for physics or biology classes. This peda-
gogical decision has significant ontological implications, as it implies that the dispositions
responsible for macroscopic interactions ultimately result from more fundamental inter-
actions at the submicroscopic level. Consequently, these macroscopic properties become
structural regularities that can be explained by referencing the submicroscopic level.

Awareness of the distinction between framework and interaction theories can prove
invaluable for teachers in identifying the root of alternative erroneous conceptions and
designing effective teaching tools to facilitate the desired conceptual change. The philo-
sophical insight that there is no agent without interactions is crucial, as it reminds us that
our inherent bias often leads us to perceive agents even in cases where interactions might
be the key driving factor. This is a common finding in the literature on chemistry teaching.

Equipped with these philosophical tools, teachers can more readily discern the caus-
ally responsible interactions related to the specific phenomenon they are teaching. They
can assess whether their students are capable of recognizing these interactions and cre-
ate appropriate pedagogical approaches to facilitate their understanding. By anticipating
possible ontological challenges in the learning progression, teachers can guide their stu-
dents more effectively, leading to a deeper and more accurate understanding of the subject
matter.

6 Teacher Input for the Classroom

Our main goal of this manuscript is to highlight and justify the relevance of the meta-the-
oretical distinction between framework and interaction theories for chemistry teachers in
abstract terms, by arguing that the school’s chemistry curricula implicitly rest on it. There
is much work to be done to bridge the gap between a conceptual clarification in ontologi-
cal, epistemic, and functional terms and different strategies for the implementation of these
ideas by teachers. Nevertheless, it is worth showing, however briefly, how our proposal
materializes.

It is interesting to note that Lavoisier, when proposing the law of conservation of mass,
never refers to agents, but rather systematizes certain regularities—in this case, the amount
of mass present in reactants and products. The same is true with other ponderal laws, such
as Proust’s law (definite proportions) and Dalton’s law (multiple proportions), which were
established in terms of the regularities that occur when measuring the mass of elements
that combine to form compounds. These laws are all framework laws, general constraints
that do not depend on specific materials or the action of any agent, whether submicroscopic
or otherwise. Already at this stage, the framework/interaction distinction could work as a
tool to better understand conservation laws and their constraining character. But we can try
to do better and explore how things are done with specific content in the classroom.
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Certainly, there are differences in the curricula in different countries, and the approach
to each topic is far from unique, but here, we consider that the case of combustion is such
a fundamental issue for chemistry that its treatment is more or less standardized around the
world.

In the case of teaching combustion, this phenomenon is described as an everyday chem-
ical reaction that is important for living beings. Descriptions usually begin by observing
situations in which “things burn,” particularly with experiments like the classic candle
experiment. The guiding questions for the discussion are typically: what kind of change
does it correspond to (physical or chemical)? What makes the candle stay lit? What is
released during combustion?

Then, considering that part of what the candle needs to stay lit is in the air, ways of
scientifically validating this hypothesis are agreed upon (by placing a jar that covers the
candle, then jars of different sizes, recording the time it remains lit). Finally, to explain the
phenomenon of combustion, microscopic agents are necessarily used: what particles are
consumed in the combustion? What happens to them? In this way, the chemical reaction
is explained as a process of atomic reorganization, with breaking and formation of bonds,
which generates products and can be represented in symbolic language such as chemical
equations, subject to the law of conservation of mass. Overall, the case of combustion is
used to encourage students to understand the composition of matter as particles at the sub-
microscopic level (atoms), which interact (breaking and forming bonds, for example) and
produce changes at the macroscopic level.

However, this microscopic explanation of combustion is “framed” or constrained by a
macroscopic fact: for the reaction to start, it needs the input of energy, for example, by
raising the temperature of the substance. So, the microscopic explanation gives the causal
chain of the goings-on at the submicroscopic level, but these chains of causes and effects
only occur under circumstances that are structurally determined by macroscopic situations.

