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Foreword

Many years ago, I went into my office carrying a tray of molecular models. My
secretary asked what they were and I proceeded to explain that this one was salt,
this one sugar and another represented diamond. She nodded sagely and then said,
‘I cannot see any connection with the real things. Why do you bother to use these
pretty models?’ I had just returned from a tutorial with a group of undergraduates
who had been ‘politely interested’ in the models, but had shown as little real enthu-
siasm and understanding as my secretary. This prompted me to question my own
enthusiasms for molecular models and my apparent inability to transmit my vision
of the mental liberation and satisfaction there was to be found in the use of models,
both physical and mental.

This led to my little paper in School Science Review (Johnstone, 1982) and
further thought resulted in my later publications (Johnstone, 1991, 1993, 2000)
cited in the introduction of this present book. The triangle which I proposed had
its origins in geology where mineral compositions were set out as combinations of
silicon dioxide, magnesium oxide and calcium oxide. The corners represented the
pure components, the sides represented binary combinations of any two components
and the points inside represented combinations of all three. I had come to the con-
clusion that the three ‘components’ or ways of thinking about chemistry were often
presented simultaneously (even in the same sentence) and would be represented
by points inside the triangle. From the point of view of Information Processing,
this had all the potential for overload for the learner. What was for me a beautiful,
integrated view of chemistry had all the potential for confusion and non-learning.
The practitioners could freely and unconsciously move from one type of thought to
multiple combinations of all three, but had perhaps never thought of how they had
acquired this facility.

My own introspection made me realise that, even at university, I had learned
chemistry substantially through the macro and representational modes and only later
did I meet the sub-micro. In my training in inorganic analytical chemistry, structure
and molecular models hardy ever appeared. Organic chemistry study, which came
later in the course, was when structure took on meaning for me. I had learned ini-
tially along one edge of the triangle before entering the centre. It might be salu-
tary for readers to do some similar introspection to recapture some of the learning
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vi Foreword

problems they themselves encountered and to find ways to enable their students to
find easier paths to ‘enlightenment’.

I am happy to see suggestions for a curriculum development for all, beginning
with the macro corner and progressing along the side linking to the sub-micro, made
‘tangible’ through physical and mental models.

I am pleased to welcome the publication of this book which has taken a serious
look at this problem and explored ways to facilitate the processes which will enable
learners to gain insights into the elegance, beauty and utility of the discipline with-
out suffering the overload and mental constipation which bewilders and eventually
repels those we are trying to attract.

University of Glasgow, Scotland Emeritus Alex Johnstone
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Introduction: Macro, Submicro and Symbolic
Representations and the Relationship Between
Them: Key Models in Chemical Education

John K. Gilbert and David F. Treagust

The Facets of Chemical Literacy

We live in a complex, rapidly changing, material world, major aspects of which
require an understanding of the ideas of chemistry. Education for ‘scientific literacy’
in respect of ‘the public’ – people of all ages – is now widely seen as a general goal
for science education, whether pursued formally or informally. It seems appropri-
ate to talk about ‘chemical literacy’ – the contribution that chemistry can make to
scientific literacy – and to amend the hitherto general discussions to focus on this
particular aspect (Laugksch, 2000; Roberts, 2007).

Expressed in the broadest terms, acquiring chemical literacy might involve (after
DeBoer, 2000):

Learning the chemistry that has direct application in everyday life; for example,
understanding why stain-removers work in particular contexts;

Learning about chemistry as a cultural force in the modern world; for example,
about how the emergence of chemistry has enabled us to explain the effec-
tiveness of successful medicines;

Learning the chemistry that enables a person to become a more informed citi-
zen; for example, to be able to discuss the use of sustainable energy sources
in a rational way;

Learning the chemistry that enables a person to understand reports of and dis-
cussions about chemistry appearing in the media; for example, being able to
understand why accidents in nuclear plants have high risks;

Appreciating the role of chemistry in the world of work; for example, that the
range of building materials has been greatly expanded (e.g. plastics) since
the advent of chemistry;

Learning about chemistry as a particular way of examining the natural world;
for example, being able to appreciate why warm salt water produces rust on
iron objects;

J.K. Gilbert (B)
The University of Reading, Reading, Wokingham RG6 6FN, UK
e-mail: j.k.gilbert@reading.ac.uk
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2 J.K. Gilbert and D.F. Treagust

Being able to communicate – to read and write – about chemistry. Today,
communication at world level is based on texts and images. Being able to
effectively communicate using the special vocabulary of chemistry enables a
person to have access to that sphere of knowledge;

Learning chemistry for its aesthetic appeal; for example, being able to appreci-
ate the beauty of natural crystals;

Becoming more sympathetic to chemistry as a field of scientific enquiry; for
example, understanding that the field of genetics, with all its implications for
the future, rests on chemical principles;

Learning about the nature of chemical technology and about its relation to
chemistry; for example, understanding how aluminium is produced from
alumina.

Put more prosaically, chemical literacy might, (after Shwartz, Ben-Zvi, & Hof-
stein, 2005), involve the following procedural competences:

Understanding the nature of chemistry, its norms and methods. That is, how
chemists go about their work and how the products of that activity are ac-
cepted as scientific knowledge;

Understanding the key theories, concepts and models of chemistry. The subject
rests on a very few widely applicable theories combined into models that
have wide application and not on a large number of apparently isolated facts;

Understanding how chemistry and chemistry-based technologies relate to each
other. Whilst chemistry seeks to produce explanations of the natural world,
chemical technologies seek to change that world. The concepts and models
produced by these two fields have a strong interrelation and therefore influ-
ence each other;

Appreciating the impact of chemistry and chemistry-related technologies on
society. Understanding the nature of phenomena to which chemistry is ap-
plicable. Producing amendments to or variations on those phenomena both
change how we see the natural world and the scope of our actions on it.

The Degrees of Chemical Literacy

However expressed, the agenda for chemical literacy is both lengthy and demanding.
It is not reasonable to expect that most people will acquire chemical literacy to the
same extent in respect of each of these goals and competences. We can therefore talk
about degrees of chemical literacy. Using the ideas of Shwartz, Ben-Zvi, and Hof-
stein (2006), moving from the ‘lowest’ to the ‘highest’ levels of chemical literacy,
these might be termed:

Practical or functional chemical literacy: that is needed for a person to function
normally in respect of food, health and shelter in everyday life.

Civic literacy: that is needed for an informed debate about matters with a chem-
istry or a chemical technology-related dimension;



Introduction 3

Cultural chemical literacy: being able to appreciate chemistry as a major aspect
of scientific endeavour. We must assume that this level implies an ability to
enter into professional-level dialogue with a chemist.

The substance of chemistry as a field of scientific enquiry is made up of four
components: the processes used to obtain (discover or create) chemical knowledge;
the general concepts and specific facts so produced; the applications of that knowl-
edge in understanding and changing the world; and the implications of that under-
standing and change for individuals and societies. Chemical education involves an
introduction to a core of ideas. These ideas are that

� all matter is particulate in nature;
� the chemical elements display periodicity in their physical and chemical proper-

ties;
� compounds consist of two or more elements. In many cases this involves the

creation of specific, directional chemical bonds which form when electrons pair;
� the constituents of compounds take on a distinctive geometric relationship to

each other;
� energy is conserved as chemical reactions take place;
� the entropy of the universe (system plus environment) tends to increase during

chemical reactions;
� there are energetic and geometric barriers to chemical reaction;
� there are only four ‘types’ of chemical reaction, the transfer of a proton, the

transfer of an electron, the sharing of electrons and the sharing of electron pairs
(Atkins, 2005).

Understanding these ideas – to whatever degree – involves mentally engaging
with representations of them and the phenomena to which they relate. The notion
of representation is not an easy one. Perhaps every chemistry course should begin
by showing the famous painting by the Belgian Surrealist painter René Magritte,
with its inscription Ceci n’est pas une pipe (French for This is not a pipe), currently
housed at the Los Angeles County Museum of Art. The picture shows a pipe that
looks as though it might come from a tobacco store advertisement. Magritte painted
below the pipe: “Ceci n’est pas une pipe” (This is not a pipe), which seems to be
a contradiction but is actually true. The painting is not a pipe, but rather an image
of a pipe (see http://en.wikipedia.org/wiki/The Treachery Of Images). This is the
essence of a representation that is discussed in chemistry. In one way or another,
understanding each of the core elements may be described using three types of rep-
resentation in which chemical ideas are expressed (Johnstone, 1982, 1991, 1993).

The Three Types of Representation in Chemistry

In summary, the first type of representation seeks to represent phenomena as experi-
enced with the senses (or sense-extensions); the second seeks to support a qualitative
explanation of those phenomena, whilst the third seeks to support a quantitative
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explanation of those phenomena. In somewhat more detail, the three types can be
defined as follows.

The First or Phenomenological Type

When trying to understand and to manipulate matter and materials, chemistry does
not start by looking at the natural world in all its complexity. Rather, it seeks to
establish what have been termed exemplar phenomena: ideal or simplified examples
that are capable of investigation with the tools available at the time (Gilbert, Boulter,
& Elmer, 2000). This level consists of representations of the empirical properties of
solids, liquids (taken to include solutions, especially aqueous solutions), colloids,
gases and aerosols. These properties are perceptible in chemistry laboratories and
in everyday life and are therefore able to be measured. Examples of such properties
are mass, density, concentration, pH, temperature and osmotic pressure.

The Second or Model Type

Chemistry seeks to develop models for causal explanations of all the phenomena
that fall within its remit. It is the characteristic of chemistry that this wide range
of models involves entities that are too small to be seen using optical microscopes.
In chemistry, it is usual to produce models built from entities such as atoms, ions,
molecules and free radicals, for phenomena described with the first type of repre-
sentation. For example, the occurrence of solids can be described in terms of packed
atoms or molecules, or colloids as assemblies of entities into micells. Furthermore,
to understand the material world in terms of changes in properties, models of the
second type are concerned with the distribution of the electrons in any bonding
within and between these entities. This may be done in terms of electron density
distributions, or in terms of the shapes of atomic and molecular orbitals (including
the use of valence electron repulsion theory). These descriptions may be given in
the visual mode of representation, for example as diagrams or graphs (i.e. in two
dimensions), or in the material mode, for example in space-filling or ball-and-stick
form (i.e. in three dimensions; Gilbert et al., 2000).

The Third or Symbolic Type

This level involves the allocation of symbols to represent atoms, whether of one ele-
ment or of linked groups of several elements; of signs to represent electrical charge;
of subscripts to indicate the number of atoms in an individual ion or molecule; of
letters to indicate the physical state of the entity (e.g. solid (s), liquid (l), gas (g),
aqueous (aq) or other solution). This depiction is then followed by the inclusion of
these representations as appropriate within all conventions of chemical and ionic
equations, with the use of prefixed coefficients to show the conservation of matter
during a reaction. This level of representation also can be used both in respect of the
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first, the phenomenological representational type, when dealing with bulk quantities
of reactants and products in stoichiometric computations, and with a wide range of
models of the second type of representation when describing physical changes (e.g.
changes of state and dissolution of solutes) and the chemical changes taking place
during reactions.

Representational Systems in Chemistry – Terms Used
in the Chemical Education Literature

One of the major issues in developing a defendable approach to the teaching and
learning of these three types has been the lack of a generally agreed terminology for
them as is illustrated in the summary of the words/phrases used in the literature by
some authors:

Table 1 Words/phrases used for the three ‘levels’ of representation

Authors Terms used

(Andersson, 1986) macroscopic world
atomic world

(Ben-Zvi, Eylon, & Silberstein, 1987) macroscopic level
microscopic level
symbolic level

(Gabel, Samuel, & Hunn, 1987) macroscopic level
(Gabel, 1994) microscopic level

symbolic level

(Johnstone, 1991) macro level
sub-micro level
symbolic level

(Bodner, 1992) macroscopic world of chemistry
molecular world of chemistry
symbolic world of chemistry

(Johnstone, 1993) macrochemistry
submicrochemistry
representational chemistry

(Fensham, 1994) macroscopic world
atomic world

(Nakhleh & Krajcik, 1994) macroscopic system
microscopic system
symbolic system
algebraic system

(Johnstone, 2000) macro
submicro
representational

(Treagust, Chittleborough, & Mamiala, 2003) macroscopic
submicroscopic
symbolic
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A summary of the above shows various terms used for each type of representa-
tion: first (macro level, macroscopic level, macroscopic world), second (sub-micro
level, microscopic level, submicro level, submicroscopic level, molecular world,
atomic world), and third (symbolic level, symbolic world, representational chem-
istry, algebraic system). In our view, the system of terminology should be both as
brief as possible and avoid any possible ambiguities of meaning. Consequently,
‘sub-micro’ and ‘sub-microscopic’ fall foul of our first criterion for they perhaps
imply that such a level can be seen through an optical microscope. For those rea-
sons, we have decided to use macro, submicro, symbolic for the individual types
and triplet relationship to cover all three. The triplet relationship is a key model for
chemical education. However, the authors in this book have been free to decide for
themselves which conventions to use. Nevertheless, it is our intention to promote the
terms macro, submicro, symbolic in all subsequent work and to discuss the value of
the triplet relationship in chemical education.

Student’s Problems in Understanding the Triplet Relationship

There is considerable evidence that chemistry students find the conventions of the
triplet relationship difficult to understand and to use. These problems may be at-
tributed to

(a) A lack of experience with the macro type. Suitable practical experience is either
not provided for students (Nelson, 2002) or else students are unclear about what
they are going to learn from it (Hodson, 1990).

(b) A range of misconceptions about the nature of the submicro type, based on
confusions over the particulate nature of matter (Harrison & Treagust, 2002),
and an inability to visualize entities when represented in that type (Tuckey &
Selvaratnam, 1993).

(c) A lack of understanding of the complex conventions used in the symbolic type
(Marais & Jordaan, 2000).

(d) An inability to move between the three types (Gabel, 1998, 1994).

The importance of the triplet relationship as a model for chemical education and
the problems associated with it are the justification for this book, which examines
them in more detail and discusses possible and proven ways of improving this vital
area of learning in science.

The Aims and Structure of this Book

In order to discuss the nature and significance of the triplet relationship, this book
is concerned with

1. The ways that the learning of the three types of representation, taken singly, can
be supported;
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2. The ways that an ability to mentally move between the three types of represen-
tation can be supported;

3. Approaches to the design of curricula that can facilitate more effective learning
by students within this domain of chemical education.

This book is divided into four parts. In Part I, four chapters attempt to pin down
the nature and origin of the challenges that are faced in teaching and learning about
the triplet relationship. In Part II, the authors show how existing good practice can
be implemented and report on some novel ways to improve upon that practice. In
Part III, some radical approaches to addressing these challenges are presented. In
Part IV, a single chapter attempts to synthesise the ideas that have been presented,
discuss to what extent the problems have been addressed, and what is needed to
actually bring about substantial and lasting change in chemical education in respect
of the triplet relationship as a key component of chemical education.

Acknowledgments We are grateful to A.L. Chandrasegaran, Keith Taber, Georgios Tsaparlis, and
especially to Albert Pilot and Astrid Bulte, for comments on an earlier version of this Introduction.
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Part I
The Challenges Faced in Teaching and
Learning About the Representational

Triplet

This section focuses on the more overt challenges that the teaching and learning of
the representational triplet face: the nature and meaning of ‘macro’ ‘submicro’ and
‘symbolic’ and the relationships between them.

In Chapter 1, Bucat and Mocerino address the distinctions between the macro
and submicro, focusing on the latter, and the implications that these have for rep-
resentation. The core of these distinctions lies in the fact that the submicro can
only be accessed via imagination. This means that great precision in language is
needed if communication, say between teacher (or textbook) and student, about the
submicro is to be effective. They point out examples of the many researched cases
in which this criterion is not met, leading to the creation of misconceptions in the
minds of students. The problems of language are compounded by the need for a
range of visual representations to depict all aspects of a given model and by the lack
of specific teaching about the interpretative conventions attached to each mode and
sub-mode of representation. One type of problem to arise from issues of imprecise
language and the need for multiple images is that students fail to see the scope and
limitations, as well as the relations between the macro and representations at both
the intra-molecular (i.e. those concerned with what happens within molecules) and
the extra-molecular (i.e. those concerned with the relationships between molecules)
submicro. Switching perception between the macro and the intra-molecular and the
extra-molecular submicro requires the exercise of visualization and is found difficult
by many students.

In Chapter 2, Van Berkel, Pilot and Bulte take a very different approach to the
problems of teaching and learning the macro/submicro relationship. They start by
pointing out that much teaching usually involves an introduction to the submicro
and proceeds to a consideration of a stylised version of the macro. This counter-
experiential approach leaves the student confused: what is being learned and why?
Two conventional routes to curriculum development are taken in order to address
the inevitable loss of interest and motivation by students. One is to firmly link the
submicro to the actual every-day macro experience of students. This fails because
that route is often not followed to its logical conclusion: the macro depicted is not
recognisable by the students. The second is to add contemporary chemical facts
to the curriculum in order to make it relevant and interesting. The outcome is the
‘sedimentary curriculum’ in which content load is progressively and incoherently
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increased. The authors tie together three schemes of analysis – Robert’s notion of
‘curriculum emphasis’, Schwab’s ‘theory of curriculum substructure’ and Kuhn’s
idea of ‘normal chemical education’ – both to describe the nature of the curriculum
and to outline an approach to the design of context-based courses that will be intel-
lectually and socially acceptable to students. In doing so, they offer a rationale for
the emergence of a more justified and more easily learnt relationship between the
macro and the sub-micro.

In Chapter 3, Cheng and Gilbert point to the types of research that are needed if
a radical approach, such as that advocated by Von Berkel, Pilot and Bulte, is to be
successful. They focus on the submicro level, pointing out the wide range of visual
representations that are made use of at the submicro level. These include the many
varieties of pictures, diagrams and graphs that are in use. Each of these provides a
difference affordance of meaning: where complementary they assist understanding,
but where they are contradictory they sow confusion. For a student to have mastery
of the submicro, the nature of each mode and submode must be understood, the
ways that ‘translate’ between them can be effected must be appreciated, and the
capability to construct a desired submicro representation must be present. The ways
in which these skills can be appraised are evaluated, a process which will lead to the
development of more effective ways of teaching them.

If teaching and learning about the submicro is complex, then that about the sym-
bolic is even more so. In Chapter 4, Taber unpicks in detail the ranges of symbolisms
used in chemistry: the spread of types invoked, those used to represent chemical en-
tities and those used to represent reactions between them. In each case, he analyses
the educational problems that they present. He concludes with some broad precepts
about how symbolic representations might best be presented in chemical education.



Chapter 1
Learning at the Sub-micro Level: Structural
Representations

Bob Bucat and Mauro Mocerino

Abstract This chapter examines the importance of visualisation and language, both
verbal and pictorial, on the understanding of the sub-microscopic level of chemistry.
We begin by examining what is meant by the term ‘sub-microscopic level’ and how
it is different from the macroscopic level. Here we stress the need for the careful use
of language to distinguish the two levels and we provide some examples of how the
imprecise use of language can blur this distinction. The challenges associated with
the description and depictions of the arrangement of electrons in atoms, ions and
molecules are then addressed. For a good understanding of chemistry it is critical
that students visualise chemical reactions as multiple particle processes and exam-
ples are provided where misconceptions arise from a single particle perspective. The
need for students to learn, and instructors/textbooks to explain, the conventions and
styles of molecular representations is then highlighted. Without a good understand-
ing of the meaning of these forms of molecular representations, students cannot
visualise spatial/structural features of a molecule or consider implications of these
features on reactivity. Finally we return to the need for a clear distinction between
the sub-microscopic ‘reality’ and their representations.

What Is the Sub-microscopic Level?

Bent (1984) had a very sharp appreciation of the distinction, and of the interdepen-
dent relationship, between the macroscopic and sub-microscopic levels of operation
of chemists. He says

Evidently there’s more to seeing than meets the eye. To see what a chemist sees one needs
to know what a chemist knows.

One of my favorite examples of the connection between chemical thought and chemical
behaviour is the classic demonstration of the properties of molten sulfur seen through the
spectacles of a chemical model.

B. Bucat (B)
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Bent discusses how the sulphur melts to form a fluid liquid, which then becomes
quite viscous before being poured into cold water; we imagine the breaking of S8

rings, polymerisation of small chains and then ‘quenching’ of the polymeric chains
without re-formation of S8 rings for some time.

‘Seeing as a chemist sees is a fact-supported, theory-laden exercise of a lively imagina-
tion. The entire covalent chemistry of the non-metals . . . . . . . . . . . . . . . . . .. is revealed to
the mind’s eye in the sulfur-in-a-test-tube-heated-in-air-and-water-quenched demonstration
when viewed through the thought-focusing fields of molecular models. To see in that way
is to understand. And when we understand in that way, we say ‘I see.’

To elucidate the distinction between the sub-microscopic and macroscopic worlds,
Table 1.1 lists some observable chemical phenomena (the macroscopic level) along
with the corresponding explanatory models that we use at the sub-microscropic
level.

The chemists’ sub-microscopic level concerns the world of atoms and their
derivatives; ions and molecules. This is an unobservable world, accessible only by
imagination. Imagination is such a key component of advances in chemistry at the
research level, as well as of rich student understandings that its significance cannot
be underestimated, and we would do well to raise our students’ consciousness of it
in order that they might try to develop their visualisation abilities.

Our very first recommendation concerns careful use of language to distinguish
between these two levels. Scientists, instructors and textbook writers are all guilty
of loose use of language on occasions – with the result that the distinction between
the macroscopic and sub-microscopic levels is blurred, rather than sharpened. To be
precise, benzene does not have a plane of symmetry (although its molecules do),
water is not composed of the elements (as substances) hydrogen and oxygen, C8H18

is not octane (although octane’s composition can be represented as C8H18), nylon
is not a long molecule (although its molecules are long), polyethylene is not an

Table 1.1 Examples of macroscopic and corresponding sub-microscopic levels of chemical
operation

Macroscopic behaviour Sub-microscopic explanation

Pressure of a gas Collisions of rapidly moving particles on vessel walls

Melting Temperature is high enough that the particles have enough
energy to overcome some intermolecular forces

Sodium chloride dissolves
in water

Ion-dipole forces of attraction between water molecules and
ions are sufficient to overcome the forces between oppositely
charged ions in the solid lattice.

Reactions proceed more
quickly at higher temperature

A higher fraction of collisions have total energy of colliding
particles greater than the activation energy required for
reaction.

A substance displays optical
activity

Molecules of the substance are asymmetrical. Interactions
between the molecules and electromagnetic radiation is such
that the plane of polarisation of the radiation is always rotated
in the same direction
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enormous alkane, liquid limonene is not chiral (although it is optically active), a
reaction energy profile diagram does not plot the energies of the reactants and prod-
ucts during reaction (although it may plot the combined energies of a small group
of atoms before, during and after a single fruitful collisional event between reactant
molecules, ions or atoms), and the substance concentrated sulphuric acid is a pow-
erful oxidising agent (not the S atom in the +6 oxidation state). That members of
the chemistry community know precisely what they mean by such loose statements
does not mitigate the lack of awareness of students about the distinction between
chemistry’s levels. Should we take the trouble to be more careful and precise, even
if to do so means being more wordy?

Any discussion of the problematic issues of chemical education will include con-
cerns about how to model for students (and for ourselves!) this ‘reality’ of atoms,
ions and molecules. We should firstly appreciate that there is a tension between the
pragmatism of accepting this ‘reality’, which we try to model, and the truth that this
‘reality’ is itself a grand model. Perhaps, then, our task is to develop useful students’
models of the chemists’ models.

We all accept that matter is particulate, and indeed very young pupils are told,
and expected to accept, that matter consists of atoms. This is no mean feat: after
all many of the best brains in the world, from the times of the ancient Greeks up
till the second half of the nineteenth century, debated heatedly whether matter was
continuous or particulate. For half a century after Dalton’s laws based on an atomic
view of matter, this debate raged. Legend has it that Boltzmann’s suicide in a fit of
depression was brought on by the perception that opponents of the atomic model
were winning the day. Regardless of the veracity of this claim, we should perhaps
question how facile it is for students to accept the atomic view when the shared
understanding of scientists, armed with all of the empirical evidence of the times,
took so long to evolve.

One college-level textbook Silberberg (2006) reports:

‘Atoms? Humbug! Rarely does a major new concept receive unanimous acceptance. De-
spite the atomic theory’s impact, several major scientists denied the existence of atoms
for another century. In 1877, Adolf Kolbe, an eminent organic chemist, said “[Dalton’s
atoms are] . . . no more than stupid hallucinations . . .mere table-tapping and supernatural
explanations.” The influential physicist Ernst Mach believed that scientists should look at
facts, not hypothetical entities such as atoms. It was not until 1908 that the famous chemist
and outspoken opponent of atomism Wilhelm Ostwald wrote, “I am now convinced [by
recent] experimental evidence of the discrete or grained nature of matter, which the atomic
hypothesis sought in vain for hundreds and thousands of years.”(p.45)

He was referring to the discovery of the electron.
Why do we accept that matter is particulate? Posed to students, this question can

be seen to have two possible levels of intent:

(i) Why do you (the student) believe that all matter comprise particles?
(ii) Why is it the shared understanding of the community of chemists that all matter

comprise particles? What is the evidence on which this belief is based?
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It is our experience that to the first question, the most common student response is
something akin to ‘Because my teacher told me so’. One is tempted to say that it is a
pity that the scientific belief of so many students is sourced from an authority, rather
than from empirical evidence – except that when chemists are asked question (ii),
they find it not at all easy to answer. There is, after all, no single defining experiment
that conclusively proves the claim, even though it was the phenomenon of Brownian
motion that finally seems to have clinched the day for the atomists 150 or so years
ago. Of course, from atomic forced microscopy (AFM), we ‘see’ pictures of gold
atoms being manipulated one by one – but the output from AFM is itself the result
of application of interpretive models.

Despite all of the above questioning of our sub-microscopic reality, the weight
of circumstantial evidence is overwhelming. The ability to use high-precision mass
spectrometers to determine not only the molar mass, but the elemental composi-
tion of compounds, based on deflection of charged particles in a magnetic field, is
convincing. So too are the design and NMR validation of the complex structures
synthesised in the supramolecular chemistry research laboratory, and the synthesis
of drugs designed specifically to ‘trick’ pathogen molecules by matching regions of
molecular shape, perhaps including recognition of chirality.

Let us accept a particulate sub-microscopic world. One of the challenges of
chemistry education is to deal with a tension that most macroscopic properties are
continuously varying, at least so far as our measurements allow, while our modelling
at the sub-microscopic level to explain these macroscopic phenomena is based on
a discontinuous picture of matter. Mass, volume, shape, electrical conductivity, so-
lution concentration, the change of reaction rate over time, the dependence of reac-
tion rate on temperature, phase changes, optical activity and the dependence of the
equilibrium vapour pressure of solutions on solute concentration are all apparently
continuously variable. Reconciliation of the continuous nature of these phenomena
with the discrete nature of the explanatory model requires some appreciation of the
miniscule size of the particles in our sub-microscopic world. Every teacher knows
the difficulty of achieving this unambiguously when we are forced to use descrip-
tors such as ‘particle’ or ‘grain’, to which students have already assigned everyday
macro-level meanings.

Accepting atoms as our reality for pragmatic reasons does not address the ques-
tion of what they are, or what they are like. Many textbooks avoid the awkward
question of what they are, preferring instead to simply discuss Dalton’s proposi-
tions concerning their existence, and how his model can make sense of the Law of
Multiple Proportions, for example. This approach at least emphasises the modelling
aspect of their existence. At the first introduction of the concept of atoms to students,
attempts to link elements and atoms may include statements such as ‘All of the
atoms of an element are the same’. This, of course, has a degree of truth insofar
as atomic number and electronic configuration are concerned, but is not correct in
relation to the possible existence of isotopes. And yet most would agree that it is
not possible to introduce the concept of isotope before a discussion of atoms. What
a dilemma!

At least this mode of presentation does not introduce the hazards underlying
statements such as ‘An atom is the smallest unit of subdivision of an element
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that still retains the characteristics of that element’. One can’t help but wonder
if the findings of early ‘misconceptions’ research has heightened our sensitivities
to the dangers of even tangential suggestion that the properties of particles are
those of the macroscopic substance. More than two decades ago, Brook, Briggs,
and Driver (1984) diagnosed that some students imagined that the particles melt
when substances reach their melting points. Similarly, Ben-Zvi, Eylon, and Silber-
stein (1986) reported students’ conceptions of malleable copper atoms and green
chlorine molecules. According to Griffiths and Preston (1992) and Lee, Eichinger,
Anderson, Berkheimer, and Blakeslee (1993), there is a common belief that as the
temperature of a substance is raised, the particles get hotter. These findings point
to the challenges of sub-microscopic representation of phenomena that depend (ac-
cording to chemists’ models) on cooperative interactions amongst particles rather
than on the characteristics of the particles themselves.

Problems arise from both the limitations of two-dimensional (2D) representa-
tions and carelessness in textbook diagrams, and although Hill (1988) referred to
such issues long ago, misleading diagrams are still to be seen. Andersson (1990)
has brought our attention to a remarkable representation of liquid water showing
only 12 water molecules in a beaker of water. That is bad enough, but the same
diagram shows these water molecules below a horizontal line representing a liquid
surface, suggesting that the water molecules are within a medium, rather than that
they actually comprise the medium. An inability to portray a sense of the enormous
number of molecules in a beaker of water and of the dynamic nature of even a solid
substance is an inherent problem of representation on the printed page. Comput-
ers have now opened up new ways of sub-microscopic representation, especially in
relation to the dynamic nature of our models.

Fine Resolution: Molecular and Intramolecular Levels

Jensen (1998a) proposes two sub-levels of the imagined sub-microscopic world of
atoms: molecules and ions. The molecular level concerns structural elements of
molecules such as connectivity, bond angles and bond lengths; characteristics that
might be ‘seen’ from nearby molecules. On the other hand, he recognises an electri-
cal level, perhaps preferably called the intramolecular level, which refers to distri-
bution of electrons within an atom, molecule or ion. In a later paper, Jensen (1998b)
makes the distinction between these sub-levels with simple examples in relation to
dioxygen gas (Table 1.2).

Visualisation at the intramolecular sub-microscopic level has its challenges. How
can we reconcile wave models of electrons in atoms with diagrams that purport
to represent probability of position? How difficult to appreciate is the difference
between the plot of �2 vs. distance (indicating the probability of finding the elec-
tron at a given distance from the nucleus along direction), and the plot of 4�r2�2

vs. distance (indicating the probability of finding the electron on the surface of a
sphere at a given distance from the nucleus)? What is meant by charge density?
What challenges are presented in understanding the concept of iso-density contour
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Table 1.2 Aspects of dioxygen gas at the molar, molecular and electrical (intramolecular) levels
of discourse. Taken from Jensen (1998b). (Jensen’s use of the term molar level corresponds with
the more common macroscopic level.)

surfaces, of which there are an infinite number? What does it mean that electrons in
the 3p orbital of an atom can interpenetrate the distributions of those electrons in the
1s, 2s and 2p orbitals? This latter question begs the further question (theoretically
invalid, we believe) of whether electrons in atoms retain their identity. How can one
electron in a p orbital have real probabilities of being in either ‘lobe’, and yet zero
probability at a point between the lobes? What is an electron cloud? What does an
atom look like?

Keogh (1991) asked high performing first year university students what com-
ponents they would need to hypothetically construct a lithium atom. One replied
that they would need a nucleus, three electrons and an electron cloud. On further
investigation, it turned out that this student perceived a need for the electron cloud
as a place for the electrons to be put. Despite a ‘remedial’ discussion, this student
demonstrated the same conception several months later.

Representations showing electrons in molecules seem to suggest localisation of
the valence electrons, but there are problematic issues in this regard. For example,
we might ask if dioxygen has a double bond and two lone pairs on each O atom (as
in Table 1.1) – a structure that does not reconcile with the paramagnetic nature of
the substance – or a single bond and an odd number of electrons localised on each
atom, as shown here:

O O
There is not a universally accepted representation of dioxygen’s intramolecular

electron distribution.
A related issue is that of resonance structures, the classical case of which is

benzene. In order to deal with the experimental evidence that all of the C-C bond
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lengths are equal, it is common to represent the structure of benzene molecules in
the following way:

The double-headed arrow is intended to imply the existence of a ‘resonance
hybrid’: a structure with an electronic distribution intermediate between the two
shown. Every instructor knows the hazards of this portrayal. Firstly, the double-
headed arrow is misinterpreted by some students to mean either (i) that there is
an equilibrium condition involving the two different species, or (ii) that ‘flipping’
occurs between the two species. A second problem is demonstrated by those stu-
dents who ask ‘Are these not the same? If we rotate one of the molecules by 60◦,
we see that they are identical’. We can hypothesise that the latter problem may
be exacerbated by the tendency of textbooks (and probably teachers) to talk about
these two different resonance structures as though we are referring to two different
molecules – when, in fact, we are talking about different electron distributions in
just one molecule. It seems so important for instructors to refer to just one set of six
carbon atoms joined by � bonds, and then to discuss alternative distributions of the
six � electrons within that system.