The basic building blocks of our proposal are well recognized in the extant literature.
Mensah et al. (2016) link conceptual change theories with epistemic and ontological issues,
highlighting that conceptual change should transition from preconceived common-sensical
notions to scientific theories. Already Nakhleh (1994) recommended different methodolog-
ical approaches and activities that allow such a transition, while Cheng and Gilbert, Davi-
dowitz and Chittleborough in Gilbert & Treagust (2009), and Vosniadou (2003) remark
on the centrality of this transition in achieving educational success. Conceptual change is
a slow, gradual, and constructive process of concept revision and formation (Vosniadou
et al., 2008), rather than a sudden substitution of a naive idea for a scientific theory. As
discussed in Sect. 2, alternative conceptions are not isolated elements but complex struc-
tures that often coexist with scientific theories (Vosniadou & Brewer, 1993). The implica-
tions of our approach to the teaching—learning process involve considering these alternative
conceptions when planning instruction, thereby encouraging students to modify or create
a cognitive structure for new knowledge (Amin et al., 2014). Our proposal, with its roots
in the philosophy of science, can also be followed in terms of a pedagogical strategy that
promotes conceptual change. Its intervention is most effective at the level of the metacon-
ceptual discourse mediated by the chemistry teacher, which enhances the sophistication of
school science explanations. Let us exemplify how this can be achieved.

Iturra et al. (2021), using New Year’s “sky lanterns” and the potential risk of fire as
a significant situated context, investigated the scientific explanations elaborated by ninth-
grade students regarding the concept of the limiting reagent (LR). Sky lanterns, also
known as Chinese lanterns or Kongming lanterns, are small hot air balloons made of light-
weight paper, with an opening at the bottom where a small fire is suspended. They have a
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lightweight frame, typically made of bamboo, that holds the paper in shape, and come in
various colors and sizes. When the fuel is ignited, the lantern ascends into the sky, drift-
ing with the wind, and creates a glowing spectacle as it ascends until the fuel is exhausted,
after which it gently descends to the ground. This uncontrolled landing involves a potential
risk of fire.

The activity promotes the integration of the three levels of representation: macroscopic,
microscopic, and symbolic. It consists of an introduction to the use of the “sky lantern,” its
components, and its functioning, as a macroscopic model with which students have some
degree of familiarity that allows bridging their past experiences to the abstract concept of
combustion and limiting reactant. The students were not exposed to experiment with actual
sky lanterns, and although they are fairly simple objects, the model used is an idealized
over-simplification of these lanterns, used to motivate the study of closed systems without
reactant flow, even though actual lanterns are not closed systems.

Before asking the students to provide explanations, they are shown the balanced chemi-
cal equation CH, + 20,— > CO, + 2H, 0 and two figures with molecular models of meth-
ane (as a representation of paraffin, to simplify the representation) and oxygen in different
proportions: the first figure shows four molecules of methane, whereas the second figure
shows only two methane molecules, and in both cases, seven molecules of O, are shown.

The students must select and justify which of three alternative representations of the
products best symbolizes the final situation of the chemical reaction, considering the LR.
The first figure includes as products two molecules of H,O and one of CO,, and two mol-
ecules of O, and one of CH, as a non-reacting reactant. The second figure shows the prod-
ucts of two molecules of H,O and two of CO, and four molecules of O, as a non-reacting
reactant. Finally, the third figure shows four molecules of H,O and two of CO, and three
molecules of O, as a non-reacting reactant. The study reports that 24% of the students
selected the correct answer, and from those, 67% used the concept of LR in their justifica-
tions. Notoriously, 27% of the students who selected wrong answers did use the concept of
LR in their justifications.

Finally, the students are asked: “From your answers above, how would you explain the
relation between the initial proportion of the reactants in the two situations above and the
course of the chemical reaction (end products)? To do this, think about the following situa-
tion: “Why does the sky lantern go down after it has been rising for a while?’” (p. 95).

From the reported findings, 60% of the answers are classified as descriptive, even when
they include microscopic entities in the explanation:

It descends because the fuel is running out, because the fundamentals of the sky lan-
terns need fuel to rise.

The balloon starts to descend once the oxygen atoms are completely gone, as well as
when the paraffin and the flame are finished (our translation).

In the two previous answers explaining why the sky lantern descends after rising for
a while, students do not link the notion of a limiting reactant in terms of the interaction
of agents necessary for the chemical reaction to take place and form products. Neither do
they consider stoichiometry according to the balanced chemical equation, which represents
the proportion in which the reactants react. Instead, they view the reactant as the entity/
substance that is consumed first, independent of the proportions in which they are initially
found (such as methane in activity 1, with oxygen being the LR in that case).

Alternative conceptions reported in this research, also previously documented in the lit-
erature (Ordenes et al., 2013; Raviolo & Lerzo, 2016), include the idea that the LR is only
the entity/substance found in the smallest amount, or that the reaction stops independently
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of the amounts of reactants. In the latter conception, students perceive the concept of LR as
a property of a particular substance. Under this perspective, the LR would not depend on
either the amount or the proportion in which it is reacting; instead, there would be “limit-
ing” substances. This notion could arise from the difficulty in moving between different
modes of representation addressed in the activity (Iturra et al., 2021, p. 92). In this sense,
there was a “substantialisation of properties,” linked to the difficulty of moving through
different ontological levels, as reported by Chi (2008).

From here, teacher-mediated dialogue can be key to promoting an adequate understand-
ing of the limiting reagent, moving from descriptive explanations to causal explanations.
Materials that make up physical reality and the phenomena observed at the macroscopic
level have the theoretical function of imposing structural restrictions that must be explained
by the interactions of the atoms and molecules of which they are composed.

In this example, students respond to what the pedagogical situation allows them to see.
This is because the choice of the model, the symbolic levels, and the questionnaire design
do not invite students to place themselves at the ontological level to which they should
have access in their explanations.

Our proposal could be implemented by appropriately situating the ontological level
through the formulation of the questions posed by the teachers, explicitly designing them
to encourage causal explanations. Given that the model used (“the sky lantern”) is macro-
scopic, the transposition to a microscopic level of the problem is not facilitated.

The teachers ask, “Why does the sky lantern go down after having risen for a while?”
and the students use statements such as “less quantity” and “the reaction stops” in their
descriptions, both also situated at a macroscopic level. This does not facilitate or guide the
students to situate the problem as one of causality at the level of entities. Students respond
to the material supplied to them in the description, the design, and the questions of the
activity, not based on what is happening at the level of interactions of the causal agents,
which is to be expected. Even though the images in activities 1 and 2 move on another
symbolic plane, where students should reorient the explanation from the macroscopic to
the microscopic, if they are not guided in their questioning about the phenomenon, the stu-
dents’ answers fail to reach the expected ontological level.

Instead, if teachers are not explicit about ontological levels, they end up with obser-
vational descriptions from the macroscopic domain. The different models and symbolic
representations seem to contribute to confusing students. This approach to the ontology of
questions used by teachers to develop scientific explanations of causality is developed in
the literature in the context of mediating questions (Roca et al., 2013; Marquez et al., 2005;
Marquez et al., 2004), as one of the elements of their design.2

The ontological level in the design of the questions is an aspect that is useful for this
analysis, and in which our proposal can play a role. It has been reported that an incorrect
ontological level is a learning obstacle, and teachers do not usually use them adequately in
the questions they develop in their classes, accentuating alternative conceptions or modify-
ing them for others that are far from the scientific explanation of the phenomenon under
study (Joglar & y Rojas, 2019).

In this particular case and taking into account some stages of Talanquer’s progression
mentioned above, we can see how it is possible to merge our proposal with the formation

2 Other elements of question design include contextualisation, being concrete, open-ended and inviting fur-
ther questions.
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of guiding questions that mediate the transition of students’ explanations from the macro-
scopic to the microscopic level. The questions we propose are the following:

(1) For the macro level: With the image of the “sky lantern” in mind, one could state
that the lit candle inside the lantern is used to heat up the air inside it. One might ask what
relationship exists between the hot air and the movement of the lantern, if any. This invites
students to explore two different macroscopic relations:

(a) Charles and Gay-Lussac’s Law, which connects changes in temperature with changes
in the volume of gasses
(b) Archimedes’ principle, which relates differences in density to buoyancy forces

Charles and Gay-Lussac’s Law and Archimedes’ principle are structural relationships
that describe phenomena macroscopically but do not reveal the causal mechanisms behind
them.