Representations less prone to misinterpretation, and perhaps closer to ‘reality’
are the following:

C

C
C

C

C
C

or

These representations are intended to mean that each C–C bond comprises three
electrons. This in itself seems not such a difficult concept, but since students are
usually ‘indoctrinated’ to the idea that a covalent bond is two shared electrons, the
notion of 11/2 bonds between each pair of C atoms may be bewildering for some.

If this is not difficult enough an idea, have sympathy for students who are told
that the carbonate ion, for example, can be represented by the following resonance
structures:

O
C

O

O

O
C

O

O

O
C

O

O

One can only wonder what sense some students make of the instruction that the
‘reality’ involves eight electrons distributed over the three C-O bonds: that is, 22/3
electrons per bond, or each bond equivalent to 11/3 ‘classical two-electron bonds’!
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Professional chemists have a view of a rather fluid, easily distorted, electron
cloud in molecules, able to be pushed and pulled by whichever species (or part
of a species) is close by. This is an important component of understanding reac-
tion mechanisms, the origin of dispersion forces between non-polar substances, and
polarisability of the electron clouds of anions by highly charged cations as explana-
tions of variance of ionic/covalent bond character and acid/base character of metal
oxides. While it is common to see textbook discussions of a fluid ‘sea of electrons’
in metals, there remain challenges for developing, and representing, the idea of flu-
idity of electron clouds in molecules. In a discussion of the hazards of using curved
arrows to denote motions of electrons in representations of reaction mechanisms,
Laszlo (2002) makes the following scathing comment about using Lewis formulas
in mechanistic representations:

This limitation was already painfully obvious to the organic chemists in the 1880s: these are
static structures, whereas of course any molecule at any temperature is a jelly-like pulsating,
librating and vibrating entity. Only a terribly simplistic eye would see a molecule frozen into
this Platonic archetype of the structural formula.

Many of the properties of substances are rationalised on the grounds of differ-
ent electronegativities of bonded atoms, giving rise to polar molecules (unless the
symmetry of the molecules causes cancellation of bond dipole moments). The no-
tion that a region of a molecule can have ‘partial negative charge’ if the amount
of electron matter around a nucleus exceeds the charge on the nucleus is a subtle
one. Partial charges are usually denoted by �+ or �−, no matter on which atoms,
in different molecules or within the same molecule. Can we blame students for
presuming that the magnitude of charge on the oxygen atom in a water molecule
(expressed as �−) is the same as that on each of the hydrogen atoms (written as
�+)?

An increasingly popular, and very useful, explanatory model of polarity is the
electrostatic potential map, an example of which is shown in Fig. 1.1.

In qualitative terms, the more intense the red coloration the greater is the excess
of electron charge over nuclear charge, and the intensity of blue coloration indicates
the extent to which nuclear charge dominates electron charge in particular regions
of the molecule.

Fig. 1.1 An electrostatic
potential map of a water
molecule [Scanned from
Silberberg (2006, 4th
edition)]



1 Learning at the Sub-micro Level 19

While electrostatic potential maps are useful as indicators of likely orientation of
molecules to each other, and of points of reactivity to nucleophiles or electrophiles,
their precise meaning is not easily accessible to science novices. These maps are
achieved by calculation of the potentials of a point unit positive charge at all points
on an iso-density surface of the electron cloud, the strength of attraction of the
positive charge at some regions being correlated with intensity of red colour, and
strength of repulsion at other regions correlated with depth of blue colour.

Students need to be aware that the colours in electrostatic potential maps bear
no relationship to portrayal of molecules with differently coloured atoms – such as
a red sphere to represent the oxygen atom in a water molecule and white spheres
to represent the hydrogen atoms. Of course, while the use of differently coloured
spheres to portray different types of atom has some usefulness, it is important that
students appreciate the artificiality of the use of these colours. Indeed mature chemi-
cal understanding leads to the recognition that atoms do not even retain their identity
in molecules. For example, a water molecule does not consist of an oxygen atom and
two hydrogen atoms, each of which has ‘its own’ electrons; a more sophisticated
view is that it consists of an oxygen nucleus and two hydrogen nuclei surrounded
by 10 mutually shared electrons.

Before leaving the subject of distribution of electrons within molecules, and its
attribution to the origin of molecular polarity, with consequent effect on intermolec-
ular forces (with further consequent effects on solubilities and melting points), it
is pertinent to remind ourselves of two significant challenges faced by chemistry
instructors: (i) to graphically represent forces of attraction between molecules and
(ii) to develop the imagery that in the liquid state, orientation of molecules toward
each other because of polarities is transitory, even if more probable, as they move
past each other.

Fine Resolution: Single-Particle and Many-Particle Images

Further resolution of the sub-microscopic world at Jensen’s molecular level can
be useful. Bucat (2004) has stressed the importance of recognition that sometimes
we use single-particle images, and sometimes it is necessary to use many-particle
images. For example, we generally use representations of single molecules to un-
derstand (i) connectivity and bond angles, (ii) stereochemistry, (iii) cis–trans iso-
merism and (iv) molecular polarity. On the other hand, it is not possible to rationalise
boiling, or dissolving, with a portrayal of just one molecule of a substance – even
though a visualisation of a polar molecule, for example, might help us to under-
stand different boiling points or solubilities. Similarly, rationalisation of chemical
equilibrium, the states of matter (or changes between them), diffusion, optical ac-
tivity, or brittleness of ionic solids demand visual images with many particles to
make sense.

Does it matter? The following, some taken from research and some from experi-
ence, provide justification for employing this fine resolution to analysis of pedagogi-
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cal issues in chemistry teaching. Ben-Zvi, Eylon, and Silberstein (1987) have shown
that some school students in Israel have responded to a question asking whether it
is possible for N2O5 to be formed by reaction between N2 and O2 by saying ‘No.
Where from did we get three additional oxygen atoms?’ Obviously these students
did not appreciate that they needed to consider a many-particle picture in this sit-
uation. Ben-Zvi et al. speculate that this may be because textbooks usually present
single-particle images to portray chemical reactions.

Ladhams Zieba (2004) has found that university students can be confused when
a single-particle representation of SN1 substitution leads to a racemic mixture of
products (Fig. 1.2).

C Br

CH3

H C

H

C OCH3

CH3

H
CCH3O

CH3

H

+

S enantiomer R enantiomer S enantiomer

CH3OH

–H+

– Br –

Planar carbocation
(achiral)

A racemic mixture

CH3

Fig. 1.2 A single particle representation of racemate production

How can we get two molecules of product from only one molecule of starting
compound? Perhaps, at least until students are more experienced, this diagram needs
to be supplemented by a diagram or animation showing many reactant particles, half
of which form one enantiomer and half the other enantiomer.

The accepted mechanism of SN2 substitution reactions is based on the experi-
mental evidence that their reaction rates are directly proportional to the concentra-
tions of both the substrate and the nucleophile. However, in discussion of this type
of reaction, textbooks usually present a single-particle representation of the process
(Fig. 1.3).

C Cl

R1

R3

R2
C

R1

R3R2

CHO

R1

R3

R2
HO ClOH– +

Fig. 1.3 A single-particle representation of an SN2 substitution reaction

It is common experience that, when given this diagram, many university students
say that what is meant by ‘the rate of the substitution reaction’ is how quickly the
single event portrayed in the diagram happens. However, there is no sense to be
made from the notion that the speed of this single event depends on the concentra-
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tions of both reactants. Of course, the real meaning of ‘rate of reaction’ concerns
how many such reaction events occur per unit time, and this meaning can only be
developed with a multi-particle image of the reaction mixture.

Visualisation of a chemical reaction as a single event is sometimes unconsciously
encouraged by the language that we use. For example, this extract placed alongside
a mechanistic representation of an SN2 substitution reaction from a popular textbook
is similar to that in many others:

The nucleophile OH− uses its lone pair electrons to attack the alkyl halide carbon 180◦

away from the departing halogen. This leads to a transition state with a partially formed
C-O bond and a partially broken C-X bond. The stereochemistry is inverted as the C-O
bond fully forms, and the halide ion departs with the electron pair from the former C-X
bond.

Only one nucleophile particle and only one alkyl halide molecule? One bond
broken and one bond formed? Leaving aside the implication of intent on the
part of the nucleophile (rather than a probabilistic view of the event), this extract
would be acceptable if it were explicitly stated that it focussed on just one of the
very many reaction events that occurred at various points in time in the reaction
mixture.

A less obvious example that needs careful consideration to understand is our
usual explanation of the dependence of reaction rates on temperature. Two dia-
grams are usually used in conjunction: (i) the so-called reaction energy profile
diagram indicating an activation energy barrier and (ii) a Boltzmann distribution
of kinetic energies of the reactant particles. We need to be aware that the former
concerns the combined energies of particles in a single-particle (of each reactant
species) event, while the latter relates to statistical distribution of energies of the
very many particles in the reaction mixture. It is by no means certain that students
comfortably and successfully reconcile the vastly different contexts of these two
diagrams.

Portrayal of Structures of Molecules

Portrayal of molecules is done in a large variety of ways, each having particular ad-
vantages and disadvantages. It has been common for textbooks to present a molecule
of octane, for example, in the following form:

H C
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H
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H
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H
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H
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H
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H
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H

H

H

H

H

H

H
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This type of representation, probably used because of limitations in typesetting
technology in the past, indicates connectivity correctly, but gives a very poor image
of the bond angles and the flexibility of the carbon chain due to the rotation about
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single C-C bonds. A much more powerful image is the following, which at least
portrays the tetrahedral arrangement of bonds around each carbon atom.

H
C

C
C

C
C

C
C

C
H

H H H H

HHHH

H

H H H H

HHH

To ‘read’ this structural representation, one needs to understand the inherent con-
ventions concerning ‘wedge’ and dashed lines. But even this portrayal is static, able
to show neither the vibrations of the atoms nor rotation about the single bonds –
giving rise to the apparent twisting of the chain into more probable orientations.
Furthermore, it is limited in its ability to show the most stable staggered conformer,
and does not make obvious the steric hindrances that may arise because of the size
of atoms or functional groups (as a space-filling model can). Very powerful com-
puter simulations that seem to have great potential as visualisation aids are now
available.

Abbreviated forms of the octane molecular representations include the following:

H3C
CH2

CH2
CH2

CH2
CH2

CH2
CH3

–

These last two portrayals demand knowledge of how to ‘read’ them and the last
(so-called ‘line structure’) can be tricky for students to interpret, especially in the
case of more complex molecules and cyclic structures.

Bodner and Domin (2000) demonstrated the inability of many university students
to interpret abbreviated structural portrayals with some atoms implied, rather than
shown. The students were asked to predict the major products of the reaction of
bromine with methylcyclopentane portrayed as in Fig. 1.2, and to estimate the ratio
of the products if bromine radicals were just as likely to attack one hydrogen atom as
another. Most of the 200 students predicted three products, with a relative abundance
3:2:2 (Fig. 1.4).

Fig. 1.4 Products, and
relative abundances,
predicted by most students in
the research of Bodner and
Domin

CH3 CH3 CH3CH2Br

Br

Br

Br2

light

3 2 2

A minority of students correctly predicted four products in the ratio 3:4:4:1
(Fig. 1.5).
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CH3 CH3 CH3 CH3CH2Br

Br

Br

Br2

light

Br

3 4 4 1

Fig. 1.5 The correct prediction required students to realise that there is a hydrogen atom at the
carbon with methyl substituent, and two hydrogens at each other ring carbon

The remarkable finding from this research was that every student who answered
correctly firstly re-drew the starting material as shown in Fig. 1.6, and none of those
who answered incorrectly did so. The recognition of implied atoms is something
that we do automatically as we become more experienced in chemistry.

CH2

CH2H2C

CH
H2C

CH3

Fig. 1.6 The re-drawn structure of methylcyclopentane, showing all hydrogen atoms, that was the
key to students answering correctly the task given by Bodner and Domin (2000)

Chemists do not make things easy for the novice: molecules of a substance can
be represented in a variety of ways to illustrate particular features, and to the novice
these can seem to be different structures. Hoffman (1995) and Hoffman and Las-
zlo (1991) illustrate this point well through various representations of a molecule of
camphor (Fig. 1.7).

Fig. 1.7 Different-looking representations of a camphor molecule (From Hoffmann and
Laszlo, 1991)
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Spatial Visualisation: Demands and Abilities

Operation at the sub-microscopic level of chemistry requires a degree of imagination
and visualisation ability that differs from person to person. Valuable essays on the
importance of these visualisation abilities have been published by Francoeur (1997),
Habraken (1996, 2004), Hoffmann (1995), Hoffmann and Laszlo (1991), Briggs and
Bodner (2007) and Kozma and Russell (2007).

For example, chemists are required to interpret diagrams of a molecule of cy-
clohexane, or of substituted cyclohexanes, when it is represented as a flat-looking
hexagonal projection, or as a side-on view to show the ‘chair’ form, or as a Newman
projection (Fig. 1.8).

Br CH3

CH3 CH3CH2

CH2Br H

H
H

Br

H

H
H

Fig. 1.8 Different representations of 2-bromomethylcyclohexane

Even using the same style, chemists can represent a simple methyl group in dif-
ferent ways, as demonstrated in the example of methylcyclohexane (Fig. 1.9). A
chemist will interpret these diagrams, usually subconsciously, as all being equivalent
in that they all represent the same molecule, methylcyclohexane.

H3C CH3 Me

Fig. 1.9 Different representations of a methyl group in methylcyclohexane (From Hoffmann and
Laszlo, 1991)

Bodner and Domin (2000) provide research evidence that even some university
students do not find it easy to visualise these structures. Students were asked to give
the systematic names of the compounds whose molecules were represented as in
Fig. 1.10.

Fig. 1.10 Representations
given in the naming exercise
given by Bodner and
Domin (2000)

C C

H

H3C H

CH2 CH2

CH2CH3

CH3

CH3
CH3

CH

Br Br

H H

Although most students were successful with the structure on the left, many could
not name the one on the right, even in two later exams during the same course. The
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students complained that this question was ‘not fair’, apparently because they had
trouble in visualising a side view of the molecule. This finding is consistent with
earlier work that demonstrated the difficulty that many students find with tasks that
involve (i) interpreting a 2D representation into a 3D image, (ii) performing a mental
operation, such as rotation or reflection, on the 3D image and (iii) re-representation
of the newly visualised 3D image as a 2D diagram (Seddon, Tariq, & Dos Santos
Viega, 1982, Seddon & Shubbar, 1984, Tuckey, Selvaratnam, & Bradley, 1991).
Head, Bucat, Mocerino, and Treagust (2005) report similar findings with respect
to changing one’s mind’s-eye perspective from one style of representation of a
molecule of a substituted cyclohexane to another style of representation. Both Ferk,
Blejec, and Gril (2003) and Kuo, Jones, Pulos, and Hyslop (2004) have demon-
strated better student understanding with physical models than with schematic rep-
resentations.

In the case of representation of chiral molecules, the demands of spatial visualisa-
tion ability on understanding become critical. Head and Bucat (2002) have reported
the outcomes from interviews with students and lecturers in relation to tasks such as
that shown in Fig. 1.11.

Fig. 1.11 A task used by
Head and Bucat (2002) to
probe visualisation abilities

Alanine: Are these mirror images or superimposable?

CO2H

C

H2N
CH3

H

CH3

C

H
CO2H

NH2

BA

They report wide differences of visualisation abilities (of both students and lec-
turers) and that each person consistently employed idiosyncratic decision-making
strategies from task to task. Most students employ a strategy of rotation to align a
corresponding bond in each structure, thus reducing the problem to a 2D consider-
ation of the clockwise/anticlockwise orientation of the other three function groups.
The students found mental rotation about the vertical bond easier than about the
other bonds. This is consistent with the findings of Kuo et al. (2004) who inves-
tigated student’s strategies of assigning R or S configurations to structures of chi-
ral molecules. Students found the task easier when the lowest-priority group was
oriented towards the back or the side of the molecular representation, rather than
towards the top or to the front.

Distinguishing Between Representations and the Reality
Represented

Common teaching experience suggests that sometimes students’ sense-making op-
erates on representations, rather than on the sub-microscopic ‘reality’ that they rep-
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resent. How powerful it would be if, on seeing a formula, a molecular structure,
a diagram of molecular interaction, or a chemical equation, students visualised
the substance or the reaction mixture, rather than the symbolism on the page or
computer screen. There is research evidence that this is, at least sometimes, not
the case.

Kleinman, Griffin, and Kerner (1987) refer to a student who was shown a di-
agram of bromobenzene (Fig. 1.12) and asked if the molecule has a plane of
symmetry.

Fig. 1.12 A diagram of a
bromobenzene molecule,
similar to that used by
Kleinman et al. (1987)

Br

The student decided that the molecule does not have a plane of symmetry be-
cause, referring to the bromine atom, B �= r.

Ladhams-Zieba (2004) has demonstrated that university students working on re-
action mechanisms in organic chemistry also operate on the drawings on the page,
rather than on what they represent. She asked 18 second year university students to
predict and draw the product species most likely to be produced from the substitu-
tion reaction of hydroxide ion into 2 bromobutane, represented as in Fig. 1.13(a).
Ten of them drew the inverted substitution product that you might expect from
‘backside attack’ in an SN2 reaction (Fig. 1.13(b)).

(a)

(b)

Fig. 1.13 (a) shows the task presented to students and (b) shows the dominant answer

By contrast, 17 other students were given the same task, except that they were
given an equation in which the positions of the formulas of the two reactant species
are reversed (Fig. 1.14(a)). Eight of the students drew a substitution product with-
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(a)

(b)

Fig. 1.14 The former shows the task presented to students and the latter shows the dominant
answer

out inversion, as though the hydroxide and bromide had simply changed places
(Fig. 1.14(b)) and only one of the others predicted inversion.

The predicted product shown in Fig. 1.14 is different from that shown in Fig. 1.13,
even though the reactants are the same. Of course it is nonsense to think that the
product of a reaction between two species could depend upon the relative positions
of their formulas in a representation of a reaction equation. This is clear evidence
that some students consider the juxtaposition of the written representations of the
reactants on the page, rather than a visualisation of the reaction mixture at the sub-
microscopic level. The quality of the predictions would have been greatly enhanced
if the students had visualised a many-particle, probabilistic picture of the reaction
mixture, as discussed earlier

Conclusion

On its own, the imagined world of sub-microscopic chemistry presents serious chal-
lenges for students and, therefore, for teachers. Not the least challenge is that it is
indeed an imagined world. Given that this sub-microscopic world must be knitted
into the kindred worlds of observable macroscopic behaviour and symbolic repre-
sentations, the complexity of learning chemistry is revealed. There is a need for
clear understanding of the conventions and styles of molecular representations and
therefore the teaching of these conventions. Without such an understanding, students
cannot then visualise spatial and structural features of a molecule nor consider impli-
cations of these features on reactivity. Perhaps the eventual seamless weaving of the
three worlds of chemistry will be made easier for students if initially the distinction
between them is explicitly emphasised. Starting from a sharp consciousness of the
different worlds can lead to a more comfortable and effective operational mode than
can be achieved from a condition of confusion or simply lack of recognition of these
levels of chemistry.
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Chapter 2
Micro–Macro Thinking in Chemical
Education: Why and How to Escape

Berry van Berkel, Albert Pilot and Astrid M. W. Bulte

Abstract Although the learning of micro–macro thinking is a key conceptual area
in chemistry, it is perceived as difficult and abstract. Two strategies have been ap-
plied to address this problem: the use of contexts and a regular update with con-
temporary content. In this chapter, we describe how curriculum development can
fall back into a typical dominant version of school chemistry, especially for the area
of micro–macro thinking. This ‘fall back’ can be explained by a synthesis of cur-
riculum theories based on the ideas of curriculum emphases (Roberts), curriculum
structures (Schwab), normal science (Kuhn) and curriculum representations (Good-
lad). This theory describes the dominant version of school chemistry as a curriculum
with a typical philosophical substructure of educational positivism, a substantive
substructure based on corpuscular theory and a pedagogical substructure focusing
on the initiatory and preparatory training of future chemists. For an escape from
these constraints, a co-ordinated replacement of the currently rigid combination of
substantive, philosophical and pedagogical substructures of school chemistry will
be necessary. A successful curriculum development implies the consistent transfor-
mations between curriculum representations: from a vision on chemistry education
into design criteria for an entire curriculum (1), into an exemplary unit (2), into
student and teacher materials (3), into the operational form in a real classroom, with
attained learning results of students (4). Evaluative feedback loops of the transfor-
mations support the iteration in the development. In Chapter 9 of this book a first
step towards such a unit is described.

What Is the Problem with Macro–Micro Thinking in School
Chemistry?

‘Most of us who are scientists have enjoyed climbing this ladder as part of our education.
We revel in the lofty view from the top. ‘Unfortunately, many students do not see the
connection between the successive rungs. They are not told and do not discover why or
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where they are climbing. Before long they develop vertigo. Often they jump or fall off the
ladder before they reach the top. All they take from the experience is distaste for science’.
(Schwartz, 2006)

Figure 2.1 is presented as a metaphor for the problems students have when try-
ing to learn about micro–macro thinking. The philosophy of mainstream chemistry
curricula is that students need to climb a ladder: the understanding of interesting
real-life phenomena can only be reached when a student understands the corpuscular
‘building blocks’ of chemistry, the atoms and molecules. However, it takes a ‘long
climb’ for students to come to a point where interesting, relevant themes are dealt
with; it requires more time than is available within the limits of the school chemistry
curriculum. Long before most students will have developed vertigo. The result is
that learning micro–macro thinking is abstract and thus difficult for students; all
they go away with is a perception that learning chemistry is meaningless. They have
most likely acquired a bad taste for chemistry.

Numerous examples of ‘climbing the ladder’ can be found in textbooks for sec-
ondary education. For example, textbooks start the study of the subject of ‘salts’
with the (sub-) microscopic particles of atoms and molecules, followed by how
atoms ‘theoretically’ are converted into ions, and how ionic substances are built
from charged ions. Textbooks continue with the macroscopic property of the solu-
bility of ionic substances in water. Subsequently more complex ions, such as sul-
phates and nitrates, are addressed to become part of the students’ repertoire us-
ing the sub-microscopic world of chemistry and the symbolic representations. For
other subjects, such as organic chemistry, the pathway for study from the basic sub-
microscopic particles and related chemical principles to making sense of a relevant
macro-world of applications (e.g. production of medicines) is very long. Moreover,
the sub-microscopic world of state-of-the-art chemistry has become very complex.

Matter and
Measurements

Chemical
Formulas and
Equations

Chemical
Bonding

Atoms and
Molecules

Atomic
Structure

Molecular
Structure

Climbers

Fig. 2.1 ‘Climbing the ladder and developing vertigo’ as a metaphor for the problematic situation
of the domain of micro–macro thinking in chemical education
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The separate parts in the school chemistry textbooks are accompanied by student-
exercises that mainly aim to train the students’ ability to reproduce the chemical
knowledge presented. It takes quite a large number of chemistry lessons before a
student will come to a point where the new chemical knowledge may be related
to society and the everyday world. Only some students start to ask about nitrates
and environmental problems while climbing the ladder. Many never make such
a connection. According to the common curriculum philosophy that students first
need to ‘climb the ladder’, it takes a ‘long climb’ for students to see the relevance
to societal themes: in fact it is impossible within the (time) limits of the school
chemistry curriculum.

Previous Attempts to Solve the Problem of Micro–Macro Thinking

In the past the experienced lack of meaningfulness of learning about atoms and
molecules has been addressed by two types of strategy. The first strategy has been
to try to connect students’ learning to their daily-life experiences. The second strat-
egy has been founded on the proposition that the school chemistry curriculum can
be kept connected to contemporary chemical and technological developments by a
regular update of the content. Both strategies are exemplified below, including the
possible result of such strategies when such curriculum development takes place
without a careful analysis of the underlying philosophy.

The first strategy is to undertake a superficial scan of mainstream textbooks that
everyday situations have been connected to common school chemistry textbooks.
For example, student-exercises may contain information, about contaminants in a
river such as lead salts, about acid–base indicators in plants or about food additives
for the preservation of wine. However, implicit confusion may (and frequently will)
occur when the textbook and the teacher aim at reaching the ‘right’ answer, for
example the correct calculation of the concentration of an additive in gram per litre
or parts per million (ppm). Students may still pose questions such as: ‘How many
glasses of wine can I drink before I will get sick? What is the effect of alcohol on
my body? Why is the addition of sulphite to wine important? Is the same fact true
for red wine?’ Or even further: ‘Shouldn’t the government prohibit the addition of
sulphite?’ In this way students can become personally involved in subjects that can
be related to their learning of chemical substances, and even to atoms and molecules.
But, the student-activities in mainstream school chemistry textbooks often are not
focused on this type of involvement; they do not put emphasis in the curriculum
on personal, socio-scientific and ethical questions that are relevant to students’ lives
and society.

Implicit or explicit shifts in purpose can be described in terms of Roberts’ con-
cept of ‘curriculum emphasis’. An emphasis, according to Roberts, is defined as
(1982, p. 245)

[A] coherent set of messages to the student about science (rather than within science). Such
messages constitute objectives which go beyond learning the facts, principles, laws and
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theories of the subject matter itself – objectives which provide an answer to the student
question: “Why am I learning this?”

The framework for the concept of curriculum emphasis should be seen as
(Roberts, 1988, p. 27)

[A]n analytical framework for understanding what is involved for policy makers, and
for science teachers, when they shape answers to the question: What counts as science
education?

Based on an historical analysis, Roberts distinguished seven types of emphases
for science curricula, for example Solid Foundation that focuses on science as cu-
mulative knowledge, Science, Technology and Decisions that focuses on the role
scientific knowledge plays in decisions which are socially relevant, Structure of
Science that focuses on the ‘conceptual system for explaining naturally occurring
objects and events, which is cumulative and self-correcting’ through a process of
enquiry and Personal Explanation that focuses on one’s own way of explaining
events in terms of personal and cultural (including scientific) influences. Roberts
stresses the importance to maintain consistency of the message within a unit of a
curriculum. One curriculum emphasis in one particular unit should not be mixed
up with another emphasis, in order to avoid confusion about what message is to be
learned and why it is to be learned.

The example illustrating the first strategy described above shows how confusing
messages to students can be when learning about corpuscular theories in chemistry
lessons. The teacher and the textbook intend to offer students a Solid Foundation,
while students may want to address questions within a Science, Technology and
Decisions emphasis. The situation could also be the other way around: a textbook
or a teacher aiming to address socio-scientific issues, ethical and personal questions
(Science, Technology and Decisions), while students think they have to come up
with the correct answers (in a Solid Foundation emphasis; cf. Hoffmann & Cop-
pola, 1996). A mixing of emphases leads to confusing messages in chemistry lessons
about what should be learned and why, for example, the learning about molecules
and atoms is relevant (cf. Osborne & Collins, 2001; Westbroek, 2005).

In chemical education, the micro-world is a key perspective in viewing the
macroscopic world around us. Among other perspectives, such as a personal, a
socio-economical perspective, a political perspective, this key chemical perspective
can offer students a view on the materials and substances they use, that they are
made of and that constitute their material world. A micro-world perspective enables
the understanding of many phenomena and offers the possibility to improve the
material world within social circumstances.

In order to make the learning of chemistry, including molecules and atoms, more
meaningful to students, context-based approaches have been developed since the
1980s (cf. Bennett & Lubben, 2006; Parchmann et al., 2006). These approaches are
designed to improve both relevance and conceptual understanding (cf. Bennett &
Holman, 2002; Pilot & Bulte, 2006; Bennett, Lubben & Hogarth, 2007). To avoid
mixed messages, it is important to have in-depth knowledge of the problematic
features within the domain of micro–macro thinking and to understand what it
is that is to be communicated to students and how this is best communicated to
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them. This means that we should avoid mixing curriculum emphasis as has been
the case in previous curriculum developments. Making clear and consistent deci-
sions on the curriculum emphasis of units is necessary in order to escape from the
existing confusion, and we will discuss this issue in more detail in the section on
recommendations.

With respect to the second strategy, the update of chemical content, De Vos and
Pilot (2001; see also De Vos, Bulte and Pilot 2002) have described how curriculum
redesign over the years has resulted in a sedimentary structure which they detail
for the topic of acid and bases. They describe how successive layers of histor-
ical developments in the area of chemistry can be identified in the schoolbooks.
Within the perspective of this chapter we relate these layers to the domain of micro–
macro thinking. Different historical developments have followed over the years: e.g.
Lavoisier, ionic and equilibrium theory, Brønsted and Lewis theories, biochemical
theories related to environmental issues and to daily life. Such historical develop-
ments left marks on the use of the concept of ‘acid’ in textbooks. For example,
a typical textbook may start with tasting ‘acids’ (everyday life – macroscopic). A
next layer may be ‘acid’ as a solution, e.g. vinegar (a macroscopic phenomenon
often explained with sub-microscopic theories). A further layer may be a substance:
acetic acid (Lavoisier – macroscopic), or may be a solution of the substance as
a certain concentration of acetic acid in water (macroscopic). Subsequently, texts
continue by explaining the pH scale by colours of universal indicator (macroscopic).
And often in the next sections the ‘acid’ has become a particle (ionic and equilib-
rium theory – sub-microscopic) from which a proton can be removed (Brønsted –
sub-microscopic). The inconsistent use of a label such as ‘acid’ makes coherence
within a textbook chapter problematic. De Vos and Pilot (2001) show that these
layers of strata are not a result of a well thought out pedagogical strategy. Instead,
it is an unintended product of a historical process: an accumulation of successive,
separated and implicit decisions leading to an incoherent patchwork of acid–base
theories, very difficult to learn and to teach, and with inconsistencies between the
sedimentary layers.

This example of the second strategy shows how historical layers remain present
within a curriculum. As De Vos and Pilot (2001) have argued, there is a strong ten-
dency over the years to survey the chemical content that becomes available. Content
retention has led to a curriculum paradox: while historical layers remain, the ad-
dition of content as a result of the survey means that the curriculum has become
overloaded with content. Also, it becomes more and more resistant to the accom-
modation of new developments with an increased risk of isolation from social, ev-
eryday, contexts, while a learner may be interested in understanding and modifying
materials and their properties. More adaptation is needed than just adding the latest
scientific and technological developments in genetic engineering, biochemistry and
nanotechnology. A thorough redesign is needed, in which micro–macro thinking is
a key concept.

Therefore, it is important to consider strategies which take the results of a thor-
ough analysis of current micro–macro teaching and learning into account and to pro-
duce instruments for the development of new curricula, since both these strategies
are among recent curriculum innovations (cf. ‘Chemie im Kontext’ in Germany:
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Parchmann et al., 2006; ‘Nieuwe Scheikunde’ in the Netherlands: Driessen &
Meinema, 2003). For this purpose, we use a synthesis of frameworks and com-
bine this into a domain-specific curriculum theory (Van Berkel, 2005). Van Berkel’s
theory is based on the work of Roberts on curriculum emphases, of Schwab on
curriculum structures, of Kuhn on normal science and scientific training and that of
Goodlad et al. on curriculum representations.

How Can Chemistry Curricula Be Described?

It is important to understand both how to avoid implicit shifts of emphases and
how to avoid incoherent historical layers of content in chemistry curricula. Both
strategies, to connect to daily-life experience and to update content, call for a careful
analysis with respect to the content of the school chemistry in the domain of micro–
macro thinking. What constitutes a meaningful chemistry curriculum in relation to
the domain of micro–macro thinking needs a thorough understanding, especially at a
time when there is an urge to implement both everyday contexts and new contempo-
rary science and technology. A proper diagnosis is necessary for effective treatment
of the problem in order to achieve meaningful learning of micro–macro thinking.
We therefore use a synthesis of theories and frameworks and combine this into a
domain-specific curriculum theory (Van Berkel, 2005).

According to Schwab (1964a, 1978), a curriculum can be interpreted theoreti-
cally in terms of three substructures: the substantive (Sub), the philosophical (Phil)
and the pedagogical (Ped), which should together form a coherent set that fit to-
gether (cf. the fitting jig-saw puzzle in Fig. 2.2).

Fig. 2.2 The substructures of
a curriculum according to
Schwab (1964a, 1978)

Philosophical substructure (Phil):
The way of discovery and proof; 

the route by which a discipline verifies its knowledge

Pedagogical substructure
(Ped):

Methods by which 
the canon of the discipline 

is taught and learned

Substantive substructure (Sub)
Conceptual knowledge 

that is used to interpret data
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Substantive Substructures of the Disciplines

Schwab (1964a, p. 12) gives the following descrip-
tion of the function of a substantive substructure of
a discipline, or conceptual substructure as he alter-
natively calls it:

Substantive 
substructure (Sub)

Substantive 
substructure (Sub)

‘In general, then, enquiry has its origin in a conceptual structure, often mathematical, but
not necessarily so. It is this conceptual structure through which we are able to formulate a
telling question. It is through the telling question that we know what data to seek and what
experiment to perform to get those data. Once the data are in hand, the same conceptual
structure tells us how to interpret them, what to make of them by way of knowledge. Finally
the knowledge is formulated in the terms provided by the same conception’.

Schwab mentions three important characteristics which the substantive substruc-
tures of the natural science disciplines acquired more and more in the twentieth
century. First, the substantive substructures of a discipline are not one, but many.
Schwab, himself a biologist, gives some specific examples from the science of
biology such as the taxonomic, functional and evolutionary substantive substruc-
tures. When explaining macroscopic phenomena, the atomic-molecular theory fo-
cuses on sub-microscopic entities such as atoms and molecules and their mech-
anisms of action (Vollebregt, 1998; Van Berkel, 1999) and is considered a key
area in the field of chemical education. Another example of a substantive sub-
structure from chemistry as a discipline would be thermodynamics, a research
area which focuses exclusively on macroscopic magnitudes like P, V and T to
the exclusion of microscopic models while searching for explanations. Second,
substantive substructures are not only elaborated on during the course of enquiry,
but also tested and, eventually, revised. Third, the scientific knowledge gained in
terms of a substantive substructure stems from selected abstractions or idealisations
of the subject matter or referent in question and is, therefore, always partial and
incomplete.

Philosophical Substructures of the Disciplines

We use the term philosophical substructure of a cur-
riculum (Van Berkel, 2005, pp. 33, 52), whereas
Schwab uses the term syntactical or also method-
ological substructure. The philosophical substructure
of a curriculum contains besides methodological as-
sumptions a number of, often implicit, philosophical
foundations of a curriculum.

Philosophical 
substructure (Phil):

Philosophical 
substructure (Phil):

Schwab (1964a, p. 14) describes the syntactical or methodological substructure of a
discipline thus:



38 B. van Berkel et al.

‘There is, then, the problem of determining for each discipline what it does in the way of
discovery and proof, what criteria it uses for measuring the quality of its data, how strictly it
can apply canons of evidence, and in general, of determining the route or pathway by which
the discipline moves from its raw data through a longer or shorter process of interpretation
to its conclusion’.

Further, Schwab (1964b, pp. 10, 11) emphasises that to each of the possible
substantive substructures of a discipline there corresponds a distinctive syntactical
substructure:

‘If different disciplines pursue knowledge of their respective subject fields by means of
different substantive [sub]structures, it follows that there may be major differences between
one discipline and another in the manner and the extent to which each can verify its knowl-
edge (. . .). Further, the kind of evidence, and the degree to which it is evidential, required by
different researches within the natural sciences differ markedly from field to field (biology
against physics, for example) and even within researches within a field’.

In chemistry, for example, it is the case that the different substantive substructures
of the atomic-molecular theory and thermodynamics correspond to different syntac-
tical substructures in terms of ‘the manner and the extent to which each can verify
its knowledge (. . .) the kind of evidence, and the degree to which it is evidential’
(Schwab, 1964b, p. 11).

This makes the philosophical substructures of a discipline also plural, as well as
specific to the domain involved. As Schwab (1964b, p. 31) puts it,

‘Of greatest importance perhaps, in view of the present state of education in this regard,
is that syntax effectively does away with the embarrassing divorce of “method” and “con-
tent”. A syntax cannot be described except through reference to the concrete subject matter
involved in concrete enquiries’.

Pedagogical Substructure

Schwab discusses the philosophical (syntactical) sub-
structure of the disciplines in education or pedagogy,
listing and emphasising each time the educational sig-
nificance of his concepts (Schwab, 1962, p. 205):

Pedagogical 
substructure

(Ped)

PPPeeeddaadd gggoogggiiiccaaall
ssssuubbbsssttrrrrtttt uuurrrr ccccttuurrrreeeerr

(((PPP(((((( eeeedddd)))dddd

Pedagogical 
substructure

(Ped)

‘Both of these – the conceptual and the syntactical [philosophical] – are different in different
disciplines. The significance for education of these diverse structures lies precisely in the
extent to which we want to teach what it is true and have it understood’.

Schwab elaborates on the relationship between the (substantive) substructure
of the discipline and the pedagogical substructure as follows (Westbury & Wilkof,
1978, pp. 241, 242):

‘We also have the task of learning to live with a far more complex problem – that of re-
alizing that we will no longer be free to choose teaching methods, textbook organization,
and classroom structuring on the basis of psychological and social considerations alone.
Rather, we will need to face the fact that methods are rarely if ever neutral. On the contrary,
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the means we use color and modify the ends we actually achieve through them. How we
teach will determine what our students learn. If a [sub]structure of teaching and learning
is alien to the [sub]structure of what we propose to teach, the outcome will inevitably be a
corruption of that content. And we will know that it is.’

The mix of pure chemistry and chemical–technological–societal concepts which
Salters Chemistry used, de facto, coloured the students outcome, and before that,
that of the teachers and developers.

The structure of a discipline does not have, as such, a pedagogical substructure,
but it does take on a relationship to a pedagogical substructure. Thus, in education,
the substantive and philosophical substructures of a discipline assume a specific
relationship to the pedagogical substructure of a curriculum.

A coherent combination of these three substructures forms a curriculum struc-
ture.

Dominant School Chemistry

The responses of a forum of experts in chemical education in the 1990s (Van Berkel,
De Vos, Verdonk, & Pilot, 2000) were analysed in terms of the curriculum frame-
work outlined above. According to this analysis, the mainstream school chemistry
curricula at that time, to be called ‘dominant school chemistry’, can be characterised
as follows. With respect to the relation between the philosophical substructure and
the pedagogical substructure, school chemistry often claims to position itself as an
introduction to chemistry. The student is seen as a future chemist. However, the
forum of experts in chemical education disagreed with this claim. The next quote
epitomises the view that in fact this school chemistry gives an incorrect picture of
chemistry as a science:

‘We tend to teach chemistry by using certain well established standard items of dogma
. . . theoretical propositional knowledge often dominates school chemistry and symbolic
notation becomes a reified account of many facts which have never been observed1’.

Instead, in the current ‘dominant school chemistry’ curriculum, chemistry is be-
ing taught and learned as propositions and algorithms to students, still seen as future
chemists.

With respect to the substantive substructure, respondents agreed that dominant
school chemistry

� has a corpuscular theoretical focus on chemical substances and their properties
and deals as such with micro–macro thinking;

� deals with the explanation and systematisation of chemical information largely
in terms of corpuscular theory, i.e. the main focus is on describing the micro-
world of chemistry in terms of relationships between macroscopic properties and
corpuscular models;

1 See Van Berkel (2005) for details of the responses of the international forum and the Dutch
forum.
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� makes a distinction between a level of phenomena (macro) and a level of the
corpuscular (micro). However, the introduction of corpuscular theory in books
and classroom is neither consistent nor accurate, and hence not effective.

To further elaborate on this last point, it should be noted that once corpuscular
theory is introduced it should provide students with meaningful descriptions, ex-
planations and predictions of macroscopic phenomena and relationships in terms
of sub-microscopic entities such as atoms, molecules and electrons. But, alas, ac-
cording to the forum of experts in chemical education, it does not (Van Berkel
et al., 2000). Not only students, but also teachers as well as textbook writers make
mistakes with regard to the macro/sub-micro/symbolic levels. Here are some exam-
ples mentioned by the international and Dutch forum.

With Respect to Textbooks

The distinction between the macroscopical and microscopical levels of description
certainly exists. However, it is not adequately stressed in school chemistry books.
Indeed, the descriptive language used in these books does not maintain that distinc-
tion. Phrases such as ‘nitrogen has a triple bond’ illustrate the point: nitrogen is a
colourless, odourless unreactive gas; the nitrogen molecule has a triple bond. The
triple bond provides the explanation of the unreactive nature of the substance:

‘.. the particles of which the corpuscular theory speaks are often taken as the small(est) parts
of a substance; and offer, because of that, no explanation of the phenomena’.

With Respect to Teaching

There are many examples of schoolbooks and teachers that do not distinguish be-
tween the two levels (phenomena and corpuscula) or, to say the least, that deal with
them rather carelessly. Often language is used inaccurately, e.g. you speak of ‘iron’
when you should have spoken of ‘ions of iron’. It is often said that

. . . a molecule is the smallest part of a substance which is still that substance (sic!)

With Respect to Student Learning

The corpuscular theory does provide explanations for phenomena but how far are
these internalised by students? Many continue to reason in macroscopic terms about
events, even after being taught corpuscular theory.

And another member of the forum wrote,

. . . students ascribe properties of substance to particles: They melt, they grow etc.
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What dominates school chemistry, as the following set of quotes again show, are
corpuscular ideas on valency, bonding and structure, usually in a simplified way:

‘Valency, for simpler predictions only. Valency as an idea which neatly explains formulae
for them’.
‘Important to recognize limitations of this concept [Lewis octet] in relation with the noble
gas chemistry.’
‘Simple bonding theory and the carbon monoxide molecule!’
‘. . . what determines which reactions will be discussed is the simplicity of how atomic
structure is involved’.
‘Corpuscular theory offers, for that matter, only a very limited basis for the explanation
of macroscopic phenomena (. . .) sometimes it looks as if 1,2-dichloroethane is C2H4Cl2
(. . .)’.

This then leads to the situation that ‘students learn ‘tricks’ to deal with an invis-
ible world (of molecules and atoms) which they have to accept on the basis of ‘au-
thority’, not on the basis of evidence and argument (in relation to the philosophical
substructure) as would be the case in an effective curriculum aimed at meaningful
understanding. This dominant school chemistry curriculum fails to realise its own
set goals of initiating and preparing future chemistry students by teaching them the
theoretical understanding of chemical phenomena. As one respondent puts it,

Not only does the theoretical approach make chemistry more difficult to understand, it also
transforms it into a plugging of numbers into inaccurate formula for students to get answers
to questions while understanding neither the question nor the answer.

Most respondents felt, as one of them expressed it, that

the corpuscular character is an essential aspect of the explanatory theory and its predictions
I was confronted with at secondary school: say, the theory of Dalton and the later develop-
ments, possible on its basis, such as ‘valency’, chemistry of ‘dashes’ and so on.

It is essential, therefore, many respondents agreed, to teach students the ability
to distinguish clearly between the macro-level of phenomena and the micro-level
of corpuscles, and more in particular, to teach them to think back and forth, i.e. in
terms of the macro–micro relationships involved in corpuscular explanations.

Kuhn and ‘Normal Chemistry Education’

In a recent paper Schwartz (2006, p. 984) points to the contradiction between the
nature of chemical research and the nature of traditional chemistry teaching:

. . . [the] approach of engaging complex problems more closely approximates the methodol-
ogy of scientific research than do the simplifications and idealizations of traditional science
teaching.

Science, after all, is a process for interrogating nature, not simply a compendium
of facts:

. . . students [should be] exposed to the inquiring, experimental, and often tentative nature
of science. . .. Moreover, our pedagogy [should] reintroduce ambiguity into the classroom
and the teaching laboratory, where it most definitely belongs. Too many traditional science
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courses misguidedly protect students from the ambiguity that is part of the beauty and fas-
cination of the natural world – a practice that particularly ill serves those who seek [or do
not seek, we like to add] to become scientists.

This quotation, illustrating the key problematic feature of dominant mainstream
(traditional) chemistry courses described above, can be interpreted in terms of
Kuhn’s theory of normal science and normal science education. Kuhn underpinned
his theory of the dynamics of normal science with a less well-known theory on the
structure and function of tertiary and secondary science education (Siegel, 1990).
Kuhn’s theory (1963, 1970a, 1970b, 1970c, 1977a, 1977b) is instructive to under-
stand that there is specific view of science education which can be called, in Kuhn’s
vein, normal chemistry education, and that the dominant version of the school chem-
istry curriculum can be interpreted in this way.

Kuhn’s paper, ‘The Function of Dogma in Scientific Research’, also contains a
clear statement of his views on ‘scientific pedagogy’ (Kuhn, 1963, pp. 350, 351):

The single most striking feature of scientific education is that, to an extent quite unknown
in other creative fields, it is conducted through textbooks, works written especially for stu-
dents. Even books that compete for adoption in a single course differ mainly in level and
in pedagogic detail, not in substance or conceptual structure [the substantial substructure].
. . .apparently scientists agree, about what it is that every student of the field must know.
That is why, in the design of a pre-professional curriculum, they can use textbooks instead
of eclectic samples of research (italics Kuhn, 1963, p. 351).

Kuhn (1970a, pp. 182, 187) describes how paradigms are taught as exemplars,
which he describes as standard examples shared by a community of (future) scien-
tists, on which other (end-of-chapter) problems are modelled. Through a textbook’s
exemplars the student is initiated into the disciplinary matrix: current theory, meth-
ods, and criteria of a normal science. Kuhn’s analysis of the structure of science
textbooks, especially of the techniques of textbook presentation, leads him to the
following conclusions:

Except in the occasional introductions that students seldom read, science texts make little
attempt to describe the sorts of problems that the professional may be asked to solve or
to discuss the variety of techniques that experience has made available for their solution.
Instead, these books exhibit, from the very start, concrete problem-solutions that the profes-
sion has come to accept as paradigms [as exemplars], and they then ask the student either
with a pencil and paper or in the laboratory, to solve for himself problems very closely
modelled in method and substance upon those through which the text has led him (italics
Kuhn, 1963, p. 351).

The pedagogic function of the textbook presentation is to accomplish

. . . a relatively dogmatic initiation into a pre-established problem-solving tradition that the
student is neither invited nor equipped to evaluate (ibid p. 351).

It is equally revealing to see what, according to Kuhn, is not included, in science
textbooks:

The objective of a textbook is to provide the reader, in the most economical and easily
assimilable form, with a statement of what the contemporary community believes it knows
and of the principal uses to which that knowledge is put [Sub]. Information about how
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that knowledge was acquired (discovery) and about why it was accepted by the profession
(confirmation) would at best be excess baggage. Though including that information would
almost certainly increase the ‘humanistic’ values of the text and might conceivably breed
more flexible and creative scientists, it would inevitably detract from the ease of learning the
contemporary scientific language. To date only the last objective has been taken seriously
by most writers of textbooks in the natural sciences (Kuhn, 1977b, p. 186).

Kuhn emphasises in various places that the ‘misdirection supplied by science
texts is both systematic and functional’ (1977b, p. 187). The dogmatic initiation
into a normal science tradition by creating among students a misleading picture of
the nature of science, a textbook image of science as Kuhn calls it, enhances ‘the
research efficiency of physical scientists’ (p. 187). This philosophical substructure
of the curriculum can be termed as educational positivism, i.e. science is presented
in the textbooks as an accumulation through induction of facts, laws and theories
(see also Van Aalsvoort, 2004a). The systematic textbook presentation described
by Kuhn will therefore initiate and prepare students for the handling of normal
chemistry problems, i.e. for the activity of puzzle-solving as set within the current
paradigm or disciplinary matrix, which is all that future normal chemist need in
order to function successfully.

Thus, based on Kuhn’s view on science education, normal chemistry education
stands for a specific view on chemistry (normal chemistry) in combination with a
specific view of education i.e. the teaching of normal chemistry through textbooks-
cum-exemplars to future chemists while using the current paradigm as a substantive
substructure, presenting science as cumulative growth of facts. This is educational
positivism.

To sum up, Dominant School Chemistry taken as the mainstream chemistry cur-
riculum is characterised by a substantive substructure in the domain of micro–macro

Fig. 2.3 The structure of
Dominant School Chemistry
consists of a combination of a
specific substantive
substructure: based on
corpuscular theory, a specific
philosophical substructure:
educational positivism, and a
specific pedagogical
substructure: intended to
provide the initiatory and
preparatory training of future
chemists

From a basis of 
directly observable facts

(objective, independent from human beings), 
empirical generalisations and 

more complex theories can be induced, 
suitable for understanding the chemical world

(Phil)

Students are to be
trained as future scientists;

They are taught 
by transmission 

to reproduce a set 
of chemical propositions 

and algorithms
(Ped)

Corpuscular theory
is the dominant starting point for 

the description and understanding 
of chemical phenomena

(Sub)
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thinking, based on corpuscular theory, which is rigidly combined with a specific
philosophical substructure, i.e. educational positivism, and a specific pedagogical
substructure, i.e. initiatory and preparatory training of future chemists. The combi-
nation of the substantive, philosophical and pedagogical substructures of dominant
school chemistry is summarised in Fig. 2.3.

Recommendations for Curriculum Development

How can the curriculum theory described above be useful in effectively applying the
two strategies, connecting to daily-life experiences and updating chemical content,
when trying to improve the meaningfulness of learning with respect to the relation-
ship between macroscopic phenomena and the sub-microscopic world of atoms and
molecules?

First, the strategies should address the problem of confusing messages of what
is to be learned as a result of using different curriculum emphases within one unit
of a curriculum. The interpretation of mainstream chemistry courses in Schwab’s
and Kuhn’s terms show that a rather strong implicit consensus apparently has led
to a rigid combination of the three substructures of school chemistry. When aim-
ing to broaden the aims of school chemistry, i.e. to connect it to the lives of the
majority of students, this obviously has consequences for the pedagogical sub-
structure. Chemistry for citizenship, for example, differs from mainstream school
chemistry regarding the aims for future chemical education. Activities should not –
as a default activity – be directed towards a reproduction of chemical proposi-
tions and algorithms. Instead, activities should aim to have students experience
a relation between phenomena that are of interest to their lives and the chemical
content they learn. Similarly, the philosophical substructure changes: when school
chemistry is to address daily-life and societal issues, the curriculum’s philosophy
can no longer be ‘objective’ without acknowledging that chemistry is embedded
within human cultures and their societies. Therefore, in accordance with Schwab’s
theory also different concepts are part of the substantive substructure of the cur-
riculum, for example the concept of risk assessment, and economic, ethical and
political concepts.

It is important to understand why confusing messages occur. When, for example,
the philosophical and pedagogical substructure change without reconsidering the
content or at least the focus on corpuscular theory, an inconsistency between the
substructures of school chemistry occurs. To quote Schwab again (Schwab, 1978,
p. 242),

‘. . . If a [sub]structure of teaching and learning is alien to the [sub]structure of what we
propose to teach, the outcome will inevitably be a corruption of that content’.

Such a mixing up of different curriculum emphases has been studied in depth by
Van Berkel for the Salters’ Science unit about ‘Metals’ (Table 2.1). The designers of
the unit aimed at a 50 – 50 balance of pure chemical content (Solid Foundation) and
chemical–technological–societal content (Science, Technology and Decisions). Van
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Berkel (2005) has analysed how during the process of development, revision and
examination, this ratio has shifted into a much more heavy emphasis on Solid Foun-
dation (pure chemical content). Some concepts which are not really needed to put
across the emphasis Science, Technology and Decisions, are nevertheless developed
(e.g. oxidation and reactivity series). Some important concepts are not developed,
although they are needed for this emphasis (e.g. composition of metal objects, the
process of chemical change, and order of corrodibility). This shift from ideal to
realisation during curriculum development is described by Goodlad et al. (1979) as:
‘slippage from any ideal formulation to what reaches the student’. When the mes-
sage about what is why to be learned is unclear, curriculum designers, teachers and
students tend to fall back on the default emphasis of Solid Foundation, analysed in
this chapter as Normal Chemistry Education (cf. Hart, 2002 for physics education).

Over the years, in successive curriculum developments, content is simply added,
instead of changing the substantive substructure in accordance with the philosoph-
ical and pedagogical substructure aimed at. This leads to the successive layers dis-
cussed above.

Using Schwab’s framework, it becomes clear how school chemistry curriculum
fails to realise its own set goals of initiating and preparing future chemistry students
teaching them the theoretical understanding of chemical phenomena. The tendency
is to add historical layers to the substantive substructure of the curriculum when ‘up-
dating’ content calls for a higher degree of ‘efficiency’ within the time available for

Table 2.1 Overview, chemical unit Metals of Salters’ Science (1989); Asterisks denote pure chem-
ical (Solid Foundation) content; Italics denote chemical technological–societal (Science, Technol-
ogy and Decisions) content (Van Berkel, 2005, p. 177)

This unit is concerned with:

– the importance of metals,

– the relationship between the properties of metals and their uses,

– the problems of corrosion.

The unit starts with a survey of the surroundings in which students familiarise themselves with
the ∗names, ∗physical properties and uses of common metals. The ∗use of symbols to
represent metals is also introduced. Discussion of the ∗physical properties which metals have
in common then leads to the idea that ∗different metals can be identified by their chemical
properties. Students complete ∗simple qualitative tests on known metals and use these tests
to identify metals in common objects.

After this initial study of the ∗chemical properties of metals, the processes of corrosion and
burning are investigated and this leads to an introduction of the terms ∗element, ∗compound
and ∗reaction.

Students go on to investigate rates of corrodibility and ∗the reactivity series is introduced.
Methods to prevent rusting are considered in a homework exercise and further opportunities
to study the methods of rust prevention are provided in two optional lessons.

Work on corrosion allows further discussion of the usefulness of metals; the unit ends with a
study of alloys in which solder is prepared and the properties of alloys are related to their
uses.
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teaching chemistry in school (but leads to an overloaded and confusing curriculum).
Teaching chemistry has become ‘coverage’ of the chemistry curriculum, instead of
a ‘discovery’ of chemical phenomena (Schwartz, 2006, p. 996). As different lay-
ers of content accumulate in school chemistry over the decades, these sedimentary
structures become compressed into a set of corpuscular theories which at first hand
may seem to offer an all-applicable generalised explanation for natural phenomena.
However, a more in-depth study reveals inconsistencies in the use of concepts by
developers, teachers and students. This accumulation into a survey curriculum tends
to restrict the time available for scientific reasoning and constructivist pedagogical
approaches.

Both effects of the two strategies are visualised in Fig. 2.4. Incoherency between
the substructures of the curriculum is illustrated by those pieces of the jig-saw puzzle
that do not fit together. The sedimentary layers, the accumulation of chemical theory,
and subsequent curriculum overload are visualised with the layers of the substantive
substructure that leads to a huge outgrowth.

This overview communicates two important messages. Changing only one piece
of the puzzle is not enough: the curriculum needs to be changed in all three sub-
structures simultaneously in order to connect to daily-life experiences and to socio-

Fig. 2.4 An overloaded chemistry curriculum with a sedimentary structure according to De Vos
and Pilot (2001), interpreted with the three substructures of the dominant version of mainstream
chemistry courses according to Van Berkel et al. (2000)
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Fig. 2.5 A new coherent relationship between philosophy, pedagogy and scientific content needs
a co-ordinated change in all three substructures

scientific issues. Secondly, contemporary developments of material science and
technology ‘on top of’ the existing substantive substructure of the curriculum ev-
idently will further overload the curriculum leaving even less time available for a
genuine and coherent exploration of the philosophical and pedagogical substructure
of school chemistry. Therefore, at the secondary level, the initiation into normal
chemistry should be largely replaced by an education in or through fluid, critical,
or creative chemistry, together with an education in or about the relations between
chemistry, technology, and society. For an escape from Normal Chemistry Educa-
tion, a co-ordinated replacement of the currently rigid combination of substantive,
philosophical, and pedagogical substructures of school chemistry will be necessary
(cf. Fig. 2.5, which is explained further below).

How to Escape

The recommendations in the preceding section are part of a systematic strategy
to escape from the dominant version of the mainstream chemistry curricula, char-
acterised as Normal Chemistry Education, in terms of a framework for analysis,
development, and design-based research. But before presenting this strategy we
summarise the argumentation in three conditions for escape and some of the im-
plications involved (Van Berkel, 2005).
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Condition one: In order to escape, we have to know what to escape from.

� Perform a domain-specific analysis of the nature and structure of the dominant
school chemistry curriculum in terms of a combination of the dominant substan-
tive, philosophical and pedagogical substructures.

With respect to the core concepts of micro–macro thinking in chemistry educa-
tion, this has been presented in the preceding sections using the curriculum theories
of Schwab and Kuhn. Local or national circumstances may be slightly different, and
these need to be part of the analysis, although mainstream chemistry curricula are
rather similar from an international perspective.

Condition two: In order to escape, we have to know what to escape to.

� Aim towards a coordinated replacement of the currently dominant (rigid) com-
bination of substantive, philosophical, and pedagogical substructure of school
chemistry.

� Develop and legitimise a new curriculum emphasis for school chemistry, in terms
of a new coherent combination of a substantive, philosophical and pedagogical
substructure.

� Use the concepts of Curriculum Emphases and the framework of Normal Chem-
istry Education as instruments to articulate the new vision on the chemistry
curriculum in terms of design criteria, i.e. a new conjectural vision to be op-
erationalised by the design of exemplars of the teaching material in the formal
(designed) curriculum.

Condition three: In order to escape, we have to know how to escape.

� Be aware of, anticipate and avoid the Normal Chemistry Education reflex, i.e.
the introduction into design and teaching of more chemical concepts than are
needed for the chosen curriculum emphasis. Alternatively, deal in time with any
difficulties related to the dominant school chemistry curriculum at all stages of
development, starting with the initial vision and the first design of the curriculum.

� Collect evaluation data at all stages of development to safeguard the adopted
vision, in moving from the vision all the way to the implementation of the cur-
riculum in the classroom.

� Check the newly chosen curriculum emphasis, articulated in the vision on the
curriculum in terms of design criteria, for consistency at all stages of curriculum
development.

Conditions two and three can only be fulfilled in iteration using Schwab’s sub-
structures of a curriculum (Phil – Ped – Sub). The main question is how to start
the iteration. To work out a new vision on the learning of micro–macro thinking,
there needs to be an interrelation between chosen philosophies on chemistry (ed-
ucation; Phil) that is consistent with a pedagogical theory (Ped). An example is
extensively described by Meijer, Bulte, & Pilot (2005; see also Pilot et al. in this
book): chemistry is considered as a human activity in relevant communities of prac-
tice (Phil), while learning (Ped) is to take place as participation in such (situated)
communities of practice. To avoid the use of the traditional conceptual structure
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(a Normal Chemistry Education reflex), an appropriate substantive substructure of
micro–macro thinking (Sub) needs rethinking. It is best advised to start from the
new vision on the curriculum with an authentic, relevant task as a context (Bulte
et al., 2005). Developers and teachers who are not familiar with the new vision
will otherwise inevitably fall back to the prevailing content of atoms and molecules
first (Sub – old; Fig. 2.5). Consistent with the choice for communities of (social)
practice, and the learning by participation, the replacement of content (Sub) can be
based on the discourse of the related social practices. This means that an analysis is
needed of how experts discuss and think when addressing authentic tasks belonging
to selected social practices related to chemistry. Much of the (new) substantive sub-
structure (Sub – new) will be implicit or tacit in nature, as it has never been made
explicit or considered important in the present substantive substructure (Sub – old;
Fig. 2.5 and more extensively in Pilot et al. in this book; also Van Aalsvoort, 2004b).
The starting point is, because of this argument, to develop criteria for selecting
authentic tasks for redefining the substantive substructure of the curriculum. Each
new team of developers should develop these when constructing a new curricu-
lum which is appropriate for the local circumstances, the age of the students,
and the aims of chemistry education (preparation for future education, chemistry
for all, etc.).

The example given here (Fig. 2.5; and in Chapter 9) is only presented as an
illustration. Many other philosophies of science and theories of learning exist, can
be brought into agreement with each other and inevitably will lead to another re-
definition of the substantive substructure. Within one programme, even a pallet on
different choices may exist, e.g. an emphasis on Science, Technology and Decisions
in one unit and an emphasis on Structure of Science in a second unit. However,
Roberts’ message not to mix up curriculum emphases within one unit is to be taken
as a leading design principle.

Developing a new vision is the necessary first stage. However, developing an
entire consistent curriculum based on a new vision involves several steps that are
impossible to take in one single pathway in order to fulfil the conditions two and
three. Transformation directly into a whole new set of curriculum materials would
involve the design of a tremendously large number of curriculum materials, with
large investments in human resource and time. Using Goodlad’s model of curricu-
lum representations (Goodlad et al., 1979; Van den Akker, 1998), a design process
for a new curriculum can be visualised in Fig. 2.6. This design process consists of
six elements (see also Gilbert, 2006; Van Berkel, 2005):

� The visionary curriculum: the original vision, basic philosophy, rationale and
mission underlying it.

� The formal curriculum: the elaboration of the original version in the documenta-
tion about the course that will be made widely available. All design teams pro-
duce such paperwork with design criteria, student materials and teacher materials
(for that reason also called the designed curriculum).

� The perceived curriculum: how teachers, the main users of the formal curriculum,
understand what it intends and implies.
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Fig. 2.6 Transformations from a vision on chemistry education into design criteria for an entire
curriculum (1), into an exemplary unit (2), into students and teacher materials (3), into the oper-
ational form in a real classroom, into attained learning results of students (4). The arrows in the
lower part of the figure represent evaluative feedback loops of the transformations

� The operational curriculum: the nature and content of the interactions between
teachers, students, and resource materials, which take place in the classroom.

� The experiential curriculum: the actual learning processes that the students un-
dertake.

� The attained curriculum: the learning outcomes achieved by the students, as
recorded in the results of their assessment.

According to Van den Akker (1998, p. 422),

“This typology of curriculum representations is particularly instructive for analysing the
roots and fruits of numerous curriculum innovations efforts in science education over the
previous decades. Curriculum reform typically is aimed at reducing the incongruence be-
tween ‘new’ ideas and current student learning.”

In other words: when a new coherent vision is to reduce the experienced lack
of meaningfulness when students learn about atoms and molecules (cf. Osborne &
Collins, 2001), eventually this vision (visionary curriculum) should be reflected in
the operational, experiential and especially the attained representation of the cur-
riculum. Therefore, the further fulfilment of conditions two and three implies an
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iterative process which also involves a scaling-up that is possible only when in ear-
lier transformations the attainment of the set of criteria is realised. Maintaining con-
sistency of vision across all curriculum representations is supported by evaluative
feedback loops in order to avoid ‘slippage’: incongruence between the vision and
what reaches the student (Goodlad et al., 1979; see also Van Berkel, 2005, p. 176).

General criteria are firstly further transformed into a single representative exem-
plar unit (formal curriculum; Fig. 2.6). The unit should be transformed into mate-
rials (formal curriculum; Fig. 2.6), which will be evaluated in real classrooms with
real teachers and students (operational curriculum). The attained learning results are
evaluated and related to the intentions described as learning aims for the exemplar
unit (have students attained the learning aims for this exemplar unit as an example
of the intentions described in the new vision?). The design of an exemplar unit
takes place through a design research approach (Bulte, Westbroek, De Jong, & Pi-
lot, 2006; Van den Akker, Gravemeijer, McKenney, & Nieveen, 2006; Pilot et al. in
this book). During the design process, continuous evaluation and revision lead to an
improved unit. Simultaneously, adjustment between criteria, design characteristics
and the actual operational unit must be achieved. Finally, a successfully developed
unit must meet the essential criteria. A careful analysis of the exemplar unit provides
a basis for adjustment and sharpening of a new vision on chemistry education. This
is underlined by the feedback arrows at the bottom of Fig. 2.6, thereby showing the
checks on consistency in the development of the unit.

The exemplar unit must also make it easier to communicate a new vision on
chemistry education to all actors and stakeholders. A vision described in abstract
terms (as is necessary in this stage of development) is difficult to comprehend and
discuss. An exemplar evaluated in real classrooms can then be used as a concrete
illustration of a new vision. Once agreement has been reached upon this point, cur-
riculum development can take place at a larger scale.

The following six questions can be regarded as guidelines for development of a
new vision on macro–micro thinking in chemistry education:

1. What is the content and focus of a new vision on the chemistry education cur-
riculum in terms of the three coherent substructures discussed above that should
lead to meaningful learning of micro–macro thinking?

2. Is this vision effectively and correctly transformed into design criteria for the for-
mal representation of a curriculum (are the criteria valid, precise and complete;
transformation 1)?

3. What are the characteristics of designed units about the domain of micro–macro
thinking, leading to units within which design criteria are realised (transforma-
tions 2 & 3)?

4. Is the theme chosen for the exemplar unit appropriate to make this unit a repre-
sentative example for micro–macro thinking regarding the substantive substruc-
ture (evaluative feedback formal → visionary curriculum)?

5. Does the unit have a philosophical substructure such that students indeed experi-
ence their micro–macro thinking as meaningful (evaluative feedback attained →
visionary curriculum)?
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6. Does the unit have a pedagogical substructure such that students indeed attain a
coherent mental map about micro–macro thinking (evaluative feedback attained
→ visionary curriculum)?