Depending on the students’ prior knowledge of buoyancy or Charles and Gay-Lussac’s
laws, a previous step of questions can be used to guide those who are less familiar with the
aforementioned laws by providing the necessary information. A possible question allow-
ing us to introduce Charles and Gay-Lussac’s Law could be the following: Lit lanterns rise
into the air, while unlit lanterns remain on the ground. Compare a lit lantern with an unlit
lantern. In which of them is the air inside warmer? In which of them is there more light?
In your opinion, is it the amount of light or the higher temperature that causes the balloon
to rise? Do you think that it is possible to lift an object by pointing a flashlight at it? Once
more, these questions are meant to explore the macroscopic relations between hot air and
buoyancy without any causal descriptions in terms of agents.

The movement to the microscopic causal mechanism behind Charles and Gay-Lussac’s
or Archimedes laws rests on models of gasses (the kinetic theory of gasses, for instance)
in which agents (molecules) exchange momentum with other molecules and with the walls
through collisions (the interaction). Further questions might be implemented to reach this
level. However, as the activity is not meant to teach the physics behind the rising of hot
balloons but just to motivate the study of LR, these questions can be left aside.

(2) Ask why the lit candle inside the lantern goes out, inviting the students to question
themselves based on what has been observed.

Note that following our proposal, the question at this level suggests agents (candle, gas
in the lantern) and a type of interaction. Although this is not the ontological level that the
teacher wishes to reach with the activity, this first step serves as a bridge to bring the stu-
dent to the appropriate type of inquiry.

(3) For the micro level: Two consecutive scenarios can be proposed for the occurrence
of the phenomenon.

(a) When the candle is still burning, what chemical species are involved in the process
that allows the candle to burn?

(b) When the candle has gone out, in relation to your answer to the previous question,
how might the chemical species you identified be related or involved with each other in
causing the candle to go out?

With questions (a) and (b), the student is progressively placed at the corpuscular and

atomic levels.
To conclude, we suggest the following question:
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(c) When the combustion of the candle stops the lantern finally starts to descend. How
can you relate the phenomenon observed at the macroscopic level of the descent to the
interaction of the chemical species involved in the combustion reaction of the candle at
the microscopic level? Here, the students might arrive at the conclusion that the chemi-
cal reaction is exothermic, moving beyond the study of LR.

These suggestions address how the use of question design focuses on ontological ele-
ments explicitly, guiding the students’ learning process in a progressive transition from
observations at the macroscopic level to invite answers on how the causal agents of the
combustion process are determining the occurrence of what the students observe. This pro-
cess of “progression in their learning” is mediated by a series of intermediate steps that are
generally ordered in terms of increasing complexity and causal importance, as suggested
by Corcoran et al. (2009).

In summary, our proposal can help teachers when designing questions or activities with
a correct ontological level at each step of the learning progression. This is just one example
of how our proposal can be implemented in the meta-analysis of chemist teachers facilitat-
ing the design of activities promoting learning progression.

We take these few examples as evidence of the connection between our proposal and
current trends in science education. Certainly, a much more elaborate study exploring
the points of convergence, opportunities for complementation, and joint areas for further
development between the theoretical distinction and didactic approaches should be con-
ducted with care in future works. However, we believe these examples are clear bridges
connecting our proposal and recent developments in the field. They demonstrate the power
of the mechanistic/structural distinction for making the ontological separations assumed by
school chemistry clearer.

If teachers of the subject are introduced to the relevant parts of the distinction—the
notion that there are causal and unificationist explanations, that the latter do not need
agents to explain a phenomenon, that only interactions require agents and can be behind
causal mechanisms, that frameworks are general constraints valid for any reaction, etc.—
then we strongly believe that some confusions described in the science education literature
could be alleviated.