In such a way, a tentative but continuous design process should lead to unit ex-
emplars that meet the three conditions for escape. These units should exemplify the
key part of a chemistry curriculum about micro–macro thinking, with coherence
between the philosophical, pedagogical and substantive substructure. In the chapter
by Pilot et al. in this book, a first step is described towards such a macro–micro
unit using a design research approach. For other examples of units we refer to Van
Aalsvoort (2004b), Bulte et al. (2005), Westbroek (2005) and Prins et al. (2008). All
these studies attempt to escape from the overview curriculum with all the chemical
theories that have been developed in the last century.

When the body of knowledge in chemistry and chemical technology evolves,
chemistry education needs to develop new answers to meet the future standards
for challenging and inspiring curricula, for future students and citizens who are
intrigued by the material world. Societal development such as genomics, the influ-
ences of nanotechnology and the requirements for sustainable development deserve
such new answers. The questions hopefully are raised by the analysis described in
this chapter.
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Chapter 3
Towards a Better Utilization of Diagrams
in Research into the Use of Representative
Levels in Chemical Education

Maurice Cheng and John K. Gilbert

Abstract The representation of chemical concepts – indeed scientific concepts gen-
erally – is inherently multimodal, i.e. it involves the combination of more than one
mode of representation. Consequently, the successful learning of chemistry involves
the construction of mental associations among the macroscopic, microscopic and
symbolic levels of representation of chemical phenomena using different modes of
representation. Traditional linguistically framed research studies are only capable
of capturing some aspects of that understanding. We suggest that students’ un-
derstanding of diagrammatic representations – the visual mode – should be more
extensively exploited in chemical educational research. Studies that have probed
students’ understanding through their construction of and through their interpreta-
tion of presented diagrams are reviewed. Further potential of the use of the visual
mode of representation in such research, especially in respect of the macro/sub-
micro/symbolic representational triplet, is also discussed.

The Multimodality of Scientific Knowledge

The use of diagrammatic representations in professional scientific journals, school
science textbooks, newspapers and popular magazines is now very common. They
have become an essential element in conveying scientific information from expert
scientists to audiences of school students and the general public. Given their promi-
nent role in scientific communication and in the learning of science, it is surpris-
ing that their roles have not been addressed more systematically and abundantly
in scholarly discussions. Kress and van Leeuwen (2006) ascribe this negligence to
the overt focus on verbal language in society that has led to a devaluation of the
affordances offered by the visual mode of communication. In an empirical study of
book chapters and papers published in some major scientific journals, Lemke (1998)
found that diagrams are ubiquitous. In contrast to the commonplace belief that there
exists one-to-one correspondences between a text and a diagram, scientific meaning
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is most commonly made by the ‘joint co-deployment’ of two or more modes of
representation with one text. Lemke (1998) has succinctly expressed how different
modes are used to express scientific concepts,

‘Concepts. . . are not defined by the common denominator of their representations, but by
the sum, the union of meanings implied by all these representations. . . . It is the nature of
scientific concepts that they are semiotically multimodal. . .’ (pp. 110–111).

As science concepts are multimodal in nature, it follows that the outcomes and
processes of teaching science should follow in the same vein.

Kress, Jewitt, Ogborn, and Tsatsarelis (2001) have investigated how the teaching
of science is achieved by multimodality. From this perspective, external representa-
tion in a visual mode (often called ‘visualization’) is regarded as more than a tool for
learning. Rather, it enables learners to make meanings or express their ideas which
they cannot readily do in the other modes of communication e.g. the verbal. In the
communication of science, different modes have their different inherent affordances
and address different specialized tasks. It is the combined effects of the different
modes that realize the meaning intended by the authors of a text or by teachers
(Kress et al., 2001, p. 14). This combined effect means that each mode multiplies
the complexity of meaning achieved; each mode interacts with and contributes to
the meaning derived from the others. Such interaction of modes can take different
forms: sometimes different modes may carry the similar meaning; sometimes they
may be complimentary by representing different aspects of meaning; at times they
may even be contradictory.

The notion of a contradiction between modes needs some elaboration. Given the
emphasis of ‘coherence’ in the epistemology of science, it might be surprising to
find that different modes of representation provide contradictory information. How-
ever, such a contradiction is common, for example in the ‘particulate’ drawings that
are used in chemistry and chemical education. Thus, it is not feasible to represent
the percentage of dissociation of a weak acid within the scope of a diagram in such a
way as to accurately reflect what is expressed mathematically. In Fig. 3.1, although
Alternative (B) is regarded as the best illustration, if it were to be translated into
mathematical data, the percentage of dissociation of HF would then be 20%1!

Fig. 3.1 An instrument used
by Smith and Metz (1996)
which probed students
understanding of
diagrammatic representation
of a weak acid

1 According to Stark and Wallace (1982), the pKa of HF is 3.25 (p. 74). The percentage of disso-
ciation of a molar solution of HF would be 2.37%; and that of 0.1 M would be 0.75%.
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Another common example where we find contradictory information provided
by different modes is in the representation of the relative size of an atom and its
nucleus. Again, diagrammatic representation can hardly do justice to the precise
size of an atomic nucleus as compared with that of an atom as a whole. All diagrams
in school science textbooks seem to exaggerate the nuclear size within an atom.
Nevertheless, it is the numerical data (symbolic mode) or a verbal analogy (verbal
mode, such as the analogy between the relative size of a tennis ball and a football
field as compared to that of a nucleus and an atom) that can more accurately describe
their relative sizes. It should be noted that although the information represented in
the visual mode is not consistent with the other modes, what is important is that
students should understand the nature of multimodal representations, and be able to
inter-relate different modes of representation in arriving at the consensus meaning
of scientific concepts.

Probing Students’ Understanding of Chemistry
from a Multimodal Perspective

In this section, we show how the multimodal perspective of scientific knowledge
would shed light on our understanding of students’ conceptions and difficulties
when learning chemistry.

Beyond Linguistically Framed Research on Students
Understanding of Chemistry

By ‘linguistically framed research’, we mean the kind of research studies which
investigate students’ understanding of chemistry solely via the verbal mode of rep-
resentation. As we discussed in the previous section, different modes of communi-
cation make meaning differently, so the verbal mode alone can only express part of
the meanings of chemical concepts. We must therefore probe into students’ under-
standing of the visual mode through graphs, diagrams and photographs and charts.
Also, besides studying how learners make meaning from individual modes of rep-
resentation, it is also valuable to know how learners construct meaning through the
interactions of different modes. In the next two sections, we will report an indicative
review of some of the studies conducted so far that have utilized visual mode of
representation as a probe into students’ knowledge.

The Meaning of ‘Not Being Able to Learn Chemistry Meaningfully’

The literature in science education in the past two decades or so has had a focus on
student’s understanding of science, not least in chemistry (Fensham, 2001). There
are two inter-related interpretations of students’ failure of grappling with established
content knowledge:
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(i) students are not able to link their existing knowledge with new information
and/or do not have adequate pre-requisite knowledge (Garnett, Garnett, & Trea-
gust, 1990; Nakhleh, 1994);

(ii) students are not able to inter-relate the macroscopic, microscopic and sym-
bolic levels of representation (Gabel, 1998). For example, it has been found
that students’ success in balancing equations does not guarantee their accu-
rate representation of the corresponding chemical reaction in a diagrammatic
form (Yorroch, 1985). Our interpretation of these findings is that being able to
balance chemical equations is about the understanding of the symbolic level,
yet the ability to draw accurately is about the understanding of sub-microscopic
level expressed through the diagrammatic mode of representation. Unsuccessful
learning is thus interpreted in terms of students’ difficulties in relating the two
levels of representations to each other.

It has been widely reported that many students could correctly answer conven-
tional examination-type questions yet they do not demonstrate genuine conceptual
understanding upon further probing (Nurrenbem & Pickering, 1987). Similarly,
many students were able to solve mathematical or algorithmic problems without
being able to solve conceptual problems. While we believe that some students might
rote-learn chemistry content knowledge and hence are not able to answer questions
which demand deeper understanding, it is possible that they are not familiar with
or are not able to mentally switch between different modes of representation. For
example, in the study conducted by Smith and Metz (1996), it was found that many
first year undergraduates were able to define ‘strong acid’ as being 100% ionized or
dissociated. However, only 46.6% of them were able to choose a diagram (Fig. 3.2)
that represents the sub-microscopic level of hydrochloric acid.

Our interpretation of the finding from the study is that even within a single
level of representation, i.e. sub-microscopic, some students were unable to trans-
late between different modes of representation. In this case, there was evidence
that students were unable to translate their verbal mode of understanding into the
diagrammatic mode (or visual mode). If the translation between different modes
within the same level is problematic, it would be very challenging when students
are required to smoothly mentally move about and link all the three – the macro, the
sub-microscopic and symbolic levels – of chemical phenomena.

Fig. 3.2 An instrument
which probed students
understanding of
diagrammatic representation
of a strong acid (Smith &
Metz, 1996)



3 Towards a Better Utilization of Diagrams in Research 59

In light of the above findings and interpretations, we suggest that students’ diffi-
culties in understanding chemistry can be expressed, besides (i) and (ii) mentioned
above, as,

(iii) students do not understand the different modes of representation of physical
phenomena and;

(iv) students are not able to translate and relate the different modes of
representation.

These two difficulties are not only relevant from the multimodal learning per-
spective, but also relate to the ‘meta-visualization’ capability put forth by Gilbert
(2008). In short, this involves at least the capability to,

� demonstrate an understanding of the ‘convention’ for different levels (i.e. macro-
scopic, sub-microscopic and symbolic) and dimensionality (3D, 2D and 1D) of
representations.

� demonstrate a capacity to translate between different levels and modes of repre-
sentation. As the information presented in different modes can be contradictory
(see earlier in this chapter), a competent reader should be able to spot inconsis-
tencies between modes and to make meaning selectively from valid information.

� demonstrate a capacity to be able to construct a representation within any level
and dimensionality for a given purpose.

Within this framework, students’ difficulties in understanding some chemistry
concepts can be ascribed to their lack of meta-visualization capability in under-
standing and translating different modes of representation.

Research into Visualization Skills in School Sciences

Several research studies have probed students’ interpretation, understanding and
use of diagrams. For example, Stylianidou, Ormerod, and Ogborn (2002) inves-
tigated how students interpret textbook diagrams in the topic of ‘Energy’, Vien-
not and Kaminski (2006) looked into how minor changes in diagrams could have
significantly affected students’ responses to an assessment instrument. Reiss and
Tunnicliffe (2001) asked students to draw what they perceived to be their organs
and systems within the body. Pozzer and Roth (2003, 2005) have studied both the
functions of photographs in biology textbooks and how students made sense of these
photographs along with the associated captions and texts.

In chemistry, perhaps because of the significance in visualizing molecular struc-
ture, there has been a focus on how students perceive three-dimensional objects
from a two-dimensional representation and how students mentally manipulate ro-
tated, reflected and inverted objects (Stieff, 2007; Tuckey & Selvaratnam, 1993).
Although these visualization skills are very important in chemistry, it is evident
that they are not the only ones needed in school chemistry (Mathewson, 1999). For
example, conceptual understanding of nature of different types of chemical bonding,
atomic theory in terms of the Democritus particle model and the Bohr model, and



60 M. Cheng and J.K. Gilbert

stoichiometry, do not need these visualization skills. Rather, they involve the under-
standing of representational conventions, such as the meaning of ‘arrows’ used in
diagrams, and how the verbal or mathematical mode of representation relates to and
is translated into the visual mode.

The representation of some physical processes (e.g. the movement of electrons
during electrolysis or in electrochemical cells) or industrial processes (e.g. Haber
process), is predominately through the use of diagrams in textbooks and teaching
aids. Instead of explicitly invoking the skills with which to mentally manipulate
3D molecular representations, readers of such texts have to identify the elements
or the components of the diagrams, the movement of materials or chemical species
and how they interact dynamically. We now highlight some of the research studies
which touch on student’s understanding of conventions and translation of various
modes

Students’ Understanding Probed Through Presented Diagrams

The Particle Model of Matter

Novick and Nussbaum (1978) explored students’ understanding of the particle
model of matter

(i) by asking students to draw diagrams of a gas at the sub-microscopic level and
(ii) by presenting diagrams to students that depict the particle model and the con-

tinuous model of matter and asking them to select one that was closest to their
conception (See Fig. 3.3, for the representation before and after half of the gas
is removed).

The role of the diagrams is pertinent to the present discussion: it was essential
in the Novick and Nussbaum study. These diagrams probed into understanding of
the following aspects of the particle model: (1) a gas comprises invisible particles.
(2) Gas particles are evenly scattered in any enclosed space. (3) There is ‘empty
space’ between the particles in a gas. (4) Particles in a gas are in intrinsic motion –
they are not pushed externally. It would have been possible for students to rote-learn
the above statements, so an investigation through a linguistically framed instrument
would not have been able to fully explore students’ understanding. For example,
the idea of ‘empty space’ in statement (3) could have many different interpreta-
tions – all the options have ‘empty space’ between particles. It is only through the
visual mode that the accepted view of the relationship between particles and empty
spaces can be represented. It is only through the use of diagrams, a form of external
representation and a form of representation alternative to textual description, that
students’ internal representation of particle model could be assessed with a higher
validity.

Were the data harvested by Novick and Nussbaum (1978) still available, then
based on the notion of multimodal learning (Kress et al., 2001) it would be revealing
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Fig. 3.3 Part of the diagrams presented to students in Novick and Nussbaum (1978, p. 279)

if the diagrams drawn by students were to be re-analyzed. For example, would stu-
dents have thought that the particles have different forms or shape when half of the
gas was removed? Also, other than the diagrams produced, how else could students
draw a representation of their ideas that the distribution of gas particles is uneven?
These are just a few ways in which the diagrams produced by students could be
better utilized for research purposes. Like other studies of students’ understanding
of chemical and other scientific concepts, the deeper we delved into the data, the
more insight we can gain into students’ ideas and the easier it becomes to reveal
unsuspected understandings. In short, we would like to emphasize the potential of
analyzing students’ drawings and the use of diagrams when investigating students’
internal representations of scientific ideas.

Atomic Structure

Whether the Bohr atomic model or the quantum mechanical model is introduced
to students, it is inevitable that they have to learn, among other things, that (i)
the atomic nucleus is surrounded by electrons and (ii) most of an atom is empty
space. Students’ understanding of the visual representation of the above two state-
ments was explored by Harrison and Treagust (1996). In the study, 48 Grade 8–10
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Fig. 3.4 The set of six
diagrams of atomic models
presented to students (p. 516)

students were asked to draw what they perceived to be an atom and were asked to
choose two from six diagrammatic representations of an atom which were closest to
their perception (as in Fig. 3.4). Except option (6), all others could represent the
verbal description that the atomic nucleus is surrounded by electrons. Although
the drawings produced by the students are not available in the cited paper, the
options chosen by them are revealing. The majority of students preferred (2) and
indicated they disliked (4). That is, they tended to appreciate a distinct and con-
crete atomic model. From the report, it is unclear how many participants of study
have been introduced the notion ‘electron cloud’ and quantum mechanical model
of atomic structure. Nevertheless, students’ preference could inform teachers about
students’ prior conception when they start to learn more advanced atomic model
in which electrons do not follow definite orbits. Teachers would thus be aware of
the need to highlight the differences between different representations of atomic
models.

It has been suggested that the notion of ‘electron cloud’ could be more fully
explored with the use of the visual mode. There is some evidence that students’ un-
derstanding of ‘cloud’ is alternative to the accepted scientific view. In a study which
investigated students knowledge of the water cycle, it was found that some of the
children age 5–15 viewed ‘clouds’ as sponges in which drops of water are embedded
(Bar, 1989). If students are not able to grapple with the scientific meaning embedded
in ‘cloud’, then it would be much more difficult to grasp their understanding of the
verbal analogy between ‘electron cloud’, meaning an ‘electronic arrangement’, and
‘cloud’. If students were presented with a diagram showing an electron cloud, and
then probed explicitly as to where the electrons are and the relationship to the idea
of ‘cloud’, then we could be far more sure that we understood their meaning.

Textbook Photographs and Diagrams

Diagrams and photographs prevail in science texts from primary school level to
professional publications. From an analysis of biology texts, it was proposed that
textbook photographs take four forms and serve four functions: (i) decorative –
photographs without captions or references in the text (ii) illustrative – photographs
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with the names of the objects/phenomena only in the caption (iii) explanatory –
photographs with the names and some explanations/classifications of the phenom-
ena in the caption and (iv) complementary functions – photographs showing new
information not available/mentioned in the main text (Pozzer & Roth, 2003). The re-
port suggests that if photographs serve only decorative or illustrative functions, they
might not be necessary. Nevertheless, taking the multimodal perspective of learning
and teaching, the visual mode of representation produces a meaning that is different
from that of the verbal mode. It is through their interactions that meanings are con-
structed. In that sense, ‘decorative’ and ‘illustrative’ could also provide significant
information that would otherwise be impossible to carry in words. For example, an
illustration of an animal species or physical phenomena that students have not seen
before would be conducive to their meaning-making from the combination of text
and image.

More recently, Pozzer-Ardenghi and Roth (2005) have reported how secondary
school students could understand textbook photographs. The study presented pho-
tographs, with and without caption and accompanying text, to students. Not sur-
prisingly, it was found that photographs alone did not ensure successful compre-
hension by the students. For example, students were not able to discern what can
be regarded as salient elements in the photographs. Also, identifying patterns from
a series of photographs could not be guaranteed without the aid of captions and/or
associated texts. In short, the role of caption and texts is essential in guiding students
how to make meanings from photograph(s). The findings and implications of the
study are relevant to the multimodal view of learning, i.e. each individual mode
of representation contributes to part of the union meaning of a concept. It was the
co-deployment of the visual and the verbal mode that enables students to make sense
of the meanings intended by textbook authors.

By the same token, the inclusion of diagrams could negatively affect students’
interpretation. Crisp and Sweiry (2006) studied students’ performance in exami-
nation questions. They found that on some occasions the inclusion of a diagram
supplemented the verbal information provided in the examination questions whilst
on other occasions the use of different diagrams associated with the same verbal
questions did not significantly affect students’ performance. However, when stu-
dents were provided with Fig. 3.5 and asked for the products of the reaction between
hydrochloric acid and sodium carbonate, which is an ingredient of toothpaste, 9%
of students gave answers such as ‘shampoo’ and ‘soap’.

The authors postulate that it is the word ‘products’ in the question that triggers
students to name the household products that they see from the photograph. In this
case, although the photograph aims to illustrate toothpaste, it turns out that students
inappropriately associate the other elements in the photographs with the verbal in-
formation provided in the question.

With the studies conducted so far, what is not clear is how exactly different modes
of representations have contributed to the meaning construction. That is, what are
the specific affordances of visual and verbal modes utilized in textbook? Further
studies seem to be needed to answer this question if more effective instructional
materials are to be designed to enhance students’ learning.



64 M. Cheng and J.K. Gilbert

Fig. 3.5 The diagram
associated with an
examination question – what
are the products of the
reaction between
hydrochloric acid and sodium
carbonate which is an
ingredient of toothpaste
(Crisp & Sweiry (2006)

Implication for Chemistry Education

Diagrams and photographs are prevalent in chemistry textbooks. Given that students
are required to translate between the macroscopic, microscopic and symbolic levels
of understanding and be able to visualize a 3D structure from a 2D representation,
the visual mode of representation plays a special role in meaning-making process
(Gilbert, 2008). Particularly, how do students interpret figure, such as the one in
Fig. 3.6, which attempts to illustrate the macroscopic and microscopic level of the
physical world? As exemplified in the representations of the ionization of HF, it is
inevitable that the information represented in the verbal mode and the visual mode
do contradict each other, how well do students reconcile the inconsistencies when
they read the textbooks? Also, it has been found that school students might assign

Fig. 3.6 A diagram linking
macroscopic and microscopic
levels. [Source: 21st Century
Science: Chemistry, (Hunt &
Grayson, 2006, p. 51)]
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different values for learning to visual aids, in the order of cartoons, pictorial dia-
grams, diagrams (with labels and process arrows) and abstract line drawings (New-
berry, 2002). In this connection, how do students perceive the value of photographs,
or a figure which comprise a mix of photographs and diagrams (Fig. 3.6)? At a
more metacognitive level, how do students perceive the nature of the visual mode of
representation? How do they understand diagrams/ photographs as visual model of
physical phenomena? What would be the different levels of representational compe-
tence? These are all pertinent questions related to how students make sense of visual
mode of representation when learning chemistry.

In this connection, the ‘visual grammar’ framework proposed by Kress and van
Leeuwen (2006) would be a useful tool for the analysis of the contents of diagrams.
The ‘visual grammar’ has made significant reference to work on ‘functional gram-
mar’ by Halliday (1985). In essence, like a linguistic system, the resources of visual
system, i.e. images, serve the following three metafunctions simultaneously:

� Ideational/Representational meaning: The image represents aspects of the world
experienced, perceived or conceptualized by humans. Examples of such aspects
include events, objects and ideas etc.

� Interpersonal/ Interactive meaning: The image constructs the nature of relation-
ship between the viewer and the objects represented within the image.

� Textual/Compositional meaning: The image constructs meaning through the spa-
tial distribution and the relative emphasis of different elements within it.

As the interest of this chapter is about how diagrams represent the world ex-
ternal to them and how readers could make sense of them, we will focus on the
ideational/ representation meanings made by diagrams. Based on the framework of
‘visual grammar’, in the context of school chemistry, a diagram can represent, in the
opinion of Kress and van Leeuwen (2006), one or more of the following processes:

1. Action process – a representation of an unfolding action and event processes of
change and transitory spatial arrangement (e.g. a diagram showing how a sodium
atom becomes a sodium atom through the loss of the outermost shell electron).

2. Conversion process – a chain of process in a cycle (e.g. carbon cycle or other
material cycles).

3. Classification process – such as a tree diagram that shows how different things
can be categorized from the most general to the most specific terms.

4. Analytical process – a representation of how a ‘whole’ is made of ‘parts’. When
the ‘whole’ is made of a series of key events, it is called temporal analytic
process (e.g. a series of diagram showing the key steps of a practical work).
When the ‘whole’ is made of its ‘parts’ arranged in a spatial relationship, it
is called spatial analytic process (e.g. a diagram showing the arrangement of
carbon atoms in a piece of graphite/ diamond).

Therefore, it would be worthwhile to investigate how students understand the
diagrammatic representation of these processes as they encounter them in textbooks
and in classroom teaching.
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Diagrams and photographs play a substantial role in the learning of chemistry
(Gilbert, 2006). Usually, this role has been discharged through the use of illustra-
tions at the beginning of a chapter/ topic area. Stylianidou et al. (2002) have inves-
tigated how students interpret an illustration at the outset of their study of the topic
‘Energy’. It was found that many students were not able to identify issues related to
the topic. In another words, the illustration, although vivid, failed to set the context
for students. Thus, it would be useful if we are able to develop criteria for the design
/selection of illustrations that can help in setting the context for students learning.
In terms of teaching, how can teachers help students to gain detailed access to a
particular context for learning? What is successful and what is not? These issues
could be more fully explored in further investigation.

Students’ Understanding Probed Through
Produced Diagrams

‘Sea’ of Electrons and Metallic Bonding

Taber (2002) demonstrated how student’ drawings have acted as a window through
which a researcher can understand learners’ internal representation of metallic
bonding which is otherwise not accessible via words or textual data. For example,
through the drawings in Fig. 3.7, we could learn what a ‘sea of electrons’ could mean
to students – i.e. ‘a vast excess of electrons which would not be possible in a neutral
metal structure’ (p. 744). Like many other scientific ideas, there could have been
many different interpretations based only on a verbal description. It is only with the
inclusion of visual mode that the notion of a ‘sea of electrons’ is qualified. From
students’ drawings, it could be suggested that they have inappropriately translated
the meaning of ‘sea of electrons’ as something overwhelmingly bathing the metallic
ions. Again, it is an indication of inappropriate association of visual and verbal mode
of representation.

Fig. 3.7 Students’ external representations of metallic lattice at microscopic level and sea of elec-
tron (Taber, 2002, pp. 745–746)

Further Possibilities for Analysis

If the potentials of diagrams are to be fully exploited, it would be revealing to ask
students to compare what they have drawn with a corresponding illustration depicted
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in their textbooks. Based on the idea that people visualize things with the support of
their own knowledge of the world, we suspect that some students may not be able
to point out the differences between their own diagram and a textbook illustration.
If this is the case, we will have to re-consider how students would construe meaning
through textbook diagrams (see for example, Stylianidou et al. (2002) and Ametller
and Pintó (2002) which demonstrated a similar line of enquiry).

Representation of Chemical Reactions

The drawings produced by students allow researchers to better conceptualize how
some students interpreted a balanced chemical equations. This is especially useful
in assessing their understanding of stoichiometric coefficients and the meaning of
subscripts of chemical formulae.

Learning various kinds of chemical reactions and physical processes is an impor-
tant element of all chemistry curricula. Earlier in this chapter we commented on how
students could recite the verbal definition of a strong acid but yet failed to select a
visual representation that best illustrates the complete ionization of hydrogen chlo-
ride molecules. Another part of this study, conducted by Smith and Metz (1996),
was probing students’ microscopic representation of the reaction

NiCl2 (aq) + 2NaOH (aq) → Ni(OH)2 (s) + 2NaCl (aq)

For example, it was found that some students interpreted 2NaOH as meaning that
two sodium atoms were linked together (Fig. 3.8); similarly NiCl2 is regarded as
separate units of Ni and Cl2 (Fig. 3.9). That is, they might have seen stoichiometric
coefficient and subscripts of chemical formulae as bearing the same information.
A very similar finding was reported using the reaction N2 + 3H2 → 2NH3 (Yor-
roch, 1985). Although all students participated in the study were able to balance the
equation, upon further probing through drawing and interview, some of the students
fail to discern the meanings of subscripts and stoichiometric coefficient, and perhaps
the meaning embedded in chemical formula NH3 (Fig. 3.10).

Although not commented on by Smith and Metz (1996), the drawings in Figs. 3.8
and 3.9 might have revealed that some of the students were not entirely familiar with
the state symbols. The question and the equation stated explicitly that the reaction
takes place in aqueous solution. Nevertheless, these drawings did not make any ref-
erence to the fact that the reaction or the chemical species are in an aqueous medium.

Fig. 3.8 Drawings produced
by different students about
their mental picture of
‘2NaOH’ (p. 235)
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Fig. 3.9 Drawings produced
by different students about
their mental picture of
‘NiCl2’ (p. 235)

Fig. 3.10 Students’ representation of N2 + 3H2 → 2NH3

Also, it seems that some students failed to identify the notation for covalent bonding,
i.e. a short horizontal line, to denote the attractive forces between ions (see the left
pictures of Figs. 3.8 and 3.9). This is also evident in a diagram in which the above
authors have judged to have met all the important criteria of a good representation
of the chemical reaction (Fig. 3.11). Therefore, other than the meaning embedded in
stoichiometric coefficients and subscripts, it would be meaningful to probe students’
understanding of the state symbols and the kind of interactions between different
chemical species in a chemical reaction based on their own drawings.

Fig. 3.11 Nickel ion and
hydroxide ions linked by two
strokes (p. 234)

Concept Mapping

The use of concept mapping in science education was introduced more than two
decades ago (Novak & Gowin, 1984). Extensive research studies have been con-
ducted to investigate how it can be used to enhance teaching, learning and the valid-
ity of assessment. It is found that almost all of the research reports have either used
student- constructed concept maps (Kinchin & Hay, 2000) or constructed a concept
map from interviews with informants as the source of data for analysis (Nicoll,
Francisco, & Nakhleh, 2001). In general, there is a consensus that concept maps do
enhance meaningful and deep learning among students. Also, student-constructed
concept maps have been shown to be an effective tool in representing their under-
standing of content knowledge in and across different topics.

If a concept map is regarded as a representation of knowledge and that a set of
given concepts can be linked meaningfully but differently, it is surprising that how
students make meaning from a given concept map has not been extensively studied.
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Although it is generally believed that it would be more meaningful if students were
to construct their own concept maps, in view of the fact that it is more common for
the new editions of textbooks at school and college level to include concept maps
in their texts, it would be worthwhile to investigate what students could interpret
and make sense of this form of visual representation. Based on the work of Pozzer-
Ardenghi and Roth (2005) who probed students interpretation of photographs with
and without captions and associated text, similar studies can be conducted with the
use of concept maps in place of photographs.

Alternatively, in order to better understand students’ mental model of particular
content area(s), students can be presented with two concept maps which are con-
structed with the same concept labels and then probed for their interpretation and
comparison of the two representations. This approach would help us to understand
which organization of concepts students find easier to grapple with and the difficul-
ties they face with respect to certain linkages of concepts.

Probing Students’ Conceptions

Research studies utilizing students’ drawings have not only probed their con-
tent knowledge but also their attitudes to and conceptions of science. One line
of enquiry has involved students’ drawings of their conceptions of ‘environment’
(Alerby, 2000; Shepardson, Wee, Priddy, & Harbor, 2007; Wee, 2007). These stud-
ies have demonstrated that children of different age/grade, sex and in different parts
of the world do perceive ‘environment’ differently. For example, although students
from Singapore and the U.S. hold a utilitarian worldview where the environment
provides materials such as sunlight, water and oxygen for human existence, those
from the U.S. tend to see environment as a place where plants and animals live. In
contrast, students from Singapore, a geographically small, highly urbanized, country
where everything is very neat and clean, are more likely to include human impacts
such as buildings and litter bins in their drawings (Wee, 2007). A study conducted
in Sweden (Alerby, 2000) demonstrated that, while younger students tend to per-
ceive ‘environment’ as clean and unspoilt nature (the good world), those from an
older age group tend to conceptualize both the ‘good’ and the ‘bad’ (dirty, polluted)
world. Also, compared with boys, girls are more likely to focus on the ‘good’ world.
Alerby (2000) also proposes that the participants in general held an anthropocentric
view about the world, which is a fundamental component in the Judeo-Christian
traditions. However, drawings produced by Singaporean students also reveal similar
values, suggesting that this view is shared more world-wide and prevalent beyond
the strong influence of the Judeo-Christian tradition.

Although the above discussion might not directly map onto chemical education,
we would like to propose that studies of similar nature could be conducted which
probe students’ conceptions of issues related to chemistry. For example, such studies
could be about ‘the impact of chemistry on humankind’, ‘risks and benefits of using
plastics/ metals’ or, in a broadest sense, ‘the chemical world’. These drawings could
not only allow students to express their ideas which cannot be replaced by verbal
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mode of communication, but also allow researchers or teachers to see students’ con-
ceptions and attitudes towards issues related to chemistry. It would be revealing to
see, like ‘drawing-the-environment’, whether students hold a positive, a negative
or a more neutral attitude towards the discipline and its impact on the Earth and
human race.

The Validity of Drawn Diagrams in Representing
Internal Representations

A typical example that utilizes students drawing is the drawing-a-scientist exercise
(sometimes called the draw-a-scientist test, DAST). Usually, students are asked to
draw their perceived image of a scientist. Repeated studies conducted in different
parts of the world over the past few decades have demonstrated that students hold
stereotypical images of scientists – i.e. white male, wearing lab coat, holding test
tubes and with wild and weird hairdos, etc. The reliability of drawing a scientist
has been questioned by Farland and McComas (2007) who asked students to pro-
duce three pictures of scientists at work. This approach aimed at allowing students
to represent their ideas on more than one occasion, hence probing into students’
possible multiple images of scientists. Their data shown that in only 24% of cases
(N=106) were the first drawings indicative of the other two. This shows that sim-
ply asking students to draw one scientist has not been a reliable way of probing
students’ images of scientists. Instead of holding a single stereotypical image of
scientists, it is very likely that students can hold very different images. This can
be supported by a drawing made by a 13-year-old boy about his conception of
‘environment’ (Alerby, 2000; Fig. 3.12). In his drawing, he has already drawn
two completely opposite diagrams about his conceptions of environment without
probing.

The implication of the study by Farland and McComas (2007) is that more than
just the significance of the multimodal representation of ones’ ideas. It is also about

Fig. 3.12 ‘I’m thinking of a
bad and a good environment’
(boy, 13 years old)
(Alerby, 2000, p. 215)
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what could enhance the reliability of drawing produced by students. This finding is
relevant not only in revealing students’ attitudinal aspect about science, but could
be extended to their representation of content knowledge and understanding.

Conclusion

This chapter has called for a better utilization of diagrams in chemical educational
research generally and especially into the macro/sub-micro/symbolic representa-
tional triplet.

Research into the use of diagrams would enable their use as ways of promoting
both the development of and assessment of meta-visual capability to be explored.
Such research might

� establish the interpretational conventions used in diagrams. It is possible that
several fundamental genres of diagrams exist, with hybrids of these being widely
used. With these conventions identified, it would be possible to systematically
teach their use in the sub-micro level of representation and hence their relation-
ship to allied macro and symbolic level representations.

� establish the mental processes involved in mental translation between diagrams
and other forms of representation. These could then be taught.

� establish heuristics for the construction of diagrams for different purposes.
Again, these could be taught.

The arguments made can readily be extended to research into education in re-
spect of the other sciences. We started by highlighting the multimodal approach
of learning and teaching science. This perspective emphasizes the roles of differ-
ent modes of representation in making meaning. We suggested that most of the
research into students’ understanding of science has made too much use of only
the verbal mode of representation of knowledge. This has left the visual mode of
representation under-explored. In order to identify some directions for further in-
vestigation, we have conducted an indicative literature review about how to utilize
diagrams to probe into students’ understanding. The studies were divided into two
categories which include those which probed students’ understanding through their
own drawings and those eliciting students’ interpretation of diagrams presented to
them. We found many of these studies have focused on students’ understanding of
fundamental chemistry concepts, such as atomic theory, particulate model of mat-
ter, chemical bonding, chemical reactions and equations. From these studies, we
identified some possibilities for future work, such as a more detailed probe of the
meanings of notations and conventions in drawings, asking students to compare their
own drawings from the textbooks diagrams, and inviting students to draw/interpret
diagrams of some abstract concepts or the concepts which were found to easily incur
alternative conceptions (e.g. electron clouds). What is emerging is that probing stu-
dents’ attitudes and conceptions about science through drawing has great potential
for chemical education to exploit. Similarly, how students could make meanings
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from the diagrams, cartoons and photographs of chemistry textbooks, especially
how students construct meanings from the visual and verbal mode of representation
together, which sometimes are contradictory, can be explored. At a metacognitive
level, we suggest that how students understand the role of ‘visuals as scientific mod-
els’ can be studied.
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Dahncke, R. Duit, W. Gräber, M. Komorek, A. Kross, & P. Reiska (Eds.), Research in science
education – Past, present, and future (pp. 27–41). Dordrecht, Boston, MA: Kluwer Academic
Publishers.

Gabel, D. (1998). The complexity of chemistry and implications for teaching. In B. J. Fraser & K.
G. Tobin (Eds.), International handbook of science education. Dordrecht, Netherlands: Kluwer
Academic Publishers.

Garnett, P. J., Garnett, P. J., & Treagust, D. (1990). Implication of research on students’ understand-
ing of electrochemistry for improving science curricula and classroom practice. International
Journal of Science Education, 12(1), 147–156.

Gilbert, J. K. (2006). On the nature of ‘context’ in chemical education. International Journal of
Science Education, 28(9), 957–976.

Gilbert, J. K. (2008). Visualization: An emergent field of practice and enquiry in science education.
In J. K. Gilbert, M. Reiner, & M. Nakhleh (Eds.), Visualization: Theory and practice in science
education, pp. 3–24. Dordrecht: Springer.

Halliday, M. A. K. (1985). An introduction to functional grammar. London: Edward Arnold.
Harrison, A. G., & Treagust, D. F. (1996). Secondary students’ mental models of atoms and

molecules: Implications for teaching chemistry. Science Education, 80(5), 509–534.
Hunt, A., & Grayson, A. (2006). Twenty first century science: GCSE chemistry. Oxford: Oxford

University Press.
Kinchin, I. M., & Hay, D. B. (2000). How a qualitative approach to concept map analysis can be

used to aid learning by illustrating patterns of conceptual development. Educational Research,
42(1), 43–57.

Kress, G., Jewitt, C., Ogborn, J., & Tsatsarelis, C. (2001). Multimodal teaching and learning: The
Rheotorics of the science classroom. London, New York: Continuum.

Kress, G., & van Leeuwen, T. (2006). Reading images: The grammar of visual design (2nd ed.).
London, New York: Routledge.



3 Towards a Better Utilization of Diagrams in Research 73

Lemke, J. (1998). Multiplying meanings: Visual and verbal semiotics in scientific text. In J. R.
Martin & R. Veel (Eds.), Reading science: Critical and functional perspectives on discourse of
science (pp. 87–113). London: Routledge.

Mathewson, J. H. (1999). Visual-spatial thinking: An aspect of science overlooked by educators.
Science Education, 83(1), 33–54.

Nakhleh, M. B. (1994). Chemical education research in the laboratory environment – how
can research uncover what students are learning? Journal of Chemical Education, 71(3),
201–205.

Newberry, M. (2002). Pupils’ understanding of diagrams in science: Progression from Key Stage
3 (11–14 years) and across Key Stage 4 (14–16 years). Fareham, Hants: Cams Hill Schoolo.
(Document Number).

Nicoll, G., Francisco, J., & Nakhleh, M. (2001). An investigation of the value of using concept
maps in general chemistry. Journal of Chemical Education, 78(8), 1111–1117.

Novak, J. D., & Gowin, D. B. (1984). Learning how to learn. Cambridge, UK: Cambridge Univer-
sity Press.

Novick, S., & Nussbaum, J. (1978). Junior high school pupils’ understanding of the particulate
nature of matter: An interview study. Science Education, 62(3), 273–281.

Nurrenbem, S. C., & Pickering, M. (1987). Conceptual learning versus problem solving: is there a
difference? Journal of Chemical Education, 64(6), 508–510.

Pozzer-Ardenghi, L., & Roth, W.-M. (2005). Making sense of photographs. Science Education,
89(2), 219–241.

Pozzer, L. L., & Roth, W.-M. (2003). Prevalence, function, and structure of photographs in high
school biology textbooks. Journal of Research in Science Teaching, 40(10), 1089–1114.

Reiss, M. J., & Tunnicliffe, S. D. (2001). Students’ understandings of human organs and organ
systems. Research in Science Education, 31(3), 383–399.

Shepardson, D. P., Wee, B., Priddy, M., & Harbor, J. (2007). Students’ mental models of the envi-
ronment. Journal of Research in Science Teaching, 44(2), 327–348.

Smith, K. J., & Metz, P. A. (1996). Evaluating student understanding of solution chemistry through
microscopic representations. Journal of Chemical Education, 73(3), 233–235.

Stark, J. G., & Wallace, H. G. (Eds.). (1982). Chemistry data book (2nd ed.). London: John Murray.
Stieff, M. (2007). Mental rotation and diagrammatic reasoning in science. Learning and Instruc-

tion, 17, 219–234.
Stylianidou, F., Ormerod, F., & Ogborn, J. (2002). Analysis of science textbook pictures about

energy and pupils’ reading of them. International Journal of Science Education, 24(3), 257–
283.

Taber, K. S. (2002). Mediating mental models of metals: Acknowledging the priority of the
learner’s prior learning. Science Education, 87(5), 732–758.

Tuckey, H., & Selvaratnam, M. (1993). Studies involving three-dimensional visualisation skills in
chemistry: A review. Studies in Science Education, 21, 99–121.

Viennot, L., & Kaminski, W. (2006). Can we evaluate the impact of a critical detail? The role of a
type of diagram in understanding optical imaging. International Journal of Science Education,
28(15), 1867–1885.

Wee, B. (2007, 15–18 April). An international comparison of children’s drawings: conceptions of
the environment in Singapore and the United States. Paper presented at the National Association
of Research in Science Teaching (NARST), New Orleans, USA.

Yorroch, W. L. (1985). Student understanding of chemical equation balancing. Journal of Research
in Science Teaching, 22(5), 449–459.



Chapter 4
Learning at the Symbolic Level

Keith S. Taber

Abstract The symbolic language of chemistry is extensive, and is used ubiqui-
tously in teaching and learning the subject at secondary level and beyond. This
chapter considers how this ‘language’, which acts as such a powerful facilitator
of communication for the expert, may often impede effective communication for
novice learners. Symbolic representations become second nature to the teacher, be-
ing highly integrated with conceptual understanding and subject knowledge. How-
ever, such representations may make considerable additional demands on learners
already challenged by both the abstract nature of concepts and the range of unfa-
miliar substances to which these concepts are applied in the curriculum. Drawing
upon a broadly constructivist perspective on learning, the chapter explores three
aspects of learning about the representational level in chemistry. The range of repre-
sentations that are used in teaching and learning chemistry at school and college
levels is outlined, drawing attention to the demands this makes of those setting
out on a study of chemistry. The particular example of the ‘chemical equation’
is then considered in some depth to illustrate the extent to which representational
features are linked to underlying chemical theory, and how students are expected
to appreciate the nuanced distinctions between different variations in representation
(whilst ignoring trivial stylistic variations). Finally the role of the symbolic level
of representation as a mediator between the molar and sub-microscopic levels of
chemistry is considered, and how this offers potential to compound student learning
difficulties, but also opportunities for reinforcing student understanding. Through-
out the chapter there is an emphasis on where teachers need to give careful thought
to support student learning and facilitate progression in the subject.

The Symbolic Language of Chemistry and Chemical Education

This chapter considers the nature of the symbolic level of representation in chemical
education. It begins by suggesting why the use of symbolic representation in com-

K.S. Taber (B)
University of Cambridge, Cambridge MA, UK
e-mail: kst24@cam.ac.uk

J.K. Gilbert, D. Treagust (eds.), Multiple Representations in Chemical Education,
Models and Modeling in Science Education 4, DOI 10.1007/978-1-4020-8872-8 5,
C© Springer Science+Business Media B.V. 2009

75



76 K.S. Taber

municating chemistry to learners can be a source of learning difficulties. The range
of abstract representations used in chemistry teaching as students progress through
basic chemistry to more advanced studies is then briefly reviewed. This is followed
by a consideration of one particular class of representation that is ubiquitous in
chemistry and chemistry classes – the chemical equation. This will show both that
(a) understanding chemical equations depends upon relating the symbolism to un-
derpinning assumptions and domain knowledge, and (b) that even within this one
class of representations there is considerable variety of form, such that students are
expected to progress through increasingly complex types of equation that reflect
subtle variations in format and meaning.

The chapter then turns to a consideration of how the symbolic level relates to
other levels of representation in chemistry. As discussed earlier in the book (see the
Introduction to this volume), chemistry is presented in classrooms and lecture rooms
in terms of references to the molar properties and behaviour of substances, i.e. in
terms of observable and measurable phenomena; in terms of explanatory models of
various types of hypothetical particles (often discussed as if as real as the substances
themselves); and in a wide range of symbolic representational forms. It has been
well recognised that teaching often involves shifts between the molar or macro-
scopic level, and the conjectured sub-microscopic world used to make sense of the
observed phenomena (Jensen, 1998). These shifts have been identified as potentially
problematic for learners (e.g. Johnstone, 2000). This is both because of the abstract
nature of the particle models, which may themselves present challenges to most
learners (e.g. Harrison & Treagust, 2002), and because of the gap in background
knowledge and experience between teachers and their students – such that teachers
have developed the fluency to effortlessly shift between ‘representational levels’,
where students lacking such strong familiarity with the material may struggle to
even recognise when such shifts have taken place.

It will be suggested that the role of the symbolic level in mediating discus-
sion of the macroscopic and sub-microscopic levels not only offers another layer
of complexity for learners, but through its ambiguity (where symbols may of-
ten represent either macroscopic or sub-microscopic levels) offers scope for the
novice learner to confuse discussion of the macroscopic and sub-microscopic
levels.

An Invitation to Revisit Chemical Representations
at the Learners’ Resolution

The key message is that aspects of symbolic representation that are familiar and
taken for granted by ‘experts’ (i.e. chemists, science teachers etc.) may not always
be well understood by students. This has been found even at university level (Marais
& Jordaan, 2000). A primary aim of this chapter is to make explicit some of this
complexity and abstraction, to remind ‘experts’ how apparently straightforward as-
pects of our symbolic representations can actually present a significant demand on
learners who lack:
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� a strong familiarity with the symbolism;
� a sound theoretical grasp of the conceptual principles that are assumed/implied

when using the symbolic representations; and
� a wide repertoire of familiar chemistry to draw upon as exemplars and referents

for the symbolic representations.

A teacher able to consider how chemical symbolism is perceived ‘at the learner’s
resolution’ (Taber, 2002a) will be better placed to appreciate how abstract, arbitrary
and confusing much of this symbolism must seem to those just embarking on a
formal study of our subject.

An Educational Thought Experiment on Working Memory
and Chemical Symbolism

One key concern here is the limitation of ‘working memory’ which restricts the
number of chunks of information that can be manipulated when solving problems
or carrying out other cognitive tasks (Miller, 1968). It has been shown that the cog-
nitive demand of a task increases with the amount of information that needs to be
coordinated to achieve the task (Tsaparlis, 1994). Although working memory does
not seem to develop more ‘slots’ as learners mature, familiarity with conceptual
material allows it to be ‘chunked’ (so each ‘slot’ holds more information). A chunk
in this context is ‘an integrated piece of information, where remembering part of it
will help you remember the next’ (Baddeley, 1990: 42) that allows complex material
to be accessed and processed as a single unit. As an example, consider Fig. 4.1:

Figure 4.1 is a symbolic representation of a chemical entity. Consider a simple
educational thought experiment whereby a group of chemists and non-chemists (of
similar intellectual ability) are shown the figure, and then some time later asked to
sketch what they recall. The non-chemists are likely to remember varying amounts
of detail of the image, but few are likely to be able to reproduce it sufficiently so
that it has the same chemical meaning. To the non-chemist, this is a complex figure
that, despite its symmetry, is likely to be seen as comprising many components –
too many chunks for most people to readily memorise.

We would expect most of the chemists to be able to produce a figure that much
more closely reflects the original. Indeed for a chemist simply recognising (re-
cognising) the image as representing a dimer of ethanoic acid should enable a chem-
ically equivalent figure to be readily produced later. The conventions of representing
atomic centres and different types of bonds in this form of structural formula should
allow a fairly faithful representation of the actual components of the image. In ef-
fect, two chunks of information (what is represented, which type of representation)

Fig. 4.1 A complex pattern
or a simple representation?
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suffice to code the image, as by drawing on appropriate background knowledge the
detail can be reconstructed as the components follow a familiar order. The non-
specialists see a collection of letters and lines that may seem to be in an arbitrary
configuration, rather than a recognisable gestalt that acts as a unitary symbol.

So it is helpful for the chemistry educator (teacher, teacher-educator, curriculum
developer etc.) to be able to appreciate chemical symbolic representations at the
novice learner’s ‘resolution’, i.e. as they might appear without the highly evolved
interpretative frameworks that only develop with increasing familiarity and expe-
rience of the knowledge domain. This helps us to appreciate what learners find
challenging: and therefore when teaching needs to be informed by allowing for the
cognitive demand of asking students to work with our specialist system of symbolic
representation.

The Lingua-Chemica?

The various symbolic representations used in chemistry can be considered as being
part of a specialist language,

Chemists communicate in a highly elaborated alfabetic [sic] and symbolic language. The
chemical nomenclature is a predominant literary language. Only short names are spoken,
the official, sometimes very long terms are replaced by trivial names or are uncanonically
abbreviated for oral communication. The chemical nomenclature works with a distinct syn-
tax and semantic, but is not suited for textual sentences. Structures are drawn according to
specific rules.

Sliwka, 2003

The reader is invited to see chemistry students as similar to learners working in a
second language, where they are expected to be both learning the language and using
the language to understand substantive material simultaneously. This is considered
more than a metaphor – and highlights the even greater challenge posed to those who
are expected to learn this new language of chemistry as they learn the chemistry in
the medium of a language that is already not their own. Internationally this will
include a large group of students. It is not unusual for more prestigious universities
to teach all subjects in English when it is not the native language (e.g. in Turkey).
In some countries where there are many local languages, lessons in senior grades
may be conducted in English (e.g. Ghana), and elsewhere policies to use English
as the medium of science instruction in schools may be implemented to encourage
eventual participation in scientific careers (e.g. Malaysia). For learners studying in
these contexts the demands discussed in this chapter will be further complicated by
the need to translate the English as well as the chemical language.

The Range of Symbolic Representations Used in Chemistry

Symbols are used extensively in teaching and learning chemistry and these symbolic
representations take a wide variety of forms. The very common representation of
chemical reactions through ‘equations’ will be used as the basis for much of the
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discussion in this chapter, but it is also important to consider the range of different
forms of symbolic representation that learners of chemistry are likely to face.

Letters, and sometimes numbers, are used inter alia:

� to symbolise element names (He, He, etc.) including some which are not obvious
in English (Pb, Sn, etc.);

� for atomic number and mass (A and Z from the German words Atomgewichte
and Zahl, Jensen, 2005);

� to stand for various measurable quantities for: amount of substance, mass, vol-
ume, pressure, wavelength, temperature, enthalpy, entropy (n, m, V, P, �, T, H,
S) etc.;

� and the units for such measurement (mol, kg, m3, Pa, cm−1, K, etc.), including
compound units (mol dm−3, J mol−1, etc.);

� for various constants (k, h, �, Ka, z etc);
� and mathematical relations such as changes, powers, inequalities (�, p {as in

pH}, >) etc.;
� for structural features of crystals, f.c.c., b.c.c., c.c.p., h.c.p., 6:6 etc;
� to indicate oxidation states in systematic compound names, e.g. iron (II) chloride

and iron (III) chloride; sodium trioxosulphate (IV) and sodium tetraoxosulphate
(VI).

Alphanumeric symbols are also used in representing specific aspects of atomic
and molecular structure (see below).

For learning to be meaningful, the learner has to associate new information with
existing knowledge (Ausubel, 2000). This is the basis of the constructivist perspec-
tive on learning (Taber, 2000a, 2006) which reminds us that a learner’s existing
knowledge and understanding provides the interpretive framework used to ‘make
sense’ of a teachers’ presentation. In the normal course of events, however, neither
the learner, nor the teacher, are explicitly aware of how the learner’s specific ‘con-
structivist goggles’ (Pope & Watts, 1988) may be distorting the teacher’s intended
meaning. Ways of talking about and presenting chemistry that may seem perfectly
sensible and clear from the expert’s vantage point may actually be sources of confu-
sion and misunderstanding at the learner’s resolution. Sometimes the conventional
symbolic representations we use in chemistry may act as such ‘pedagogic’ learning
impediments (Taber, 2001a).

Symbols Used to Model Molecules

One key point to note is that many of the representations used in chemistry teaching
are a combination of symbols and models: that is they involve both purely symbolic
features and other forms of representation that involve less arbitrary features. For
example, a figure such as Fig. 4.2 is a representation of one molecule (i.e. at the
sub-microscopic level) of an allotrope of phosphorus.

Even a simple representation such as this assumes a good deal of background
knowledge in those expected to ‘make sense’ of it. The representation combines
graphical features meant to model the shape of the molecule, but includes symbols
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Fig. 4.2 A representation of a
P4 molecule P

P
P

P

that have conventional meanings in this kind of representation. The lines represent
the chemical bonds and the upper case ‘P’s (P being the symbol for the element
phosphorus) the relative positions of the phosphorus atomic centres. To the reader
who has a strong chemical background such a representation may be extremely
clear.

However, it is worth considering the range of prior knowledge likely to be used in
making such an interpretation. An expert is likely to be aware that phosphorus tends
to have a valency of 3 or 5, (here each atom is bonded to three others); that the phos-
phorus centres will be arranged in a tetrahedral configuration; that bonds between
elements with similar electronegativity are covalent, which is modelled in simple
terms as a ‘shared’ pair of electrons, so that the bond involves the mutual attraction
between valency shell electrons and atomic cores; that despite the impression that
this entity is something like a pyramid (a regular geometric shape), the presence of
non-bonding electrons means that the molecule is for some purposes better repre-
sented as a fuzzy shape of four overlapping spheres (see Bucat & Mocerino, this
volume, for further discussion of representations of the sub-microscopic level).

At more advanced levels, a further set of symbols such as: C2, Td, Oh etc are used
to described the symmetry properties of molecules, drawing upon ideas from group
theory (Davidson, 1971).

Symbols Used in Modelling Electronic Structure

In chemical education we usually initially present molecules as if they can be un-
derstood as atoms joined together – an obvious simplification, if one that readily
supports common alternative conceptions (Taber, 2003a) – before proceeding to the
electronic level (Jensen, 1998).

A range of symbolic conventions is used in representing atomic and molecular
structures at the electronic level. So for example double and triple lines are used
for multiple bonds. This seems a clear convention, which helps keep check of va-
lency rules. However the symbol ‘=’ for a double bond is not intended to imply
two equal bonds (which the symmetry of the symbol could seem to suggest) as �
and � components have different geometries, contributions to bond ‘strength’, and
consequences for chemical properties. The novice learner may well find interpreting
such representations a considerable challenge.
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Human perception is . . . inferred from fragmentary and often hardly relevant data signalled
by the eyes, so requiring inferences from knowledge of the world to make sense of the
sensory signal.

Gregory, 1997, p. 1121.

Where the expert has developed interpretive frameworks that can ‘see through’
the symbols, the novice may focus on incidental aspects of the formalism used.
There is a parallel with learning a written language system here. The novice focuses
of the letter symbols that make up the words, where the fluent reader is barely
conscious of these symbols much of the time, for example paying little heed to
typeface or font used (McCandliss, Cohen, & Dehaene, 2003), and only focusing on
the individual words when meeting something unfamiliar or apparently incongruous
in what is being read.

Similarly, when A level (College level) chemistry students were asked to sort
cards showing common representations of ‘quanticles’,

“a generic term [used] to stand for molecules, ions, atoms etc., to distinguish them from
macroscopic particles (e.g. grains of sand), and to emphasise the distinct ‘quantum be-
haviour’ of particles at this scale”

(Taber, 2002b: 160),

some students saw past the specific forms of representation used (e.g. whether
electrons were shown as dots, circles or crosses) to compare chemical features of
the species represented. However, other students noticed and reported surface level
differences between representations rather than accessing and applying knowledge
about the chemical species represented (Taber, 1994).

When simple representations are used to introduce chemical bonding it is quite
common for the electrons in a single molecule to be symbolised using both dots
and crosses that are meant to indicate which atom electrons have derived from.
This is in some ways a rather meaningless feature to represent as there is clearly
no distinction between electrons (i.e. no equivalent of radioactive tracers), and
no way of knowing where they are from (in the chaos of many reactions there
is no certainty that a bonding electron in a product molecule was earlier when
in the reactants associated with either of the atomic cores it now bridges). The
expert chemist is well aware of this, and how in this context the distinction be-
tween the symbols is meant to be no more than an aid to electronic accountancy,
to check the total number of electrons conserved in chemical changes. However,
again, students may read more into the symbolism: for example suggesting that
bond fission must be homolytic because each atom will ‘get its own electrons back’
(Taber, 1998).

The expert is aware that the electron’s history has no significance, but a learner
may well expect there to be a greater attraction between an atomic core and the
bonding electron that ‘belongs’ to that atom (Taber, 1998). Such beliefs may seem
rather bizarre for those used to thinking of chemistry in terms of fundamental con-
cepts (such as energy and forces), but actually reflect one of the basic principles of
magic that seem to commonly influence people’s intuitions about the natural world
(Nemeroff & Rozin, 2000). Indeed the notion that a past association leaves some



82 K.S. Taber

form of permanent linkage is not only a part of some influential eastern philoso-
phies, but also reflects some aspects of modern physics at the most fundamental
level (Capra, 1983).

Symbols are used to represent aspects of electronic structure in atoms, and the
symbolism is augmented as a student progresses through different levels of study:
e.g. those used to represent electron shells (K, L, M. . .); for orbital types (to s, p,
d, f, sp3, etc. in atoms; �, �, �, etc. in molecules); for description of electronic
states (3P1, 1S0, 3A2g, 3T1g, e1

gt12g, 3T2g). Introducing the added complexity of the
time dimension, electronic transitions can be represented as shifts between shells,
orbitals or states.

At secondary school level, students are introduced to the formalism of represent-
ing atomic structure as 2.8.1 (sodium); 2.8.7 (chlorine); 2.8.8.2 (calcium) etc. This
symbolism has a simple relationship with the kinds of diagrams commonly used to
represent simple planetary orbit-type models of the atom at secondary school level,
and as long as the rule that counting starts on the innermost circle (i.e. electron shell)
is followed this is relatively straightforward. However at college (sixth form/senior
high school) level, more complicated atomic models are introduced which are more
abstract, more difficult to represent in simple diagrams, and lead to more complex
symbolic representations: 1s2 2s2 2p6 3s1; 1s2 2s2 2p6 3s2 3p5; 1s2 2s2 2p6 3s2 3p6

4s2, etc. When first asked to make sense of, and represent, electronic structure in
orbital terms, symbolism in this form may seem to be almost arbitrary to the learner
(Taber, 2005). At university level, electronic configurations may be represented in
terms of symbols representing electronic states rather than orbitals – (e.g. (1sσg)2

1�g
+ for the ground state of molecular hydrogen). Special graphical diagrams may

be introduced to represent both the electronic states and transitions.

Symbols Used to Represent Structure and Process
in Organic Chemistry

Different fields within chemistry have developed their own specialist forms of sym-
bolism. Organic chemistry uses a range of symbols in representations that learners
need to make sense of. For example, minimal structural representation in organic
chemistry (where structures may be extensive) uses a formalism that a line repre-
sents two carbon atomic centres joined by a single covalent bond, and saturated with
hydrogen except where shown otherwise.

The naming system in organic chemistry includes numbers used to specify the
positions of functional groups (propan-1-ol, propan-2-ol, hexa-2-ene, 1,
2-dichoroethane etc). New symbols such as p-, o-, m- (para-, ortho-, meta-), 	-,

-, E/Z, D-/L-, (+)/(−), R-/S- etc. are introduced to distinguish isomers of more
complex molecular structures.

A methyl group may be shown in a structural representation as CH3 or Me,
and similar pseudo-elemental symbols are used for ethyl, propyl and butyl side
chains. It is common to represent a phenyl group as either Ph or as a hexagon with
a circle inscribed within it. This circle is meant to represent electron density that
lies above and beneath the main plane of the molecule. However, when faced with
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Fig. 4.3 A representation of
the benzene ring

representations such as Fig. 4.3, learners may read symbolism that is not intended
into the representation, such as suggesting the ring represents a repository inside the
hexagon for ‘spare’ electrons.

The notion of spare electrons derives from reading the usual conventional repre-
sentation of bonds, and the tetravalency of carbon,

‘Students who have learnt that covalent bonding is a pair of electrons shared between two
atoms represented by straight lines may not readily link the new symbol to bonding, but
rather interpret it as standing for “spare” electrons not used in the bonding. Carbon is (in
this interpretation) only explicitly shown as having three bonds, and so, students argue,
there should also be “spare electrons”. These are considered to be located “within the ring”
or “left in the middle”, and “you show that by the circle”. So the circle was considered to
represent the “six spare electrons in the middle.” The definitions and modes of presenting
bonds learnt at an earlier educational stage act as barrier to learning the new material: i.e.
pedagogic learning impediments’.

Taber, 2005: 107–108.

Another related aspect of conventional symbolism is the indication of a radical
by using a single dot, such as Cl•. The • symbol represents an unpaired electron,
and the presence of the other, paired, electrons is not made explicit. Again the
symbolism relates to assumed shared knowledge: that the presence of an unpaired
electron has particular consequences so needs signifying. Dots are also sometimes
used in organic formulae, such as CH3• CH2• COOH (otherwise just represented
as CH3CH2COOH). Again, this symbol has a different meaning depending upon
context,

“when a dot is used to break a formula into subunits, it may signify ignorance of how the
subunits are structurally related, as in our inorganic example; or it may correspond to actual
significant structural subunits, as in our organic example; or it may represent the combining
ratios of the binary starting materials required for the synthesis of the compound, as in our
phase diagram example.”

Jensen, 2006: 1590

Further symbols are used to indicate reaction mechanisms, in particular the use
of curly arrows (to represent the movement of pairs of electrons) and ‘fish-hooks’
(to represent the movement of single electrons). Students need to understand the
precise meaning of these arrows (which electrons move, and where from and where
to) to appreciate how they represent stages in reaction mechanisms. Students who
have been taught the formalism are not necessarily able to identify the outcome of
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such symbolised electron movements, or to explain their thinking even when they
do make a correct selection (Taber 2002a).

Ladhams Zieba (2004) reports that she found that when students were shown rep-
resentations of reactants in nucleophilic substitution reactions, the relative position
of the molecular representations seemed to influence the expected product of the
reaction, and that representing the alkyl halide using a different form of structural
formula led to students expecting a different type of reaction mechanism for the
same reactants (this work is discussed in more detail in Bucat & Mocerino, this vol-
ume). This seems to be a case where a convenient informal convention commonly
selected to represent the mechanisms (i.e. only showing stereochemical arrange-
ments when they are significant) has been adopted as a cue to imply something not
directly intended.

These examples suggest that the learner is not always aware which aspects of our
use of symbolic representation in chemistry are intended to be significant. This is
an area where further work would be useful, as clearly teachers need to do more
to induct learners into the intended symbolism we use in teaching the subject. In
the next section, these issues will be explored further in the particular context of
learning about chemical equations.

Representing Chemical Equations

One of the central forms of representation in chemistry, and so in teaching and
learning of chemistry, is the use of chemical equations. These are so ubiquitous, and
again so familiar to the ‘expert’ (the chemist, the science teacher) that the abstract
and complex nature of the representations, and so the learning challenges, may not
be readily apparent.

Again we have a situation where the expert:

� has a level of familiarity with the formalism that enables her or him to automati-
cally see past the symbols themselves;

� brings a wealth of background knowledge to the topic that helps ‘make sense’ of
the representations beyond the information directly provided.

Consider the examples of some of the forms of ‘chemical equations’ (and re-
lated representations) met in school and college (i.e. middle and senior high school)
science and chemistry classes that are shown in Table 4.1. For the purposes of this
chapter ‘half-equations’ (Example 11) and symbolic representations of processes
such as ionisation (Example 10) will be included under the generic heading of
‘chemical equations’. Table 4.1 does not include examples of chemical reactions
and reaction schemes that include structural formulae, as are commonly used in
organic chemistry.
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Table 4.1 Some examples of types of chemical equations met in learning chemistry

1 2Mg + O2 → 2MgO

2 2NaOH(aq) + H2SO4(aq) → Na2SO4(aq) + 2H2O(l)

3 CaCO3
� → CaO + CO2 ↑ [� should be above →]

4 AgNO3(aq) + NaCl(aq) → AgCl(s) ↓ + NaNO3(aq)

5 Ag+
(aq) + Cl−(aq) → AgCl ↓

6 N2 + 3H2 ⇔ 2NH3

7 6CO2 + 6H2O h� → C6H12O6 + 6O2 [h� should be above →]

8 C6H12O6 + 6O2 → 6CO2 + 6H2O + energy

9 CH4 + 2O2 → CO2 + 2H2O �H = - 890 kJ mol−1

10 Na → Na+ + e− �H = 500 kJ mol−1

11 MnO4
− + 8H+ + 5e− → Mn2+ + 4H2O EØ = +1.52 V [Øshould be ‘standard’ symbol]

12 [Cu(H2O)6]2+
(aq) + 4Cl−(aq) → [CuCl4]2−

(aq) + 6H2O(l)

The Language of Chemical Equations

Representations such as these are routinely used to stand for chemical changes and
processes that are the central phenomena in chemistry – they could be considered a
fundamental part of the language for communicating chemistry. Just as in acquiring
a language such as English, there is a need to both learn the symbols themselves, and
the grammar of the language. As in English, there is an infinite number of possible
permutations of symbols, some of which represent chemistry (as in the examples
in Table 4.1), some of which are non-sense, and some of which follow the rules of
grammar but do not reflect any known chemical processes. So an example such as

AgNO3(aq) + 2O2 + CO2 + 2Mg → Na2SO4(aq)

has the surface appearance of a chemical reaction, but does not follow the ‘grammat-
ical’ rules of the chemical language (which are considered below). By comparison,
an example such as

Pb + MgO → PbO + Mg

obeys the grammatical rules of the chemical equations genre, but represents a pro-
cess that is not normally chemically feasible. The distinction has significance in that
a student who seriously offered the first example as representing a possible chem-
ical process lacks an appreciation of the most basic principles, whereas the second
examples follows basic conservation principles, but does not reflect knowledge of
specific chemical properties such as relative reactivity in this case. Similarly,

H2SO4(aq) + Fe(s) → FeSO2(s) + H2O2(l)
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could be considered to represent an intermediate type of language error. Whereas the
previous equation represents a common type of chemical reaction, but an unlikely
example, this equation offers something that obeys the general grammar of the lan-
guage, but does not make sense chemically.

We might compare here with a commonly quoted example the linguistic Chom-
sky used in discussing the grammar of the English language (Pinker, 1995). Chom-
sky pointed out that whilst the word strings ‘furiously sleep ideas green colour-
less’ and ‘colourless green ideas sleep furiously’ were both non-sensible, there
was nevertheless a distinction as ‘colourless green ideas sleep furiously’ followed
the grammatical rules of the language and would be recognised as such by En-
glish speakers even though it lacked semantic sense (cf. H2SO4(aq) + Fe(s) →
FeSO2(s) + H2O2(l)) whereas ‘furiously sleep ideas green colourless’ did not even
offer the surface match with a sentence, despite comprising individual words that
were all valid for use in the language (cf. AgNO3(aq) + 2O2+ CO2+ 2Mg →
Na2SO4(a)).