7 Conclusions

Science education confronts multiple challenges: social, economic, political, and institu-
tional. Without diminishing the importance of all these aspects, in this work, we try to
make a contribution to chemistry education from a perspective that is usually less dis-
cussed within the existing literature: that of philosophy of science.

From the specific point of view of a chemistry teacher, one of the biggest hurdles to
overcome—but also one of the greatest contributions of the subject at the school level—is
to introduce the students to a scientific vision of the world that is radically different from
the everyday or intuitive image of matter with which students arrive initially, based on the
submicroscopic description in terms of atoms, molecules, and chemical reactions between
them at scales that are very difficult to imagine.

The difficulty of this conceptual leap has given rise to works in chemistry pedagogy,
such as Johnston’s classic triad, and the recent studies by Talanquer, which we have used
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as starting points for our discussion. These works, among others, make it clear the need for
a deeper reflection on ontological aspects of chemistry, justifying the use of philosophical
analysis of the subject as a tool for improving teaching.

Indeed, such a conceptual leap between what we can call different levels of reality has
been repeatedly analyzed within the philosophy of science. For the philosopher, chemis-
try is at the crossroads between two images of the world: the common-sense macroscopic
image and the microscopic image that fundamental physics provides. This has generated
deep disagreements about the place that chemistry occupies or deserves to occupy at the
time of choosing a scientific image of the world—disagreements that are ongoing in many
ways.

In this work, we assumed a pluralistic metaphysics of the material world, justifying it by
the diverse scientific theories we use to describe it. As discussed in the main text, recent
developments within the general philosophy of science allow us to classify any theory or
theoretical element into two possible groups, known as framework and interaction theories.
Crucially, these two classes of theories stand out for offering different types of scientific
explanations: causal-mechanistic for interaction theories, and structural-unificationist for
framework theories.

Science teachers, in general, and specifically chemistry teachers would greatly benefit
from considering this meta-theoretical tool. It provides a clear understanding of the onto-
logical, functional, and epistemic aspects of the theory under examination, enabling deeper
insights for making informed didactic decisions.

The classification allows us to achieve a higher level of conceptual clarity when ana-
lyzing our science, not only in terms of explanations (which are obviously central in the
educational context) but also in ontological terms, as Talanquer argues, playing a much
more subtle role in developing students’ understanding of chemistry. Let us emphasize that
ontological issues pose challenges not only for students but also for well-trained teachers.
The meta-theoretical tool we are proposing here, while potentially beneficial for anyone
analyzing scientific content, would likely be most effectively utilized by science teachers.

The structural/mechanistic classification has the additional advantage of being easy to
parse, breaking down scientific explanations into interacting agents on the one hand and
structural constraints on the other. This is why we consider that this input, which comes
from the philosophy of science, can be highly useful in designing the school curriculum
in chemistry. Teachers can guide students to grasp new intuitions, such as the concepts of
causal agent and structural constraint, to navigate the difficulties described by Talanquer in
the transition from an everyday vision of the world to a scientific vision—a transition that
is unquestionably one of the most urgent tasks of formal education today.

In this work, we have emphasized how these ideas connect with those of Johnston and
Talanquer (among others) in chemistry education. Additionally, we have shown how our
conceptual meta-theoretical framework allows for a structural explanation of the concep-
tual errors with which chemistry teachers are confronted daily. Finally, we have demon-
strated, through explicit examples such as the properties of water and combustion, how our
proposal connects and potentially enhances the conceptual clarity in the analysis of signifi-
cant chemical phenomena.

Awareness about the distinction between framework and interaction theories can help
teachers identify the source of erroneous intuitions and design educational tools to better
promote the desired conceptual transition. We hope that our proposal will become a valu-
able tool for the entire teaching community and, perhaps more importantly, for future stu-
dents who will indirectly receive clearer guidance along their paths towards a modern and
scientific conception of the world.
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