By comparison with these flaws in the use of representation, the second of our
three examples above (Pb + MgO → PbO + Mg) contains valid ‘words’, and also
obeys grammatical structure, yet is still not good chemistry. This example is analo-
gous to a false statement in English, such as ‘there are 12 days in a week’, or ‘the
modern science of chemistry derived from the ancient art of tasseography’.

The purpose of drawing these comparisons is to highlight that – just as in learning
a foreign language – there are several levels of skill needed for full competency in
the language of chemical equations – and so several levels at which to potentially
make mistakes.

Before they will be given credit for using the language in formal assessments,
students must

� learn the allowed symbols and what they represent; and
� understand the grammar of the representational language; and
� know enough chemistry to be able to compose ‘true’ statements in the language,

to represent actual or feasible reactions.

Each of these aspects offers challenges to learners.

Learning the Symbols

The ‘words’ of the chemical equation language are made up of symbols that stand
for substances, such as Mg, MgO and O2 in the first example in Table 4.1. These
‘words’ of course themselves comprise the ‘letters’ of the symbolic language, the
symbols given to the chemical elements such as oxygen (O) and magnesium (Mg).
In learning a language, the child spends a good deal of time familiarising him or
herself with the symbols used to represent the sounds of the language, and the names
given to those letter symbols. The language of chemical equations borrows those
familiar script symbols, but the student of chemistry must remember the names of
the common chemical elements, and whether they are represented by a single initial
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(H for hydrogen), a two-letter code (Cl, but not Ch note, for chlorine), or even an
‘irregular’ label that does not match the learner’s native language (so in English, Pb
for lead, Na for sodium and so forth).

However, this comprises just the ‘letters’ of the language, and letters can be com-
bined in arbitrary ways – HCl, HPb, OMg – only some of which link to meaningful
words. The ‘meaning’ here being that the ‘word’ symbol relates to a compound of
those ‘letter’ elements. There are ‘spelling’ rules to be learnt here as well: MgO not
OMg, MgClCl (I will return to the use of numbers, below) not MgCl. The first of
these rules requires us to order the elements according to electropositivity, a concept
that is not usually taught until the student has met and been expected to learn a good
many of the ‘words’ (formulae) that have to follow this rule. A rule of thumb that
can be used at lower grade levels then is to put the metal before the non-metal,
although this does not explain the ‘spelling’ in compounds such as KMnO4 (rather
than MnKO4). The second ‘spelling’ rule links to the concept of valency, and is more
significant, as although OMg is represented incorrectly only by convention, MgCl
does not reflect a viable compound, and many chemical words (formulae) have
‘homonyms’ that signify different substances: NaO and NaNaO, HHO and HHOO,
FeO and FeFeOOO, etc. Here it is essential to select the correct spelling (adding
HHO and HHOO to a substance would likely give somewhat different outcomes!)

Of course, repeated letters are indicated in the language of chemical reactions
by numerical subscripts, so that we have MgCl2 rather than MgClCl, Na2O (distinct
from Na2O2, NaO2), H2O (and H2O2), Fe2O3 (and FeO) etc. Learners have to appre-
ciate the distinction between these subscripts that ‘balance’ valency requirements in
‘spelling the chemical words’ and the numbers placed in front of ‘words’ (formulae)
to balance up equations (discussed below). Superscript numbers may also appear
when charges are represented, and so the superscript + and – symbols for ionic
charge have to be appreciated. Also students will come across state symbols – (s),
(l), (g), (m), (aq) – and symbols for gases evolved (↑) and precipitates formed (↓).
Other key symbols indicate reactions (→), equilibria (⇔,), conditions for reactions
such as heat (�) and light (h�, or u.v. for ultraviolet), as in the examples given in
Table 4.1.

Students will also come across equations that include energy as a term (Exam-
ple 8 in Table 4.1), as well as those giving indications of energy changes (Example 9)
or suggesting the magnitude of the energy change involved in a reaction or related
process (Examples 10 and 11).

Learning the Basic Grammar of Chemical Equations

Chemical equations are used to represent chemical processes such as chemical reac-
tions. A key feature then of a chemical equation is that it has two parts, representing
‘before’ and ‘after’ the process, separated by an arrow or other signifier of the pro-
cess itself. Each of the examples in Table 4.1 has this structure.

By convention, the left hand side of the equation represents before the process,
and the right hand side represents what is present afterwards, and the arrow implies
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‘becomes’ or ‘changes into’. This convention is ‘natural’ for those brought-up with
languages where script is read left to right – a convention that seems to be be-
coming universal. According to the on-line encyclopedia, Wikipedia (2007), the
first Chinese edition of the journal ‘Science’ published in 1915 used the Western
convention of left-to-right and top-to-bottom printing, which it justified to readers
(more familiar with vertical writing, and reading columns right to left) in terms of
the need to insert mathematical and chemical equations in the text!

Each side of a chemical equation may comprise several terms, usually separated
by the ‘+’ symbol. This indicates that what is present before and/or after the reaction
or other process is best considered as comprising several discrete components. For a
chemical equation representing a reaction, the different terms represent the chemical
substances involved in the reaction, i.e.,

reactant(s) → product(s)

Clearly, there are a variety of possible permutations of the number of substances
involved:

reactant 1 + reactant 2 → product (e.g. 1 in Table 4.1)

reactant 1 + reactant 2 → product 1 + product 2 (e.g. 2 in Table 4.1)

reactant → product 1 + product 2 (e.g. 3 in Table 4.1)

etc.

Another key requirement of chemical equations (when presented in formulae, see
below for consideration of word equations), is that they should be ‘balanced’. This
is considered further below, and relates to conservations that are expected during
chemical processes (of matter, charge, energy).

Chemical equations may be presented both as words and formulae. Consider the
second example in Table 4.1:

2NaOH(aq) + H2SO4(aq) → Na2SO4(aq) + 2H2O(l)

This could be written as:

sodium hydroxide solution + sulphuric acid → sodium sulphate solution + water

Both of these forms of representation are ‘symbolic’ although words are more
familiar symbols to students. Both of these forms present difficulties to learners.
Although word equations may seem a more direct way for novices to represent
chemical reactions, they may sometimes make more demands on learners. So, for
example in completing equations, non-systematic names – such as ammonia – may
not provide strong clues to the elements present, and there is a need to learn, recall
and apply such rules as ‘-ate’ implies oxygen present, etc.
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Drawing on Background Knowledge to Interpret Symbolic
Representations

One of the key messages of this chapter is that in chemistry we often use representa-
tions that are potentially ambiguous, but where the expert appreciates the intended
symbolism by applying background knowledge according to contextual cues. For
example, the symbol � is commonly used in chemistry, but what does it represent?
If the context is ‘� bond’, then the symbol has a rather different meaning to if the
context is ‘�+’.

A thought experiment was included earlier that illustrated how the complexity of
a representation may appear very different depending upon the relative expertise of
the perceiver within the relevant domain of knowledge. Consider the following task:
Complete the following chemical equation:

sulphuric acid + sodium hydroxide ⇒ + water

This would seem a relatively trivial exercise for the expert. However, a student
correctly answering the question does not just need to understand how the (word)
equation represents a chemical reaction, and that the missing term is a substance
produced when sulphuric acid reacts with sodium hydroxide. It is also necessary
to be able to work out what that product is, which requires applying background
knowledge. This may be actually ‘knowing’ the answer, or otherwise working it
out by recognising this as a type of reaction (neutralisation); and comparing to a
general scheme for that kind of reaction (acid plus alkali gives salt plus water); and
recalling that if the alkali is sodium hydroxide the salt will be ‘sodium something’,
and that sulphuric acid gives salts that are sulphates (Taber, 2002a). So producing
the response ‘sodium sulphate’ requires the coordination of an understanding of
the form of representation with specific chemical knowledge. When 160 Year 9
(13–14-year-old) UK students who had ‘learnt’ about chemical equations were set
this question, a majority were able to answer it correctly – but only by the small-
est margin. Only 81 (51%) worked out that the missing term was sodium sulphate
(Taber & Bricheno, 2004).

Understanding What Is Signified by a Chemical Equation

For students to make sense of the basic grammar of chemical equations they need
to appreciate the concept of the chemical reaction. This, in turn, requires an under-
standing of the notion of chemical substance. Although these are basic concepts in
chemistry, they are known to present difficulties to many learners.

The notion of a pure chemical substance can be related to empirically identifiable
properties (e.g. sharp melting and boiling temperatures) but is nowadays understood
in theoretical terms that are abstract (Johnson, 2002; Taber, 2002a). So hydrogen,
methane, diamond, sodium, sodium chloride and polythene – poly(ethene) – are all
considered examples of single chemical substances, although they are very different
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both in terms of molar properties and in terms of sub-microscopic structure. So
for example, a definition that a pure substance contains only one type of molecule
would not apply to the non-molecular materials, nor strictly to samples of polymers.
Sodium chloride is considered a pure substance despite consisting of two distinct
types of basic entity in the liquid state.

A chemical reaction involves a change in the substance(s) present, but in practice
we distinguish chemical change from physical change in theoretical terms rather
than in terms of observable properties. We know that the thermal decomposition
of ammonium chloride is a chemical change, but the melting of ice is a physical
change. We apply prior knowledge in terms of our sub-microscopic models of what
is involved, not because there is obviously a different substance produced (to the
novice observer the new materials produced in physical changes may look just as
dramatic, even though chemically the same substance).

There are many examples of changes represented by chemical equations where
an absolute distinction between a chemical and physical change is not helpful
(Taber, 2002a). So Example 12 in Table 4.1 refers to a ligand-substitution that
occurs without a dramatic energy change, but leads to a change in properties and
(in terms of sub-microscopic models) involves the making and breaking of bonds,
albeit relatively weak bonds. For many learners the scientific notion of a reaction is
one that is difficult to acquire (Ahtee & Varjola, 1998).

An equation of the form

reactant → product 1 + product 2

could not represent a reaction for some learners. These students would exclude Ex-
ample 3 from Table 4.1 as representing a reaction.

CaCO3
� → CaO + CO2 ↑ [� should be above →]

For these learners, this cannot be a reaction as the calcium carbonate is not react-
ing with anything! For others, this is considered to be a reaction, but only because
heat is considered as a reactant on a similar basis to the carbonate. This reflects a
common failure to discriminate objects from processes in science (Chi, 1992). This
is a chemical reaction because new substances are produced, and the usual everyday
meaning of ‘reaction’ (which has to be to something) acts as a potential barrier
to appreciate the technical meaning of the term, a case where example of prior
linguistic knowledge interferes with intended learning of science (Schmidt, 1991;
Taber, 2005).

Conserving Matter in Reactions and Equations

A chemical equation has to be ‘balanced’ to give a full representation of a chemical
change. This has both a principled and a pragmatic aspect. Consider the example
(modified from Example 2 in Table 4.1):
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NaOH(aq) + H2SO4(aq) → Na2SO4(aq) + H2O(l)

The pragmatic consideration is that if a student were to undertake this reaction,
then it would be important to react corresponding ‘amounts’ of the two reactants.
‘Amount’ here implies the number of moles, and the unbalanced version of the
equation would imply that equal volumes of reactant solutions (if the same concen-
tration) were needed, when actually twice as much alkali solution would be needed
as acid solution because the acid is dibasic. The principled point is that the equation
represents a chemical process, which is subject to the constraints of conservation
rules: matter (as energy) is conserved. In a chemical change, the elements ‘present’
(whether as elements or in compounds), must be conserved. A balanced equation
has the same elements in the quantities represented on both sides:

2NaOH + H2SO4 → Na2SO4 + 2H2O

NaOH + NaOH + H2SO4 → Na2SO4 + H2O + H2O

Na + O + H + Na + O + H + H + H + S + O + O + O + O =
Na + Na + S + O + O + O + O + H + H + O + H + H + O

Na + Na + O + O + O + O + O + O + H + H + H + H + S =
Na + Na + S + H + H + H + H + O + O + O + O + O + O

2Na + 6O + 4H + S = 2Na + S + 4H + 6O

whereas

NaOH + H2SO4 → Na2SO4 + H2O

Na + O + H + H + H + S + O + O + O + O �=
Na + Na + S + O + O + O + O + H + H + O

Na + O + O + O + O + O + H + H + H + S �=
Na + Na + S + H + H + O + O + O + O + O

Na + 5O + 3H + S �= 2Na + S + 2H + 5O

The unbalanced version of the equation would imply that atoms have been cre-
ated and destroyed (or transmuted) in the process: in contradiction to one of the
fundamental principles of chemistry.

In the version of this equation included in Table 4.1,

2NaOH(aq) + H2SO4(aq) → Na2SO4(aq) + 2H2O(l)

where state symbols indicate the states of the reactants, it may seem superfluous
indicating the water produced. If we wrote this equation as

2NaOH(aq) + H2SO4(aq) → Na2SO4(aq)
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then it could be argued that as ‘(aq)’ implies water being present as a solvent, and as
the water produced in the reaction effectively dilutes the solution (being no different
from the water already present) it could be considered to already be included as part
of ‘Na2SO4(aq)’. So from this perspective, the shorter form of the equation would be
an acceptable representation of the chemistry. However, by convention we explicitly
show the water as a discrete product.

This issue, once again, highlights why learning the symbolic language of chem-
istry presents challenges to students. The longer version of the equation is preferred,
and this version offers an explicit representation of the conservation of matter that
is fundamental to appreciating chemical processes. However, unlike the (‘wrong’)
shorter version, this equation could be seen to imply that product water obtained in
the reaction is somehow different to the solvent water already present in the mix-
ture. This is not a trivial point when studies of learners’ understanding of chemistry
suggest that students may assume the origins of chemical species to be significant
(Taber, 1998). Given the strength of such intuitions, our symbolic conventions may
readily trigger or reinforce alternative conceptions (Taber, 2007).

Representing Energy Changes: An Additional Complication

Apart from conservation of matter, energy is also considered to be conserved in
chemical processes. Chemical reactions usually involve some conversion of energy:
for example in an exothermic reaction chemical potential energy is ‘released’ often
as heat. Where this is considered significant, the magnitude of the energy released
may be indicated by quoting the enthalpy value. Enthalpy is normally symbolised
as H, and an exothermic enthalpy change is by convention negative, i.e. �H < 0. So
in Example 9 of Table 4.1, the combustion of methane is shown to release (under
standard conditions at least), 890 kJ of energy per mole of reaction. Again by a con-
vention, this means per mole of methane combusted, and NOT per mole of oxygen
reacted.

Students may view the �H < 0 for exothermic reactions convention as counter-
intuitive, as they might more naturally associate energy ‘released’ with a positive
signifier: i.e. negative (a loss) means we had to put energy in, and positive (a gain)
means we got some out. The convention is unproblematic from a scientific perspec-
tive, but again the novice has not yet acquired the mental frameworks to support that
way of thinking.

Energy is one of the most fundamental concepts in science, yet it is extremely
abstract and has no ready definition that makes sense to students (Feynman, 1967). It
is known that learners bring to class their own everyday (Solomon, 1992) and other
alternative conceptions of the notion (Watts, 1983); and despite much debate in the
educational literature (e.g. Driver & Millar, 1986), it is recognised that teaching a
scientifically valid conception of energy remains a challenge for teachers (Grevatt,
Gilbert, & Newberry, 2007). For example, in lower secondary education in Eng-
land teachers are advised to discriminate between two teaching models of energy
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concerning energy transfer and energy transformation (DfES, 2003). In our chem-
ical example, the combustion could be described in terms of the transformation of
chemical potential energy, through the process of heating (e.g. by the emission of
electro magnetic (e-m) radiation) to internal energy; or as energy transferred from
the reactants to the products and their wider surroundings. It is clear that this is a
process that has no simple end-point (the surroundings being ultimately the Uni-
verse!) and is difficult to visualise for students. The ‘initial’ form of the energy is to
be understood in terms of the configurations of charges within molecules, and the
‘final’ form is understood in terms of the kinetic and potential energy of molecules
(or just kinetic energy, in a gas).

Other examples in Table 4.1 offer additional complications. Example 11 provides
an electrode potential, which is related to, but not the same as, an energy change.
Example 10 represents an endothermic process (�H > 0). Both these examples
include terms that should not be found in chemical equations representing reactions.

Another Complication: Sometimes We Have to Balance
Charge as Well

Example 11 includes ‘free’ electrons. These are needed to balance the equation
electrically:

MnO−
4 + 8H+ + 5e− → Mn2+ + 4H2O

(−1) + 8(1+) + 5(−1) = (+2) + 4(0)

−1 + 8 − 5 = +2

Just as mass and energy must be conserved, so also must electrical charge. Yet
free electrons are not found stable in nature under the conditions of chemistry on
earth, so cannot appear as reactants or products in representations of chemical
reactions. Example 11 is a ‘half-equation’, something that represents a common
pattern in chemical reactions, but only occurs when coupled to another suitable
‘half-equation’ (i.e., this reduction process must be paired with an oxidation process
that ‘releases’ electrons), e.g.

2Br− → Br2 + 2e−

The student is expected to appreciate that the presence of a term that does not relate
to a substance (‘2e−’) shows that this particular equation cannot stand for a chemical
reaction. (The student is also expected not to confuse superscripts used to denote
charge with those showing mass numbers of isotopes.)

When coupled with a suitable matching half-equation, the ‘electron accountancy’
will remove the inadmissible term, For example:

2(MnO4
− + 8H+ + 5e− → Mn2+ + 4H2O)
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gives

2MnO4
− + 16H+ + 10e− → 2Mn2+ + 8H2O

and

5(2Br− → Br2 + 2e−)

gives

10Br− → 5Br2 + 10e−)

and adding the reactant and product terms gives:

2MnO4
− + 16H+ + 10Br− < 001 >→ 2Mn2+ + 8H2O + 5Br2

2MnO4
− + 16H+ + 10Br− → 2Mn2+ + 8H2O + 5Br2

Students at senior high school/college level are expected to be able to undertake
this type of manipulation of symbols to produce balanced equations from half equa-
tions (whilst also adding the electrode potentials to check if the reaction is feasible).
The resultant equation balances in terms of both the quantity of each element repre-
sented (2Mn, 8O, 16H, 10Br) and in terms of overall charge (−2 + 16 − 10 = +4).

However, just as real reactions do not include free electrons as reactants or prod-
ucts, they do not occur between or produce materials with (substantive) net charges.
So whilst the equation above does represent the oxidation of bromide by acidified
permanganate, it is an abstraction from a real chemical reaction where the bromide
and the permanganate would be part of real substances that were (substantially)
neutral. For example:

2KMnO4 + 16HCl + 10NaBr → 2MnCl2 + 8H2O + 5Br2 + 10NaCl + 2KCl

This lengthier equation does a better job of describing the; reactants used in the
chemical reaction: however, the potassium, chloride and sodium ions are not essen-
tial to the process and could in principle be substituted without changing the reaction
in any meaningful sense. Indeed, as the products are all present in the same flask at
the end of the reaction, as an aqueous solution, it is actually misleading to imply
that some chloride ions are part of sodium chloride, and others part of potassium
chloride: these solvated ions will be constantly colliding, forming transient com-
plexes and disaggregating again. This is perhaps seen more clearly in comparing
Examples 4 and 5 from Table 4.1. Equation 4 represents the precipitation of silver
chloride from an aqueous solution of a chloride.

AgNO3(aq) + NaCl(aq) → AgCl(aq) ↓ +NaNO3(aq)
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However, the reactants are present as solutions, and once mixed do not in any real
sense contain silver nitrate and sodium chloride as separate substances (even in the
hypothetical instant before precipitation occurs). Example 4 might best be rewritten
as:

Ag+
(aq) + NO−

3 (aq) + Na+
(aq) + Cl−(aq) → AgCl(aq) ↓ +Na+

(aq) + NO−
3 (aq)

However, it is clear here that two of the ions are just ‘spectators’ that have no
influence of the reaction, and could best be removed to give:

Ag+
(aq) + Cl−(aq) → AgCl(aq) ↓

Thus we have Example 5 from Table 4.1. Equation 4 gives a better description
of the overall reaction, but equation 5 highlights the essential chemical process,
and can also stand for the parallel reactions where sodium chloride is replaced by
potassium chloride, or any other soluble chloride. The chemistry student is expected
to appreciate how both equations 4 and 5 can represent the same chemical processes.

The other example of an equation in Table 4.1 which includes a free electron is
Example 10, which shows the process of ionisation of a sodium atom:

Na → Na+ + e−

Again students are expected to realise that this does not represent a stand-alone
chemical process, and electrons are not found free under usual conditions, and so
this process would need to be coupled with one that provides a place for the electron
to go. Students may meet this process as part of a simple redox process (say with the
reduction of a less reactive metal), or as one component of the analysis of a more
complex process using Hess’s law to find an enthalpy change by aggregating the
enthalpy terms of an indirect route.

However, in a different context, the student will be expected to accept this ‘non-
chemical’ process as a phenomenon to be explored in is own right in chemistry,
as senior high school/college students learn about patterns in ionisation energies.
Although the oxidation of sodium atoms does not occur as an isolated event under
normal (i.e. ‘chemical’) conditions, it can be facilitated in more extreme circum-
stances to measure the energy change. So in this topic, this equation effectively has
a different status, moving from only representing a hypothetical process to stand-
ing for a real phenomena, albeit one that may be better considered physical, than
chemical (Taber, 2003b). The endothermic nature of this process (the positive �H
value in Table 4.1) implies that this is not something that can happen without an
energy input. (Strictly speaking, the free energy change, �G, should be considered.)
However, by the stage that students study ionisation energies a good many have
adopted the octet rule as a general explanatory principle and expect a process that
produces a species with a full outer shell to occur spontaneously (Taber, 1998).
Indeed many students will interpret representations of even the most chemically
dubious processes as feasible if they seem to produce outer shells that are full or
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have octets of electrons (sometimes, but not away the same thing). So it is common
for students to judge such unlikely chemical species as:

Na7−and Cl17−

as being stable, as they tend to interpret the representation only in terms of the outer
shell configuration and do not seem to consider the high charges, nor the failure
to come across these examples in class; nor even such basic chemical patterns as
metals tending to form cations!

Representing Equilibria: More Complexity

Most of the examples of chemical equations presented in Table 4.1 include an arrow
(‘→’) symbol. This implies a direction to the chemical change represented: this is
a process of reactant(s) becoming product(s). However, sometimes students meet
reactions where an equality sign (=) or a double-headed arrow symbol (⇔, �) is
used. Students at secondary level will be introduced to the notion that some chemical
reactions ‘do not go to completion’ or ‘are equilibria’. A common introductory ex-
ample met at this level is the reaction to produce ammonia (as in the Haber process),

N2 + 3H2 ⇔ 2NH3

The simple (over) interpretation a student might make here is that there are re-
actants (the substances on the left hand side), and a product (in the right hand side)
but some of the reactants do not react.

A more sophisticated understanding is linked to an appreciation of the interaction
of thermodynamic and kinetic considerations and is likely to be dependent upon the
ability to visualise some form of mental model involving molecular collisions and
interactions (Gilbert, 2005). This allows the student to see that two reactions are
occurring simultaneously:

N2 + 3H2 → 2NH3

2NH3 → N2 + 3H2

and that the overall process is a dynamic equilibrium. This is clearly quite an abstract
idea being represented, where learning difficulties are common (Bannerjee, 1991),
and a partial understanding can lead the student to conclude either that

� there must be equal amounts of reactants and products present (as both reactions
are occurring simultaneously); or

� given enough time the reaction will go to completion unless reactants and prod-
ucts are energetically equivalent (as otherwise there will be more ‘driving force’
for one of the two reactions).
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To move beyond this type of thinking requires the ability to coordinate different
ideas in a ‘systems thinking’ manner that is not typical of many secondary level
learners (Driver, Leach, Millar, & Scott, 1996). So at this level it may be consid-
ered sufficient to introduce the idea of equilibria and a few examples, almost as an
‘advanced organiser’ for later study.

Ultimately, the aim is that students should consider all reactions as in principle
reversible, and so ‘going to completion’ is just a ‘first approximation’ for those
reactions with large free energy values. Yet doing this by identifying a small num-
ber of ‘equilibrium’ reactions might be a high-risk approach. The symbolism used
in introductory courses sets up a false dichotomy between irreversible (signified
⇔) and reversible (signified →) reactions. Whilst this may seem good pedagogy,
moving from a simple model to a more complex one (as in metal/non-metal to the
electronegativity scale), it can also act as a pedagogic learning impediment, when
students have difficulty moving beyond the teaching model of covalent/ionic bond-
ing as a dichotomy to appreciate polar bonds as something other than exceptions or
a subset of covalent bonds (Taber, 1998).

A Comment on Dialects and Pidgins

If chemistry has its own language, then like all languages there will be ‘regional’
variations. For those who have become fluent, this variation will seem of minor
significance. But for the novice, it may be much harder to distinguish whether a
slightly different symbol is intended to imply a difference in the signified. Just
as a student might be confused by moving between teachers who label the same
electron shell as ‘outer’ and ‘valence’, respectively, it is unhelpful if the symbol 2H
becomes substituted by 2D in a different classroom, or one teacher writes 235U and
another U235. This is not a purely academic point because there may certainly be
different dialects at work when adjacent knowledge domains share subject matter.
So 235U may usually refer to an atom in chemistry, but it is more likely to refer
just to the nuclide in physics. As another example, if the → symbol has a different
meaning to the ⇔ symbol, then a student seeing an equation with a 1 symbol needs
to decide whether this should be understood to mean something different again.
This is not an obscure consideration when it has been suggested by IUPAC that ‘→’
(open arrow head) should mean something different to ‘→’ (closed arrow head)
i.e. depending upon whether a reaction is considered to proceed in a single step
(Laidler, 1981)!

When a technical language is adopted by those who do not share the expertise
of its parent community, it may actually become distorted, and this may make
it even more difficult for students to keep clear what different forms of sym-
bolism mean. So in biology lessons students are likely to meet equations repre-
senting photosynthesis and aerobic respiration (Examples 7 and 8 in Table 4.1).
When just considering the substances involved, these two equations will seem to
stand in the same relation as those discussed for the hydrogen/nitrogen–ammonia
equilibrium:
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6CO2 + 6H2O → C6H12O6 + 6O2

C6H12O6 + 6O2 → 6CO2 + 6H2O

This would ignore the conditions of the two reactions, and in particular the
special circumstances under which the endothermic photosynthesis reaction takes
place. This also ignores how multi-stage reactions are being summarised in a sin-
gle equation. It is not unusual to see energy included as a term, especially in the
respiration equation:

C6H12O6 + 6O2 → 6CO2 + 6H2O + energy

In chemistry we usually indicate the energetics of equations separately from the
equation itself (as in Example 9 in Table 4.1), but if energy is included as a term,
especially in a word equation, this can undermine the significant distinction between
what is happening in a chemical reaction in terms of matter and energy.

glucose + oxygen → carbon dioxide + water + energy

Despite the common inclusion of energy terms in these equations it is not unusual
for students to consider that they both represent ways in which the plant obtains its
energy. Indeed it is common for students to assume an incorrect temporal symmetry
(the plant obtains energy in the day by photosynthesis, and at night when it is dark
by respiration, e.g. Sanders, 1993), whilst failing to appreciate that the symmetry
represented in reactions 7 and 8 should imply that if one process releases energy the
other must require it.

The Symbolic Level as a Mediator Between the Macroscopic
and Sub-microscopic Levels

At the start of this chapter it was suggested that often in chemistry (and in teaching
and learning chemistry) the symbolic level mediates between the macroscopic and
sub-microscopic levels. To appreciate this notion of the symbolic level mediating the
macroscopic and molecular levels it is useful to reiterate the role of sub-microscopic
level in relation to the macroscopic level. One of the key features of modern chem-
istry is that much of explanatory theory used to systemise the subject is based upon
models of the interactions between the particles that materials are conjectured to be
composed of. The term particle is itself misleading for some younger students, who
have been shown to consider that grains of salt or sugar are the particles that their
teachers refer to, rather than hypothetical particles at a considerably smaller scale.
The particles of the sub-microscopic level are molecules, ions, electrons etc. that
exist at a scale so minute that quantum effects (that are largely negligible for par-
ticles of directly observable scale) become highly significant. Indeed, it is the way
these ‘quanticles’ have properties so very different from more familiar macroscopic
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particles that offers much of the power of particle models in explaining chemistry.
Quanticles are not hard impenetrable entities with sharp edges, but rather fuzzy
fields with properties modelled by quantum rules.

In effect the chemist, and chemistry teacher, explains the observed chemical be-
haviour of matter (substances) – colour changes, precipitation from solution, charac-
teristic flame colours, etc. – in terms of the very different behaviour of the quanticles
that are considered to form the materials at the sub-microscopic level. Much of this
involves the reconfiguration of systems of negative electrons and positively charged
atomic cores (or ‘kernels’) due to electrical interactions constrained by the allowed
quantum states.

It is known that the use of this type of sub-microscopic explanatory model is very
challenging to many learners (Harrison & Treagust, 2002). Indeed, failing to fully
appreciate the way quanticles have different properties to familiar particles, students
commonly adopt a type of pseudo-explanation where they ‘explain’ the properties of
bulk matter in terms of the properties to be explained being properties of the atoms
or molecules of which the bulk material is composed. This is represented in Fig. 4.4
which illustrates the tautological nature of these kinds of pseudo-explanations: they
can only explain the properties if we just accept that the quanticles have these very
properties.

This misses the very point about our particle models offering genuine and ex-
tensive explanatory value in science. There is perhaps a link here with the limi-
tation of secondary and college level students’ typical level of appreciation of the
nature of models in science and of scientific explanation (Grosslight, Unger, Jay,
& Smith, 1991; Driver et al., 1996; Gilbert, Taber, & Watts, 2001). Even Uni-
versity students may not have developed the mental models needed to facilitate
effective thinking about the sub-microscopic world (Chittleborough, Treagust, &
Mocerino, 2002).

So the particles making up materials are considered to be hard or soft, hotter
or colder, sharp, conducting, square etc. As one journal article (Ben-Zvi, Eylon, &
Silberstein, 1986) asked rhetorically: can an atom of copper be malleable?

Fig. 4.4 How learners
misapply particle models
(from Taber, 2000b;
previously published in
Taber, 2001b)
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Given this context, the use of chemical symbols, formulae and equations can be
readily misinterpreted in the classroom, because often the same representations can
stand for both the macroscopic and sub-microscopic levels. So H could stand for an
atom, or the element hydrogen in an abstract sense; H2 could mean a molecule or
the substance. One common convention is that a chemical equation represents molar
quantities, so in Example 9 in Table 4.1,

CH4 + 2O2 → CO2 + 2H2O

the enthalpy change was indicated in kilojoules per mole (again symbolised, here as
kJ mol−1, but sometimes shown as kJ/mol). So this tells us that when one mole of
methane reacts with two moles of oxygen to give a mole of carbon dioxide and two
moles of water vapour, 890 000 joules of energy will be ‘released’ (i.e. transformed).
However, as the formula CH4 can also indicate a molecule of methane (and similarly
with O2, CO2, H2O), the teacher can use the equation to represent either a change
in substances at the macroscopic level, or the particles interacting and produced at
the sub-microscopic level.

This provides a very strong tool for communicating explanations, as the teacher
can move between discussing the bench phenomena and the (sub-microscopic) ex-
planatory models readily. By presenting an equation that describes the reaction (a
macroscopic phenomena that students can see etc.) in a form that directly links to
the molecules or other quanticles (ions, etc.) considered to be present at the sub-
microscopic level, the symbolic representation acts as a referent to both levels and
so at a meta-level also represents the relationship and mapping between substances
and quanticles.

Whilst this is a powerful tool, once again it means that the learner has to deal with
ambiguity in our symbolic representation, and to draw upon context and background
knowledge to interpret when the teaching is using the symbolic representation to
stand for phenomena, and when it models the conjectured world of subatomic parti-
cles used in chemical explanations. Such interpretation is automatically undertaken
by an expert (with high familiarity with the symbolic language and extensive back-
ground knowledge), but this again adds to the cognitive load on a novice learner
trying to follow a lecture or classroom presentation.

Our verbal labels have the same ambiguity. When the teacher talks of hydrogen or
oxygen she may be talking about the element (as a theoretical entity that is in some
sense conserved in reactions although being incorporated in different compounds);
the substance; or an atom or molecule:

� Ethene contains less hydrogen than ethane
� Hydrogen burns with a squeaky pop
� Hydrogen has one electron in a 1s orbital
� Hydrogen contains a pure covalent bond

In these four sentences we see the same word, ‘hydrogen’, used as a label to rep-
resent four different entities. Of course these four versions of ‘hydrogen’ are clearly
related, but making the correct sense of any sentence using the word requires the
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learner to realise whether it is the element, the substance, the atom or the molecule
that is signified.

The lack of precision, indeed ambiguity, of our symbol system (words, formulae
and equations) offers a fluidity that provides ready shifts between the different levels
at which we discuss chemistry: but whilst the particular meaning at any one moment
seems obvious to the expert, such shifts need to be carefully signalled for learners
to follow them. There is a potentially vicious circle here. For those students who
do not appreciate how the quanticles that populate the sub-microscopic realm have
distinct properties from matter in bulk, the contextual information that may signify
shifts between these two levels will not cue the shift. So statements (e.g. ‘copper
is a good conductor’) may be interpreted at the wrong level, which may reinforce
existing inappropriate thinking about chemistry at the sub-microscopic level.

Teaching Chemistry with the Symbolic Level of Representation

It would clearly be possible to multiply the examples used in this chapter many
times over, for the symbolic level of representation provides a basic language for
discussing, teaching and learning chemistry, and so is ubiquitous in the discipline
of chemistry and in chemistry classrooms. When teaching the symbolic conventions
of chemistry it is important for the teacher to appreciate how it is likely to take
time, and practice, before mastery of the new language is possible. As this chapter
has suggested, this is especially so in the context of a subject like chemistry. It
is one thing to teach a learner a foreign language that has similar grammar to the
native language, and where the new vocabulary generally refers to the familiar and
understood. This can be difficult enough for many students, even though they are
able to construct new knowledge on sound foundations. However, as shown above,
the symbols and grammar of the language of chemistry are closely tied to its basic
conceptual principles, and so the language of chemistry has to be constructed on an
abstract and less familiar knowledge base.

Indeed, learners of chemistry are likely to be learning to develop fluency in the
language of chemistry as they learn the subject through the language. Given that
chemistry has its fair share of abstract concepts – electronegativity, valency, iso-
merism, etc. – and principles – conservation of ‘elements’, but not actual elements,
in chemical reactions (in the English usage at least, the French meaning of element
is somewhat different, Cokelez, Dumon, & Taber, 2007) – it is not surprising that
many students struggle in the subject. Not understanding the subtleties of the sym-
bolic language makes it difficult to learn the ideas. Not understanding the ideas,
or holding alternative conceptions for basic chemical concepts, makes it easy to
misinterpret what is represented through the language.

That said, many students are successful in the subject – somehow coordinat-
ing, developing and understanding of the ideas and increasing fluency in the lan-
guage into a virtuous circle. Perhaps more detailed research into exactly how this is
achieved is indicated. This is one area where longitudinal case studies of individual
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learners could be very informative, giving insight into the complexity of evolving
conceptual ecologies, and the factors that support and impede learning in particular
teaching contexts (Taber, 2006).

Earlier a quick tour of some of the symbols used to represent chemistry in teach-
ing and learning the subject was offered. The symbols are not just labels for words,
but closely linked to concepts, which may themselves offer considerable challenge
to learners. These concepts may relate to the molar or sub-microscopic levels, and
as we have seen the same label (‘hydrogen’) often actually signifies several related
concepts that bridge these levels. It seems clear that learners will be assisted in
learning the symbolic language of chemistry if the introduction of the symbol sys-
tem is both carefully sequenced and suitably paced (where ‘suitable’ is judged at
the learner’s resolution). Yet the introduction, and consolidation of chemical sym-
bols cannot sensibly be divorced from the concepts being represented, where the
problems of planning teaching to scaffold student learning are well recognised (e.g.
Jensen, 1998; Johnstone, 2000; Taber, 2001b; Nelson, 2002).

In practice, this ‘layering’ of complexity occurs on several fronts:

� in considering materials, in moving from distinguishing pure substances from
mixtures, to the distinction between elements and compounds;

� in moving from a general particle model to thinking about atoms, molecule, and
ions, and then to electronic structures;

� from thinking of substances to processes to dynamic equilibria;
� from simple reactions to multi-step reactions;
� from thinking of matter, to matter-plus-charge, to matter-plus-charge-plus-energy.

Teachers will need to plan progression in learning across such different fronts
and as we have seen the symbol systems used accrue with the additional detail and
complexity that needs to be represented. In the meantime, the analysis presented in
this chapter suggests that teachers should bear in mind some key general points:

� be aware that learners will chunk chemical symbols less effectively than experts;
� be aware of the way the use of symbolic representations may increase the per-

ceived complexity, and so the cognitive demand of a task;
� always consider whether the symbols used are ambiguous, and if so be ex-

plicit about which meaning is intended at any point (element, atom, substance,
molecule, etc.);

� be careful to be consistent in the use of symbols, and in not mixing matter and
energy terms in equations;

� always clearly signpost when mediating a shift between macroscopic and sub-
microscopic levels through symbolic representations: e.g. ‘now this equation also
represents. . .’

Whilst further empirical research is indicated to explore what types of teaching
schemes might best support student learning, it is clear that teachers should bear
in mind the need to support progression between increasing levels of complexity,
both (i) by allowing students sufficient opportunities to consolidate one layer of
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symbolism before introducing the next, and (ii) by making explicit the differences
and links between the different sets of symbols.

The symbolic language of chemistry is an intellectual achievement of great
power: but like all such systems it is only of value to us once we are fully initiated so
it can become a facilitator of quick and effective communication, rather than being
an additional barrier to comprehension and understanding. Like any complex mate-
rial to be learned, it needs to be introduced in non-threatening ways – in digestible
learning quanta, supported by effective scaffolding – and reinforced and applied in a
wide range of examples and contexts until it becomes fully consolidated in memory.
Only then can it be considered suitably robust prior knowledge to have moved from
being part of what is to be mastered, to providing sound foundations for supporting
further learning.
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Part II
Improving Existing Pedagogy in Respect

of the Triplet Relationship

This section discusses the value of laboratory practical work in providing a sound
basis for the development of an understanding of the triplet relationship. Whilst the
first three chapters deal with the macro experience and show how progression to the
submicro and symbolic can be facilitated, the last starts from the opposite extreme
and shows the value of working from the basis of diagrams.

In Chapter 5, Tsaparlis asserts that sound pedagogical practice in respect of
the triplet relationship is through an initial focus on the macro and that laboratory
practical work is the best basis for that. He then reviews the wide range of, often
conflicting and imprecisely stated, aims that can justify laboratory practical work.
The range of types of practical work that can be justified within each of the broad
classes of aims is set out and the learning theories that can underpin them are dis-
cussed. The case study of the relation between ‘the behaviour of gases’ (macro)
and ‘the particulate model of matter’ is set out to illustrate how practical work can
link the macro and submicro in student understanding. What emerges is an implicit
agreement: yes, practical work can link the macro and submicro, provided that all
those involved know what the purpose of the activity is.

The research and development work reported in Chapter 6 is an elegant example
of how to address a commonly met problem in practical work. Students too often
engage in laboratory work in a superficial, mechanical way that involves just doing
the practical activity required without linking macro observations to the underlying
submicro and symbolic representations that provide an explanation for what is hap-
pening. Taking the case of ‘qualitative inorganic analysis’ (which is notorious for
fostering ‘activity without understanding’) the authors developed both a teaching
package to foster an understanding of the triplet relationship and a test to show that
its aims were achieved.

Chapter 7 is also a case study of the outcomes of a deliberate attempt to facilitate
the formation of a better linking of experience of the macro with the associated
explanation at the submicro and symbolic. In this case, the detail of the actual suc-
cesses and failures in the formation of the linkages are given for a series of reaction
types. The outcome is a series of general recommendations for teaching if learning
across the triplet relationship is to be successful.

Because of their representational flexibility, diagrams can readily facilitate the
formation of linkages between events at the macro and their interpretation at the
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submicro and symbolic. Whilst, as a class, diagrams are normally allocated to the
submicro, the possibility of representing either the macro or the submicro or the
symbolic, or indeed a mixture of the three, within them makes them especially
useful in the promotion of understanding of the triplet relationship. In Chapter 8,
Davidowitz and Chittleborough discuss the scope of diagrams and in doing so link
their affordances to the exercise of visualization. They illustrate their ideas with two
case studies of the use of diagrams in effecting a better understanding of the triplet
relationship in students from educationally disadvantaged backgrounds.



Chapter 5
Learning at the Macro Level: The Role
of Practical Work

Georgios Tsaparlis

Abstract Contact with concrete examples of substances, their reactions and other
properties, through the laboratory and other practical activities, is an integral part
of chemical education. In this chapter, attention is paid to alternatives to the expos-
itory instruction, which has been criticized for placing little emphasis on thinking.
Consideration is given to inquiry and project-based laboratories, problem solving,
context-based approaches and student cooperative practical activities. Central to lab-
oratory work is the proper observation of phenomena. Content knowledge is crucial
for the proper interpretation of observations. On the other hand, failure by students
to notice or record all observations, as well as overloading of working memory are
main problems. Methods are discussed for directing students’ attention to the impor-
tant observational stimuli in experiments; demonstrations are particularly helpful in
this. Concrete experiences may be a prerequisite for a conceptual understanding of
chemistry, but this understanding is eventually provided through the submicroscopic
and symbolic levels. Connection of the macro level with the other two levels is
an integral but difficult task. Ways to achieve the desired macro to submicro and
symbolic transition are given consideration; history of science can be of great value
here. The chapter concludes with some future perspectives for practical work.

Introduction

The study of chemistry deals essentially with three main aspects: the macroscopic
approach, the representational/symbolic dimension and the submicroscopic level of
thinking (Johnstone, 1991, 2007).1 This chapter considers the role of the macro-
scopic component, taking also into account the other two levels.
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1 The submicroscopic level is further distinguished into one studying the properties of isolated
molecules (represented at the highest level by quantum chemistry) and one studying the statistical
behavior of large assembles of molecules (studied by the methods of statistical thermodynamics)
(Ben-Zvi, Silberstein, & Mamlok, 1990).
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The early introduction in chemistry education of levels other than the macro-
scopic is assumed responsible for the poor learning of chemistry by young students
and for its bad image among them. Tsaparlis (1997) has used various perspectives
of science education (Piaget’s theory of cognitive development, Ausubels’ theory
of meaningful learning, the alternative frameworks’ perspective and the informa-
tion processing model) to show that grasping of the abstract structural concepts of
chemistry is a very hard task for students. We must stay with the macro level until
students have formed new concepts before we attempt to introduce ‘explanations’
based on submicro considerations (Johnstone, 2007). The introduction of the other
two levels must be a gradual process, leading students into the chemists’ world.

Johnstone (2007, p. 10) suggested that curriculum designers and textbook writers
should consider the need for

a considerable introductory period in which students get familiar with thinking in a scientific
way through the use of macro and tangible experiences only. There is plenty of good science
to be learned without the ‘interference’ of sub-micro considerations. Chemistry as a macro
material science, dealing with the things of every day experience, has much to offer.

Such an approach is consistent with constructivism and follows the principle of
induction by going from the macro to the submicro level. Note that the opposite ap-
proach, which starts from the structure of matter and follows a productive/receptive
approach model, is quite common in chemistry education.

Georgiadou and Tsaparlis (2000) proposed and tried a three-cycle method, which
goes separately over the macro, the representational and the submicro levels. In
the macro cycle, which occupied half of the teaching time, the students became
familiar with chemical substances and their properties. Central here was the use
of experiment, while chemical notation as well as atoms and molecules were not
included. Applying the spiral curriculum, the representational cycle covered the
same course material, but added chemical formulas and equations. Finally, the sub-
micro cycle brought atoms and molecules into play. Evaluation of the method, by
end-of-school-year tests as well as by beginning-of-next year repeat of the same
tests, showed that the three-cycle method made the largest single positive effect,
compared with a traditional control class and a class in which teaching methods
proposed by psychologist R. Case were applied.

Toomet, DePierro, and Garafalo (2001) developed a freshman chemistry curricu-
lum, in which the topic of atomic structure is delayed until the second semester.
In this curriculum, concept development is linked to the observable behaviour of
matter, while the submicroscopic and symbolic realms are introduced by engaging
students in some of the detective work that established the relative atomic masses of
the elements and formulas of simple compounds. On the same line, Nelson (2002)
discussed a way for teaching chemistry progressively, starting with observations at a
macroscopic level, interpreting these at an atomic and molecular level and then at an
electronic and nuclear level. Finally, Kolioulis and Tsaparlis (2007) wrote a textbook
for eighth-grade chemistry with emphasis given to the macroscopic phenomena and
concepts that are treated qualitatively using constructivist and meaningful-learning
teaching methods, while the corpuscular concepts are delayed.
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Chemistry is basically an experimental science, hence the contact, especially
through the laboratory and practical work, with concrete examples of substances,
their reactions and other properties, is an essential and integral part of chemical ed-
ucation. The laboratory is therefore the proper place for keeping chemistry tangible.

The Purposes and Aims of Practical Work

The terms laboratory work and practical work are used in the literature without
precise definition to embrace numerous activities in science instruction. According
to Hodson (1990), the term ‘practical work’ means tasks in which students observe
or manipulate real objects or materials for themselves (individually or in small
groups) or by witnessing teacher demonstrations. In an extended sense, practical
work involves not only work in the formal chemistry laboratory or demonstrations,
but also any type of activity that involves tangible objects, and provides students
the opportunity to manipulate and interact with chemicals and observe chemistry in
action; consequently, home laboratory kits and computer simulations of experiments
are also included.

The statement of the purposes and the aims of laboratory activities is very useful
for course designers and for teachers. On the other hand, detailed objectives guide
teachers and students systematically in their work (Sutton, 1985). It is generally
accepted that the main purposes of laboratory work are to teach hand skills and to
illustrate theory (Hirvonnen & Virii, 2002). On the other hand, the aims of such work
can be classified in two categories: (i) teaching the content of science; (ii) teaching
about the methods of science (Leach, 1998). According to Hodson (1990), practical
work can: motivate students by stimulating interest and enjoyment; teach labora-
tory skills; enhance the learning of scientific knowledge; give insight into scien-
tific method and develop expertise in using it; develop ‘scientific attitudes’, such as
open-mindedness and objectivity.

Numerous attempts have been made to articulate the aims (Johnstone &
Al-Shuaili, 2001; Kerr, 1963). Meester and Maskill (1994), Laws (1996) and
Bennett and O’Neale (1998) have in particular addressed the aims for the tertiary
situation. Laboratory activities involve four major phases (Buckley & Kempa, 1971;
Kempa & Ward, 1975) where students show responsibility for (a) planning and
designing an investigation, (b) experimental investigation involving manipulative
tasks, (c) observation of changes, (d) interpretation and explanation of data. The
affective aims mentioned by Kerr (1963) are also important: interest in the subject;
enjoyment of the subject; a feeling of reality for the phenomena talked about in
theory. Further, one should distinguish between attitudes to science and scientific
attitudes (Gardner & Gauld, 1990). Attitudes to science include interest, enjoyment,
satisfaction, confidence and motivation. Scientific attitudes apply to styles of think-
ing such as objectivity, critical-mindedness, scepticism and willingness to consider
the evidence (Garnett, Garnett, & Hackling, 1995).

Laboratory activities have the distinct advantage of engaging both the stu-
dents’ psychomotor and the cognitive domains of learning. They begin with the
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employment of simple motor skills and proceed to sophisticated process skills.
Hirvonnen and Virii (2002) reported that the theory–practice link was ranked high-
est by physics student teachers, followed by learning experimental skills, methods
of scientific thinking, increased motivation and the opportunity for the teachers to
evaluate students’ knowledge; also, laboratory work could foster student teachers’
understanding of physics. On the other hand, White et al.’s (1995) research, in-
volving tertiary physics students, suggested that although students gained experi-
mental skills from laboratory classes, their experiences were not always enjoyable
and did not always contribute to their understanding of physics. Johnstone and
Al-Shuaili (2001) have made a detailed discussion of the literature on manipulative
and observational skills. Of particular importance is the skill of planning experi-
ments that conventional laboratories tend to omit. Linked to this aim are the skills
of problem solving at the bench.

A content analysis of 11 general chemistry laboratory manuals was carried out
by Domin (1999a) and concluded that the majority require the learners to operate
predominantly at the three lower cognitive levels of Bloom’s taxonomy (knowledge,
comprehension and application), leaving out the three higher levels of analysis, syn-
thesis and evaluation.

Laboratory Instructional Types

Significant problems have been identified in the science education literature about
the laboratory/practical courses, in particular about the ineffectiveness of labora-
tory instruction in enhancing conceptual understanding (Hofstein, 2004; Hofstein &
Lunetta, 1982; 2004). The type of laboratory instruction plays certainly an important
role in this deficiency.

There exist various types of distinct styles of laboratory instruction (Domin,
1999b): expository, inquiry, discovery and problem-based. According to Domin,
these styles can be differentiated by their (i) outcome, (ii) approach and (iii) pro-
cedure. The outcome of any laboratory activity is either pre-determined or un-
determined. Expository and problem-based activities typically follow a deductive
approach, while discovery and inquiry activities are inductive. Lunetta (1998) dis-
tinguishes the various forms according to two aspects: (1) the extent of external
guidance by the instructor and/or the manual, leading to (i) structured forms with
detailed prescription of the student activities, or (ii) open forms that allow students a
range of personal involvement and (2) the spectrum of activities that can vary from
only setting up the experiment to including a complete inquiry sequence.

The Traditional Expository Laboratory

The most commonly applied style of laboratory instruction is the expository one,
which is instructor-centred. The learner has only to follow the teacher’s instruc-
tions or the procedure (from the manual). The outcome is predetermined by the
teacher and may also be already known to the learner. The results of the experiments
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are compared with the expected results, so there is not the challenge to predict
(Pickering, 1987). The expository laboratory satisfies the need to minimize re-
sources, particularly time, space, equipment and personnel (Lagowski, 1990).

Despite this efficiency, expository instruction has been criticized for placing little
emphasis on thinking: its ‘cookbook’ nature emphasizes the mechanical following
of specific procedures to collect data, in order to verify or demonstrate principles
described in textbooks. In this way, it is an ineffective means of building con-
cepts and unrealistic in its portrayal of scientific experimentation (Byers, 2002),
while little meaningful learning may take place (Johnstone & Wham, 1982). Such
laboratory experiences lead only to lower-taxonomic level gains (McRobbie &
Thomas, 2001) and facilitate the development of lower-order cognitive skills, such
as rote learning and algorithmic problem solving (Meester and Maskill, 1994).
Also, they ‘have little relevance to real life and so fail to promote in students a
genuine interest and motivation for practical work’ (Johnstone & Al-Shuaili, 2001,
p. 49).

Inquiry Laboratory (Open-Inquiry)

Inquiry-based activities have an undetermined outcome and require the learners to
generate their own procedures. Students have to deal with a scientific problem, for
the solution of which they must plan and carry out an experimental investigation,
and reach a conclusion, which is communicated in some form (Garnett, Garnett,
& Hackling, 1995; Hackling & Garnett, 1995). Therefore, the inquiry laboratory is
more student-centred, contains less direction and gives the student more responsi-
bility for determining procedural options than the traditional format. It effectively
gives students ownership of the laboratory activity, which can result in the students’
showing improved attitudes towards laboratories. Such ownership requires learn-
ers to formulate the problem, relate the investigation to previous work, state the
purpose of the investigation, predict the result, identify the procedure and perform
the investigation. In addition, this type of laboratory has the potential to develop
students’ abilities and skills such as: posing scientifically oriented questions, form-
ing hypotheses, designing and conducting scientific investigations, formulating and
revising scientific explanations and communicating and defending scientific argu-
ments (Hofstein, Navon, Kipnis, & Mamlok-Naaman, 2005; Krajcik, Mamlok, &
Hug, 2001).

Although inquiry-based practical work can foster many of the aims, it is time-
consuming, potentially costly and very demanding on those who have to organize
large laboratory classes. However, there is a strong case for its use from time to time
and at all levels, as a short inquiry, attached to the end of an expository laboratory,
using the skills and knowledge gained in the laboratory but with no fixed instructions
(Johnstone & Al-Shuaili, 2001).

In his review of laboratory instruction styles, Domin (1999b, p. 546) states that

because each style of laboratory instruction affects the learning environment in distinct
ways, difference should be apparent with respect to learning outcomes.
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He goes on by citing research studies that compared the various styles of labora-
tory instruction. Finally, he concluded that to better understand the effectiveness
of each style, research should address not merely student achievement, but also
the following specific learning outcomes: conceptual understanding, retention of
content knowledge, scientific reasoning skills, higher-order cognition, laboratory
manipulative skills, better attitude towards science and a better understanding of the
nature of science.

Some relevant work on the chemistry laboratory at tertiary level which used
inquiry-type work and/or collaborative learning is that by Hunter, Wardell, and
Wilkins (2000), Rudd II, Greenbowe, Hand, and Legg (2001), Vallarino, Polo,
& Esperdy (2001), Shitbley & Zimmaro (2002), and Byers (2002). These stud-
ies reported in general the effectiveness of the proposed methods. For instance,
students seemed to develop critical judgment in the planning and performance of
their work, gained confidence and skills in the use of instruments and developed
abilities in technical writing (Vallarino, Polo, & Esperdy, 2001); a more positive
attitude about the laboratory and about chemistry in the collaborative learning sec-
tions (Shitbley & Zimmaro, 2002); interest and motivation, as well as deeper think-
ing about the experiments before they were carried out, and deeper reflection on
the results than was usually found with recipe-following procedures (Byers, 2002).
Note that to distinguish among levels of inquiry, Fay, Grove, Towns, & Bretz (2007)
evaluated a number of experiments and reported a diversity of uses of the term
‘inquiry’.

Totally expository laboratories miss some of the desirable aims of laboratory
work belonging to the receptive forms of teaching and learning. The reform
movement in science education, which is based on standards (National Research
Council, 1996; 2000), recommends a break away from exclusively receptive in-
struction. On the other hand, totally inquiry laboratories are currently probably im-
practicable not only in schools but also in universities. Nevertheless, Johnstone and
Al-Shuaili (2001, p. 49) supported the idea that ‘a core of expository laboratories
with substantial “inserts” of inquiry will go a long way towards achieving the desir-
able aims of laboratory work’.

Project-Based Laboratory Instruction

The limitations of the conventional expository style of laboratory as well as the
difficulties in realizing inquiry-based activities can be addressed in project-based
activities that, without calling for new procedures, require students to try a modern
experiment.

Tsaparlis and Gorezi (2005, 2007) have proposed the addition of a project-based
component to a conventional expository physical chemistry laboratory. Project-type
tasks were used, mainly taken from articles in the Journal of Chemical Education.
During the performance of the project experiments, students were dedicated, patient
and enthusiastic. The writing of the report and the oral presentation of the project
were very demanding tasks. The evaluation of the work by the students through
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written questionnaires showed that the large majority was in favour of collaborative
work. Working in groups of four was acceptable. On the other hand, the uneven
contribution of the members of the group appeared to be a serious problem. Project
work was judged superior for the development in students of communication skills
(searching and using English literature, public presentation, collaboration, etc.),
and of abilities related to the psychology of learning. Finally, the connection of
chemistry with everyday life and modern applications (such as lithium batteries,
commercial soaps and corrosion of metals) proved to be very attractive. Needless to
add that to be effective, project work must be extended to all practical courses.

Underlying Pedagogy for Effective Practical Activities

There are many arguments from the literature that support new methods of learning
in the laboratory (Hofstein & Lunetta, 2004). Experiences in the laboratory can pro-
vide opportunities for constructing knowledge, by engaging students intellectually
with meaningful investigative experiences (Penner, Lehrer, & Schauble, 1998; Roth
& Roychoudhury, 1993; Trumper, 2003).

It is widely accepted nowadays that science education supports a constructivist
approach to teaching and learning. According to Vygotsky (1962), the learner con-
structs actively his/her knowledge, but this process is greatly assisted by interactions
with peers and with the teacher who acts at the students’ zone of proximal develop-
ment. Shilandd (1999) examined the implications of constructivism for laboratory
work. A social constructivist framework has special potential for guiding teaching
in the laboratory (Hofstein & Lunetta, 2004; Trumper, 2003). Also, it may enhance
positive attitudes and cognitive growth (Lazarowitz & Tamir, 1994). Note that the
social environment in a laboratory is usually less formal than in a conventional
classroom or lecture theatre. According to Millar and Driver (1987), the extended
reflective investigations can promote the construction of more meaningful scientific
concepts, based upon the unique knowledge brought to the science classroom by
individual learners in dialogue with peer investigators. The role of the instructors is
also crucial: according to Polman (1999), the teachers who wish to foster science
learning through projects and inquiry must play a complex role in the discourse with
their students. Gunstone and Champagne (1990) considered it necessary for mean-
ingful learning to occur that students are given sufficient time and opportunities for
interaction and reflections in the laboratory, as well as to take control of their own
learning in the search for understanding.

Of particular interest is the possible connection of the nature-of-science (NOS)
and the learning beliefs of the students with their type of practical work (Pomeroy,
1993). The NOS beliefs relate to the students’ ‘positivist’ or ‘post-positivist’ sci-
ence epistemologies. Students with a positivist view of science regard it as a ‘log-
ical and systematic collection of facts’ (Tsai, 1998) or as a body of knowledge
to be discovered by empirical means (Wallace, Tsoi, Calkin, & Darely, 2003).
These same students may also prefer traditional learning strategies that are based
on lower-order cognitive skills (LOCS; Tsaparlis & Zoller, 2003; Zoller, 1993;
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Zoller & Tsaparlis, 1997), including rote learning and application of routine proce-
dures and algorithms. Students with post-positivist NOS beliefs do not see science
as a fixed collection of facts, but allow for compromises and errors, leaving room for
changes and developments. On the other hand, there are those students who exhibit
a preference for constructivist types of learning, such as understanding, explaining,
predicting, planning and connecting. These latter students often have post-positivist
NOS beliefs.

Phases in Laboratory Instruction

Lunetta (1998) has proposed a four-phase sequence for laboratory instruction: (i)
planning-and-design, (ii) performing the experiment, (iii) analysing and interpreting
the data and (iv) applying the acquired conceptual and procedural knowledge to new
research questions. Doran, Lawrenz, and Helgeson (1994) have suggested a similar
approach in which the previous last two phases are joined, resulting in three phases:
(i) pre-experimental, (ii) experimental, (iii) post-experimental.

Reid and Shah (2007) have provided evidence supporting pre-laboratory exer-
cises. However, pre-experimental activities constitute a phase that most often is
missing from laboratory instruction. According to research findings, only about 3%
of the laboratory time is applied to developing research questions for experiments
(Tobin & Capie, 1982; Neber & Heumann-Ruprecht, 2006).

To develop such questions, and hence to realize the pre-experimental phase as a
meaningful learning activity, students need to activate their domain-specific knowl-
edge (Klahr, 2000; Neber & Anton, 2008). Neben and Anton have considered a
sequence of five procedural steps that are necessary for the pre-experimental phase:
Observation/phenomenon → Access to prior knowledge → Epistemic question(s)
→ Anticipated answer(s) → Planning for evidence.

Finally, of paramount importance for the proper interpretation of laboratory ob-
servations is the knowledge of the relevant theory. Hodson (1986) maintained that
observations are theory-dependent and therefore fallible and biased. Even scientists
themselves hold preconceptions and biases about the way the world operates, and
these affect their ability to make observations (‘theory-laden observations’). Ac-
cording to Johnstone and Al-Shuaili (2001, p. 47) ‘investigation is very knowledge
dependent and cannot take place in a knowledge vacuum.’ As a result, ‘students
who lack the requisite theoretical framework will not know where to look, or how
to look, in order to make observations appropriate to the task in hand, or how to
interpret what they see’ (p. 44).

Problem Solving and the Laboratory

Problem solving is well known as a composite activity involving various cognitive
functions that depend on the number and quality of available operative schemata in
long-term memory (see below) and on working memory capacity (Stamovlasis &
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Tsaparlis, 2001; Tsaparlis, 1998; Tsaparlis & Angelopoulos, 2000). A real/novel
problem requires that the solver must be able to use what has been described
as higher-order cognitive skills (HOCS) (Tsaparlis & Zoller, 2003; Zoller, 1993;
Zoller & Tsaparlis, 1997). A more thorough classification of problem types has been
made by Johnstone (Johnstone, 1993; Tsaparlis & Angelopoulos, 2000).

Among the aims for practical work listed by Kerr (1963) is that of giving training
in problem solving. Using demonstrations (and laboratory experiences in general)
as an assessment tool, Bowen and Phelps (1997) reported that demonstrations not
only oriented students’ attention towards learning but also improved their problem-
solving capabilities, helping them switch between various forms of representing
problems dealing with chemical phenomena (for instance, symbolic and macro-
scopic). Along the same line, Deese, Ramsey, Walczyk, & Eddy (2000) found that
demonstration assessments promoted critical thinking and deeper conceptual un-
derstanding of important chemical principles. Welzel (1999) maintained that prob-
lems are interesting to students when they can connect them to their experiences
from everyday life. Finally, Zoller and Pushskin (2007) discussed the matching
of HOCS promotion goals with problem-based laboratory practice in a freshman
organic chemistry course.

Domin (2007) has carried out a study in which 15 students were interviewed
after having experienced the first semester of laboratory instruction of a year-
long sequence of general chemistry in a problem-based format, followed by a
semester in which the laboratory portion of the course was taught in a tradi-
tional manner. For problem-based learning, conceptual development was maxi-
mized during the activity while in the laboratory. In the expository environment,
however, it was maximized outside the laboratory, after the experiment had been
completed. In a similar manner, Mc Donnell, O’Connor, and Seery (2007) used
problem-based learning of mini projects as an alternative to the traditional ‘recipe-
style’ laboratory because these reflect real-life problem solving situations. Small
groups of students (three to four) who were assigned a project title and devised
the experimental protocol to carry it out responded favourably on these laboratory
classes.

Kampourakis and Tsaparlis (2003) have used a laboratory/practical activity, in-
volving the well-known ammonia-fountain experiment, in order to find out if it
can contribute to the solution of a demanding chemistry problem on the gas laws.
Furthermore, they explored the extent to which the practical activity (which was
performed by the students working in small groups), together with the follow-up
discussion/interpretation in the classroom, could contribute to the improvement of
the problem-solving ability of the students. A relatively low improvement in per-
formance for many students was observed, and this was explained by the fact that
the fountain experiment was very involved, having a potential for working-memory
overload (see below). Also, its quite dramatic visual impact may have not permitted
students to make too much sense of the underlying physical and chemical events. It
is certainly open to question to what extent experimental work contributes easily to
the ability in solving conceptually demanding problems. This is an area that merits
further research.
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Another contributing factor to students’ low performance was the fact that those
who participated in the study did not have a good understanding of the concepts that
related to the ideal gas equation. This finding agrees with Kautz, Lovrude, Herron,
and McDermott (1999) who pointed out that first- and second-year undergraduate
students who attended traditional lectures had not developed functional understand-
ing of the ideal gas and the ideal gas law. Also, as is the case with students in
many countries, the students had no previous experience in working with chemicals
and carrying out, or even watching, experiments. It may then be the case that this
contact with chemical experiments had so much attracted their attention that little
opportunity, during the experiments, was left for a mental processing of what was
going on and why.

In conclusion, Kautz et al. suggested that the theory of chemistry and chem-
istry experiments might constitute two minimally overlapping spaces, and this can
be coupled with a similar research finding (Hart, Mulhall, Berry, Loughran, &
Gunstone, 2000). Further, it might be that science problems and the concepts that en-
ter the problems may constitute two minimally inter-connected/overlapping spaces,
especially in the case of complicated experiments. This finding reinforces the argu-
ment of Gabel, Sherwood, and Enochs (1984) that students who do not understand a
concept qualitatively are likely to handle the mathematical equations thoughtlessly.

Simplifying the experimental setting, by using ready liquefied ammonia (from
a lecture bottle, with a manometer attached to it) may help reduce the ‘noise’ and
make students concentrate on the actual relevant phenomena. On the other hand,
the use of computer simulations is promising with such problems. In any case,
chemical educators must take into account the available possibilities and carefully
choose their experiments, so that they first use simple experiments that involve few
concepts.

Laboratory and Information Processing

What was of higher interest in the Kampourakis and Tsaparlis study (2003) was the
fact that the chosen practical activity was very involved. The fountain experiment
is indeed a spectacular and impressive one, but this feature may be the cause of the
failure of most students to pay attention to the stimuli relevant to the problem. In-
deed, one could argue that the relevant to the problem stimuli were not the dominant
stimuli of the experiment. In particular, the generation of ammonia in the flask was
also producing working memory space overload (see below).

Laboratory experiments and demonstrations are often complicated, posing a large
demand on the student’s capacity to process information. To introduce the concept
of chemical reaction, de Vos and Verdonk (1985, p. 238) suggested that experi-
ments are needed that ‘could intrigue purely by the change of substances to other
substances and that would not display any distracting phenomena. (On the contrary)
fascinated (and blinded) by the bright light of burning magnesium, students fail
to notice the white powder that is left behind by the process’. Similarly, Kempa
and Ward (1988) reported observational limits of ‘detectability’ for several single
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stimulus and multi-stimuli observation tasks in secondary level chemistry. They
provided tables of actual results obtained including type of observation, chemical
system used, method of determining stimulus magnitude and observational thresh-
olds. Students failed to notice or record one in every three observations.

Al-Shuaili (cited in Johnstone & Al-Shuaili, 2001, p. 44) showed that ‘the dom-
inant stimulus may have to be played down if it is in danger of masking other
important observations. This does not imply that the teacher should give all the
answers before the laboratory, but rather prepare the observational faculties for what
is to come’. A further complication to observation is that apparatus often masks a
phenomenon. Johnstone and Al-Shuaili (2001) recommended that teachers should
explain apparatuses so that the class can focus attention on the phenomenon.

Information Processing Model

Of particular relevance to the above discussion is the way in which learners initially
handle incoming information such as that presented in a lesson, a lecture demonstra-
tion or during laboratory instruction. The new information is perceived and filtered
in terms of what the learner already knows and can understand. As a result, informa-
tion is not transferred intact from the mind of the teacher to the mind of the learner.
It undergoes an initial selection (filtration) process and what is admitted will vary
from person to person. Students with a similar background will tend to select in a
similar, but not identical, way (Johnstone, 2007). An information-processing model
is presented in Fig. 5.1.

Fig. 5.1 The information processing model (from Johnstone, 2007, with permission)
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The information admitted through the filter goes into working space (or working
memory), the part of the mind where new information interacts consciously with
what is already known and understood, with the aim of processing it into a form
which can be stored for later use (or it can be rejected and discarded as being of no
further use because it makes ‘no sense’). However, this working space has a severe
limit upon the amount of information it can hold and process at any one time. For
most people, the maximum number of pieces of information or operations, which
can be successfully manipulated at one time, is five. In summary, there are a num-
ber of messages from research that, if applied, would make students’ experience of
laboratory instruction more meaningful, enjoyable and yet intellectually demanding
and satisfying (Johnstone, 2007):

� What we learn is controlled by what we already know.
� Learners can process only a limited amount of information at one time.
� Science concepts exist on more than one intellectual level.
� Many scientific concepts are of a different kind from everyday concepts.
� Learners need to start with concepts built from tangible experience and devel-

oped later to include inferred concepts.

Context-Based Approaches to Practical Work

Context-based approaches to teaching and learning chemistry provide applications
as starting points from which to develop the subject. Their success is attributed,
at least in part, to higher levels of interest and motivation amongst the students,
together with their perception of the relevance of the topics (Gutwill-Wise, 2001).
Experimental activities constitute an integral part of all context-based chemistry
curricula.

Gilbert (2006) has considered the nature of ‘context’ in chemical education and
has identified four generic models of ‘context’ as basis for curriculum design and
development: context as direct application of concepts; context as reciprocity be-
tween concepts and applications; context as provided by personal mental activity;
and context as social circumstances. Of particular importance for the use of con-
texts, Gilbert considers three approaches to the making of meaning, each building
on its predecessor: constructivism, situated learning and activity theory. Context-
based approaches are also consistent with Novak’s theory of human constructivism
(Bretz, 2001; Novak, 1998).

Context-based curricula developed in five countries were reviewed in a special
issue of the International Journal of Science Education (2006, Vol. 28, Number
9). Schwartz (2006) discussed the American experience with ChemCom: Chem-
istry in the Community, and mainly with Chemistry in Context (CiC). Bennett and
Lubben (2006) presented Salters Advanced Chemistry that was developed in Britain.
Hofstein and Kesner (2006) reported on Israeli materials focusing on industrial
chemistry as the main school chemistry theme. Parchmann et al. (2006) consid-
ered the German contextual version, Chemie im Kontext (ChiK). Finally, Bulte,
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Fig. 5.2 An instance from the experiment with the toothpaste (left). An enthusiastic student (right)
shows to students of another group the result of her experiment with bath-bubblers. (Photos by
author.)

Westbroek, de Jong, and Pilot (2006) reported on a Dutch research approach using
authentic practices as contexts. It is notable that some of the above approaches have
been adopted in a number of other countries.

Since September 1997, the Journal of Chemical Education (JCE) publishes on
a regular base a ‘Classroom Activity’ that is set separately on a distinct hard sheet,
including both the student activity (on one side) and instructor information sheet
(on the back side). These activities are designed to actively engage students, while
the topics covered are usually connected with everyday life and applications (e.g.
acid rain, bath bubblers, toothpastes, water filtration, anthocyanins, latent finger-
prints, etc.). Liapi and Tsaparlis (2007) have used three of these activities (acid rain,
bath bubblers, toothpastes) in conjunction with two conventional laboratory activi-
ties (some properties of acids/some properties of bases) with a class of ninth-grade
students in Greece. An evaluation by the students showed a very positive result in
favour of the JCE Activities: they are connected with life and involve creativity on
the part of the students (Fig. 5.2).

Lecture Demonstrations

Despite the fact that the students do not consider lecture demonstrations as effective
as active performance of experiments as discussed previously, there is often the case
that during experimental work vital observations are obscured by powerful, but less
important stimuli. In such cases, demonstrations, rather than individual laboratory
work, may be the best procedure. In a demonstration, the teacher has control and can
focus attention on the salient observations (Johnstone & Shuaili, 2001) and demon-
strations can also form the basis for providing a broader technique for assessment
of learning (Bowen & Phelps, 1997).

According to Ashkenazi and Weaver (2007), lecture demonstrations can provide
essential experiences that serve as a context for discussion of over-generalized or
over-simplified concepts. The design of such demonstrations starts from surveying
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the limited knowledge base of the student, followed by exploration of the richness
of relevant contexts of the expert, and identifying key instances that can serve as
meaningful discussion topics. Very important is the introduction of discrepant events
by demonstrating the unexpected behaviour of chemical systems (Bodner, 2001;
Zimrot & Ashkenazi, 2007). Ashkenazi and Weaver have given an example of the
design of a demonstration set for teaching solvent miscibility and its relation to
intermolecular interaction, followed by results of its application in two different
presentation modes: (i) confrontation which aims at generating a conflict with ex-
isting conceptions; and (ii) refinement which aims at promoting differentiation and
contextualization of scientific concepts.

Interactive Lecture Demonstrations (ILD) involve a student-centred teaching
method, in which students are asked to predict the outcome of an experiment, ob-
serve the outcome and discuss it with respect to their former expectations (Zimrot &
Ashkenazi, 2007). The demonstrations were designed to contradict students’ mis-
conceptions, and promote conceptual change through cognitive conflict and dis-
satisfaction with the existing conception. In a relevant study, three major levels of
conceptual change were identified: high – students who remember the outcome of
the demonstration, and explain it using the consensus model; medium – students
who can recall the outcome, are dissatisfied with their alternative model, but do
not switch to the consensus model; and low – no meaningful recollection of the
outcome, and no change in the alternative model. An experimental group of students
was compared with another group that only observed the demonstrations, without
predicting and discussing. A significant difference was found, with an obvious drop
in students’ ability to recall the outcome of the demonstrations in the non-interactive
group.

Students’ Cooperative Practical Work

A major conclusion of science education research is that active-learning methods
of teaching and learning should replace traditional didactic methods. Active learn-
ing may be implemented by students working on their own (under the instructor’s
observation and guidance), but more effectively by students working together in
small groups: of four or five to accomplish an assigned common learning task/goal
(Flynn & Klein, 2001). According to Byers (2002, p. 32), ‘discussion in peer groups
through the pre-lab and post lab sessions encourages deeper thinking about experi-
ments before they are carried out and deeper reflection on the results than is usually
found with recipe-following procedures’. For a bibliography on cooperative learn-
ing, see Nurrenbern and Robinson (1997).

Active and cooperative learning methods are consistent with social/cultural
constructivism, provide a better learning environment and contribute to deeper un-
derstanding and development of learning skills (Duncan-Hewitt, Mount, & Ap-
ple, 1995; Johnson, Johnson, & Smith, 1991). This form of learning is traditionally
used in laboratory work. It was also used in the project-enriched physical chemistry
laboratory described above (Tsaparlis & Gorezi, 2005; 2007).
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A crucial issue in cooperative work is the dynamics within the group (
Stamovlasis, Dimos, & Tsaparlis, 2006). Each individual engaged in such work may
play three roles: the learner, the learner facilitator and the leader. Important is also
the interaction mechanism that focuses on a synergetic effect among individuals. It
is reasonable to suggest that under certain conditions (cognitive and affective ones)
there is a possibility that the outcome of working in groups could surpass indi-
vidual capabilities because cross-fertilization occurs between interacting peers. In
any case, the extent to which cooperative work promotes an individual’s acquisition
and retention of learned material depends on many factors, such as: the individual
differences of the group members, the nature of the task, the process itself and prior
training in group-skills. The unequal contribution of the members of the group ap-
pears to be a very serious problem of cooperative work – it occurred with about
one third of the students in the physical chemistry laboratory projects (Tsaparlis &
Gorezi, 2005; 2007).

Linking the Macro with the Micro in the Laboratory

Numerous studies have shown that students have great difficulties when trying to
grasp concepts such as that of the molecule and the atom, i.e., when trying to move
from the macro to the submicro level, and vice versa. Various researchers (e.g. Abra-
ham, Williamson, & Westbrook, 1994; Brook, Briggs, & Driver, 1984, Haidar &
Abraham, 1991, Lee, Eichinger, Anderson, & Berkheime, 1993, Novick & Nuss-
baum, 1981) have investigated students’ alternative conceptions. Herron (1978),
Johnstone (1991) and Tsaparlis (1997) have stated the position that students have
difficulties with concepts and topics relevant to the structure of matter.

Laboratory instruction is often presented at the macro level, with the basic aim to
demonstrate laws and phenomena. Theory and the submicro level are then invoked
to explain observations at the macro level, but experiments that demonstrate directly
the macro–submicro link are lacking. The connection among the three levels of
chemistry will contribute greatly to the development of thinking abilities in students
(Georgiadou and Tsaparlis, 2000; Johnstone, 2000), but this connection is a hard
task as the following anecdotal evidence from a lesson on oxygen to eighth-grade
students in a Greek urban school demonstrates. The teacher set fire to a quantity
of sulfur in a porcelain crucible, and asked the student to describe what he had
observed:

Student: The sulfur caught fire and smoke was created.
Teacher: Can you write on the chalkboard the chemical equation for the reaction?

The student then wrote S + . . ., the teacher added O2, and the student completed
successfully the equation → SO2.

Teacher: Very well. Could you describe again what you had observed before?
Student: The sulfur caught fire, and oxygen went along with it, and . . .
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Extensive and careful experimentation is actually required to demonstrate the
involvement, isolation and identification of gases in chemical reactions.

Gases and the Importance of History of Chemistry

The above evidence brings us to the importance of experimentation with gases for
the understanding of chemistry, and the desired connection with the representa-
tional/symbolic and submicro levels. History of chemistry is of paramount impor-
tance here. First, tribute must be paid to the great contribution to the role of the
experiment in chemistry by Robert Boyle (1627–1691). Consequently, a diversion
to the history of the study of gases is deemed essential.2

Most chemists left gases unaccounted for from the years of alchemy until the be-
ginning of the eighteenth century. ‘Airs’ or ‘gases’ were not considered as a variety
of chemical species. The reason was that chemists did not have the means to examine
and measure gases as they did with solids and liquids. In the Encyclopedia of Didorit
and D’Alembert (Encyclopedie, 1757, 7, p. 520) it was stated: ‘the incoercibiltiy of
gases will remove them from our researches for a long time to come’.

It took many years and the genius of various scientists for gases not only to
take up their proper place in the study of chemistry, but also to provide the means
for making the chemical revolution and establishing chemistry as a real science.
The conception and construction of innovative appropriate equipments was a sine
qua non for the study of gases. To study ‘that wonderful fluid, which is of such
importance to the life of plants and animals’, Stephen Hale devised in 1727 his pneu-
matic trough (Levere, 2001, p. 53). Joseph Black’s (1727–99) studies were consid-
ered a model for the investigation of ‘airs’. Cavendish (1731–1810) repeated some
of Black’s experiments, adding his own quantitative observations. Joseph Priest-
ley (1733–1804) discovered new kinds of air, including carbon dioxide (fixed air)
and oxygen. His pneumatic apparatus (Levere, 2001, p. 58) was highly functional
and simple. Finally, Antoine-Laurent Lavoisier (1743–1794) proposed the oxygen
theory of combustion, overthrowing the phlogiston theory. Indeed, gases were cen-
tral to Lavoisier’s chemical revolution and the composition of water was one of his
key experiments. For this investigation, he invented the Gasometer (Fig. 5.3), an
instrument that according to him was indispensable for all kinds of work in pneu-
matic chemistry. The vast amount of data that this pneumatic chemistry brought
about provided John Dalton the tool to develop the atomic theory, thus connecting
the macro level of chemistry with the submicro one. The representational mode
was also of great help, so it is not strange that Dalton had invented atomic symbols
(Levere, 2001, p. 86).

2 For a full account, see Levere’s book on the history of chemistry (Levere, 2001), from which
information is borrowed in the present context.



5 Learning at the Macro Level 125

Fig. 5.3 Lavoisier’s
gasometer (from
Antoine-Laurent Lavoisier,
Traité élémentaire de chimie,
2 vols., Paris, 1789, plate 8)

Building the Particulate Model of Matter: Macro–Micro
Relationships

Returning to the modern era, mention must be made of an international semi-
nar that was dedicated to the relation of macroscopic phenomena to submicro-
scopic particles (Lijnse, Licht, DeVos, & Warlo, 1990). Ben-Zvi, Silberstein, and
Mamlok (1990) confirmed that the root of many difficulties held by beginning
chemistry students are due to the deficient understanding of the atomic model and
how it is used to explain phenomenology and the laws of chemistry. Appropriate
models are also essential to explain the link between energy transfer and tem-
perature change in chemical changes, as well as the link between the molecular
model and the energy transfer. Having studied students’ relevant views and the
problems concerning macro–submicro relationships in the area of structure and re-
action, the authors proceeded to propose a teaching unit to help overcome students’
difficulties. The unit employed a well-known statistical-thermodynamics model,
coupled with mechanical models, to explain the energy changes accompanying
reactions.

Meheut and Chomat (1990) attempted to teach 13–14-year-old children how to
build up a particulate model of matter by working out a sequence of experimental
facts, starting from properties of gases (compression, diffusion), then moving on to
solids, leaving the liquids last. On the other hand, Millar (1990) placed the empha-
sis on employing everyday contexts (on the basis of the Salters’ approach: Hills,
Holman, Lazonby, Raffan, & Waddington (1989), using, for example, a piece of
cloth (which is made of fabrics, made of threads, made of fibres) to move from the
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macro to the submicro level.3 Millar suggested that it might be wise to start with
solids, and postpone consideration of gases until later: many children need time and
experience to appreciate that gases are really matter.

Finally, in a collective volume, Nussbaum (1998), after critically reviewing the
various relevant propositions from the 1990 international seminar, coupled the
history-and-philosophy-of-science approach with the constructivist teaching of cor-
puscular theories. Vacuum physics is, according to Nussbaum, the right starting
point for corpuscular physics. Only the existence of vacuum can justify incontinuity
of matter, hence its corpuscular nature. In addition, vacuum allows for motion of the
particles. Nussbaum based his introduction of the corpuscular model on the study
of air and other gases, and maintained that the study of the corpuscular model is
a long process of conceptual change, in which students’ wrong ideas can play a
positive role.

Though I subscribe to Nussbaum’s position that the concept of vacuum is central
for a conceptual understanding of corpuscular concepts, for younger students I am in
favour of starting with solids and liquids, that are concrete and tangible, and leaving
gases last (in agreement with Millar). Emphasis must be placed on discussing pre-
requisite physics concepts and techniques that are deemed essential for realising the
above aim. Relevant to this issue is the text for eighth-grade chemistry, by Kolioulis
and Tsaparlis (2007), in which the corpuscular concepts are delayed until the last
third of the text and developed in seven lessons, namely: the concept of molecule in
solids and liquids; ever-moving molecules; the concept of molecule in gases; the first
two laws of chemistry [conservation of matter (Lavoisier) and constant proportions
(Proust)]; the concept of atom (Dalton’s atomic theory, law of multiple proportions;
Gay-Lussac’s experiment; Avogadro’s hypothesis); chemical formulas and the mole
concept; the concept of chemical equation.

Discussion and Prospects for the Future

The Importance of Practical Activities in Chemistry

A large amount of research has examined the effectiveness of laboratory work in
science education in attaining cognitive, affective and practical goals (Hofstein &
Mamlok-Naaman, 2007). Critical accounts and reviews are available in the literature
(Blosser, 1980; Bryce & Robertson, 1985; Hodson, 1993; Hofstein & Lunetta, 1982;
2004; Lazarowitz & Tamir, 1994; Tobin, 1990). A sad finding is that research has
failed to show simplistic relationships between experiences in the laboratory and
student learning (Hofstein & Mamlok-Naaman, 2007).

3 The use of a textile thread (the ‘structural unit’ of a piece of cloth) as well as of a brick (the
‘structural unit’ of a house’s wall) as analogues of the structural unit of matter has also been used
by Tsaparlis (1989).
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It is expected that, in the future, inquiry, project-, problem- and context-based
approaches will be given more emphasis. Cooperative forms of laboratory instruc-
tion must surely be further and systematically explored, taking into account the
research-based recommendations. Lecture demonstrations, effectively designed and
performed, will also be useful. Other nonconventional methods can be effectively
employed, such as the use of home-laboratory kits to teach general chemistry
through distance education (Kennepohl, 2007).

Expository-type laboratory activities will continue to be needed for the devel-
opment of basic experimental skills of the students, despite their inefficiency in
providing a realistic scientific environment and in promoting the use of higher-order
cognitive skills. Even defenders of the conventional-type of laboratory and labora-
tory manual do not claim that they are always wisely used, nor do they claim that
they should be used exclusively (Ault, 2002; 2004). However, the dominant problem
is that despite the fact that research has established the superiority of inquiry labora-
tory activities over verification laboratory activities, cookbook laboratory activities
are still prevalent in many high school and college institutions (Monteyne, Mark, &
Cracolice, 2004).4

Reid and Shah (2007) argued that the place of experimental work needs to be
reconsidered at higher education. Higher education must build on the skills that
might have developed at school level. There should be re-thinking of the use of lab-
oratory manuals, with assessment being explored afresh. Also, seeing the laboratory
experience in the context of what goes on before and after, as well as other learning,
would enhance the learning potential of this time.

Staying at the tertiary level, Advancing Chemistry by Enhancing Learning in
the Laboratory (ACELL) is a new project (Buntine et al., 2007) that aims to build a
database of experiments that are both chemically and educationally sound by testing
them in a third-party laboratory. The journal Chemistry Education Research and
Practice is starting a new feature with the publication of evaluations of ACELL
experiments. The first experiment deals with thermodynamics in chemical change
(Read & Kable, 2007).

The Contribution of Technology to Practical Work in Chemistry

The use of technology, and especially of computers, may contribute to better teach-
ing and learning. For instance, Brattan, Mason, & Best (1999) used computer-based
resources for supporting the first-year physical chemistry laboratory, and reported
that students’ abilities in planning and executing the experiments, and their atti-
tude to laboratory work improved. It is generally expected that the use of models,
simulations and animations may help students contradict and overcome common
misconceptions. The Journal of Chemical Education (JCE) provides a full range
of computerized instructional materials, including Web-based computations and
animations.

4 According to a survey by Abraham et al. (1997), only eight percent of ACS-accredited institutions
used inquiry materials in lab.
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The Importance of the Affective Domain

Educationists usually place the emphasis on the cognitive objectives of practical
work. Of equal importance are however factors of the affective domain. Gott &
Mashiter (1991, p. 61) proposed that practical tasks should ‘have within them the
elements of motivation that stem from confidence in and a sense of ownership
of the activity by the student’. Motivation, however, requires not only a measure
of self-directedness by the learner but also interesting and exciting experiments
(Hodson, 1996).

Students’ motivational styles play an important role in their attitudes towards
practical work. Adar has distinguished among four student categories of motiva-
tional style: the curious, the conscientious, the achiever and the social (Adar, 1969;
Hofstein & Kempa, 1985; Kempa & Diaz, 1990a). Curious students do not like to be
passive learners and prefer to engage actively in their educational process through
various activities, in our case inquiry and project-type of laboratories. Social stu-
dents like collaborative environments very much. On the other hand, conscientious
students have a preference for the more structural and directed expository laboratory
(Kempa & Diaz, 1990b). Note that the classification of students in terms of the four
motivational patterns does not imply that the patterns should be fully independent
of each other; actually, a certain degree of overlap between the traits is found, and
in particular a very strong link between ‘curiosity’ and ‘consciousness’ (Kempa &
Diaz, 1990a).

Assessment and Standards in Practical Work in Chemistry

A very important issue that we did not deal with in this chapter is that of assessing
practical work. Surely there is a need to actually assess practical experiences of
all kinds, because if the students know that they will be tested on these, they will
pay more attention (Bowen & Phelps, 1997; Deese et al., 2000). Kempa (1986) has
considered that the following qualities should be taken into account in schemes for
the assessment of practical abilities: (a) recognition and formulation of a problem,
(b) design and planning of experimental procedures, (c) setting-up and execution
of experimental work (manipulation), (d) observational and measuring skills (in-
cluding the recording of data and observations), (e) interpretation and evaluation of
experimental data and observations. Formative assessment is more appropriate to
the extent that summative assessment might be redundant.

As a result of science education research, a new era of reform in science educa-
tion has started with the new century. New standards have been fixed (National Re-
search Council, 1996, 2000). The National Science Education Standards (National
Research Council, 1996) and also the 2061 project of the American Association for
the Advancement of Science (1989, 1990) assume that inquiry in general and inquiry
in the context of practical work in science education is central to the achievement of
scientific literacy (Hofstein & Mamlok-Naaman, 2007).
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Practical activities should embody as best as possible the scientific processes
that have been prescribed by the American Association for the Advancement of
Science: observation, classification, numerical relations, measurements, time–space
relations, communication (oral, pictorial, written), deriving of conclusions, predic-
tion (‘what would happen if . . .’), hypothesis making, production of operational
definitions, identification and control of variables, experiment and explanation of
experimental data. Different theoretical perspectives should be used with the aim
to optimize the positive cognitive and affective outcomes. The use, sometimes to-
gether, sometimes separately, of different perspectives can act complimentarily and
can lead to positive results (Niaz, 1993; Tsaparlis, 1997).

Improving Scholarship on Practical Activities

Finally, Hofstein & Mamlok-Naaman (2007) and Lunetta, Hofstein, & Clough (2007)
have made a number of recommendations for prospective researchers of practical
activities that can develop the quality of research and the applicability of its re-
sults. Researches should provide detailed descriptions of method, the participating
students (their numbers and roles), teachers, classrooms and curriculum contexts
in research reports. They should report if it is a long-term or a short-term investi-
gation, the amounts of time students spend in laboratory activities, and how those
are integrated or separated from other work in the science course. The following
questions should also be addressed: What do the students perceive they are sup-
posed to accomplish in the laboratory activity? How do they perceive their labora-
tory performance will be assessed? How important do the students and the teachers
perceive the laboratory activities to be? Other variables include: learning objectives;
the nature of the instructions provided by the teacher and the laboratory guide; ma-
terials and equipment available for use in the laboratory investigation; the nature
of the activities and the student–student and teacher–student interactions during the
laboratory work; assessment issues; students’ laboratory reports; the preparation,
attitudes, knowledge and behaviours of the teachers.
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Chapter 6
Linking the Macroscopic, Sub-microscopic
and Symbolic Levels: The Case of Inorganic
Qualitative Analysis

Kim Chwee Daniel Tan, Ngoh Khang Goh, Lian Sai Chia
and David F. Treagust

Abstract Basic Grade 10 inorganic qualitative analysis in Singapore requires stu-
dents to carry out procedures using chemicals, apparatus and appropriate techniques
for which they record their observations and make inferences based on the obser-
vations. As students are assessed mainly on their written observations, they focus
on getting the correct results and writing ‘standard’ observations. Thus, many stu-
dents merely follow instructions given in the worksheet and seldom think about or
understand the reactions involved especially in terms of what is occurring in these
reactions at the sub-microscopic level. To respond to this situation, the authors first
designed the Qualitative Analysis Diagnostic Instrument to identify students’ un-
derstanding of the reactions involved in qualitative analysis. Secondly, the authors
developed the Qualitative Analysis Teaching Package to help students learn qualita-
tive analysis by facilitating their understanding of the sub-microscopic and symbolic
level explanations of the macroscopic level experiences of the procedures and reac-
tions involved, as well as the manipulative, observational and inferential skills and
thinking processes required. The diagnostic instrument and teaching package are
especially important with the imminent change from the current one-off national
practical examination to school-based assessment in 2008 with the focus on manip-
ulative, observational, analytical and planning skills.

Introduction

In Singapore, students start their formal chemical education, when they are
14–16 years old, in Grade 9. They will study chemistry for 2 years before they
sit for the Singapore–Cambridge General Certificate of Education Ordinary Level
(O-level) chemistry examinations at the end of Grade 10. The chemistry exami-
nations consist of three papers, two theories and one practical. In their 2 years of
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study, the students are taught the basic concepts of chemistry such as the kinetic
theory of matter, atomic structure, chemical bonding, stoichiometry and chemical
calculations, kinetics, energetics, oxidation–reduction, electrochemistry, as well as
introductory inorganic and organic chemistry. They also acquire basic laboratory
skills as they carry out simple experiments on rates of reaction and heat of re-
action, as well as volumetric analysis and qualitative analysis in their laboratory
sessions.

The topic, qualitative analysis, is an important component of the O-level
chemistry course in Singapore. Questions on qualitative analysis can appear in both
the theory and practical papers. In practical qualitative analysis, students are ex-
pected to carry out experiments on an unknown sample which can contain a single
compound or a mixture of compounds, either in solution or the solid form. Based
on their observations obtained in following the procedures given in the question
paper, students have to make inferences about the nature and/or identity of unknown
substances present. The ions and gases that the Grade 10 students are expected to
identify are given in Table 6.1. Marks are awarded based on written reports that
the students submit; the actual laboratory performance of the students during the
practical examination is not assessed. In the theory papers, students can be given
qualitative analysis data, in multiple choice or structured questions, to interpret and
upon which to make inferences.

To carry out qualitative analysis experiments successfully, students need to be
proficient in handling apparatus and reagents, know how to carry out the exper-
iments and know what to look out for in the experiments. They also need to
be able to record their observations properly and interpret their results appro-
priately. Thus, practical qualitative analysis involves manipulative, observational,
recording and inferential skills. To understand the experiments that they carry out,
the reactions that occur and the results that they obtain, students need to under-
stand the sub-microscopic and symbolic level explanations of their macroscopic
level experiences and apply concepts from other chemistry topics such as ‘Acids,
Bases and Salts’, ‘Oxidation and Reduction’, ‘Reactivity of Metals’ and ‘Peri-
odicity’. Consequently, students may experience cognitive overload (Johnstone &
Wham, 1982) as a result of the considerable mental and physical demands of
qualitative analysis practical work, making qualitative analysis a difficult topic to
master.

Table 6.1 Ions and gases that students are expected to identify in O-level qualitative analysis

Cations Anions Gases

aluminium (Al3+) carbonate (CO3
2−) ammonia (NH3)

ammonium (NH4
+) chloride (Cl−) [in solution] carbon dioxide (CO2)

calcium (Ca2+) iodide (I−) [in solution] chlorine (Cl2)
copper(II) (Cu2+) nitrate (NO3

−) [in solution] hydrogen (H2)
iron(II) (Fe2+) sulfate (SO2−

4 ) [in solution] oxygen (O2)
iron(III) (Fe3+) sulfur dioxide (SO2)
zinc (Zn2+)
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Student Difficulties with Qualitative Analysis

Many chemistry teachers in Singapore feel that their students do not understand
what they are doing in the qualitative analysis practical sessions (Tan, 2000). Teach-
ers frequently complain that students adopt a recipe-approach, cannot carry out the
experimental procedures properly and do not understand the purpose of the ex-
perimental procedures. They find that students seldom think for themselves, and
often resort to asking teachers for help in conducting the experiments, recording
observations and making sense of their observations. Students, themselves, agreed
that they had little idea on what they were doing during practical work, and were
more concerned with getting the correct results than understanding the procedures
and reactions involved (Tan, Goh, Chia, & Treagust, 2001). The students’ lack of
understanding has also been noted by the O-level examiners. For example, in the
1994 examination report (University of Cambridge Local Examinations Syndicate
(UCLES, 1995)), the examiners stated that in the procedure which involved the
addition of aqueous ammonia to the unknown samples, many students wasted time
testing for ammonia gas which, not surprisingly, they were able to detect, while in
the 1996 examination report (UCLES, 1997), the examiners highlighted that many
students invented observations for several tests in which there should have been no
reaction.

To address this problem, an initial step was to determine Singapore Grade 10 stu-
dents’ understanding of the procedures and reactions involved in qualitative analysis
using a two-tier multiple choice diagnostic instrument (Treagust, 1995), the Quali-
tative Analysis Diagnostic Instrument (QADI; Tan, Goh, Chia, & Treagust, 2002).
This instrument was administered to 915 Grade 10 students from 11 schools af-
ter being taught the topics ‘Acids, Bases and Salts’, ‘Oxidation and Reduction’,
‘Periodicity’ and ‘Reactivity of Metals’ and carrying out at least 10 qualitative
analysis practical experiments. Consistent with the examination reports previously
discussed, the results of this study showed that many students did not understand the
interactions involved in qualitative analysis at the sub-microscopic level as well as
the symbolic representations of these interactions. Two such examples, the forma-
tion of precipitates and complex salts and acid–salt reactions (Table 6.2), are now
discussed in terms of the difficulties encountered.

Formation of Precipitates and Complex Salts

In O-level qualitative analysis, unknown cations are identified by reacting them
with aqueous sodium hydroxide and/or aqueous ammonia. For example, zinc salt
solutions react with aqueous sodium hydroxide to form a white precipitate, zinc
hydroxide, which in turn will react with excess aqueous sodium hydroxide to form
a colourless solution of sodium zincate, a complex salt. However, 25% of the 915
students thought that when sodium hydroxide solution was added to a solution of a
zinc salt, a displacement reaction resulted leading to the formation of a precipitate
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Table 6.2 Examples of students’ alternative conceptions of reactions in qualitative analysis

Choice Percentage of
Alternative conception combination students

Precipitates and complex salts

1. A more reactive ion displaces a less reactive ion in
a double decomposition/precipitation mixture.

Q1 (A3) 25

2. The precipitate dissolves in the excess reagent
(instead of reacting with it) because
a. more excess reagent means more space/volume Q2 (A1) 29

for the precipitate to dissolve.
b. no further reaction is seen except its Q2 (A2) 16

disappearance and no new reagent is added.
3. When acid is added to a mixture containing excess

alkali and a complex salt (e.g. ammine, zincate or
aluminate), it removes the solvent (alkali) which
dissolved the precipitate in the first instance.

Q3 (A5) 18

Acid–salt/base reaction
1. The insoluble base dissolves in the excess acid

(instead of reacting with it) because no further
reaction is seen except its disappearance and no
new reagent is added.

Q4 (A3) 16

2. Carbonate ions cannot be identified if acid is
added after the addition of barium nitrate(V).
a. The acid must be added directly to the Q11 (B4) 25

unknown.
b. Addition of barium nitrate(V) invalidated the Q12 (B4) 20

test for carbonates.
c. The procedure is strictly a test for sulfate(VI). Q11 (B3) 20

because the sodium ion was ‘more reactive’ than the zinc ion. This response showed
that students did not understand that the precipitate was the result of a double
decomposition reaction, and that in a displacement reaction, a more reactive el-
ement displaced the ion of a less reactive element, rather than a ‘more reactive’
ion displaced a ‘less reactive’ ion. The findings were similar to that by Butts and
Smith (1987) who determined that the students could not relate the formation of
a precipitate in a double decomposition reaction to the low solubility of the salt,
and by Boo (1994) who found that students believed the driving force for a dou-
ble decomposition reaction was the difference in reactivity between the metallic
elements present in the compounds involved. The problem arose because students
were seldom introduced to the sub-microscopic level representations of the forma-
tion of a precipitate – ions attracting each other and aggregating together to form
larger masses which became visible at the macroscopic level. In the practical ex-
aminations, students were required to make observations at the macroscopic level
and were generally not required to write equations for the reactions involved, so the
symbolic representation of the formation of the precipitate also was not emphasized.
Nevertheless, the ionic equation describing the precipitation reaction [for example,
Zn2+(aq) + 2OH−(aq) → Zn(OH)2(s)] would have given students an idea that the
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zinc ions and hydroxide ions came together to form a solid, zinc hydroxide. Thus,
it was not surprising that the results of the administration of the QADI showed that
students did not understand the formation of precipitates.

In qualitative analysis laboratory sessions in Singapore, students were taught the
reactions of amphoteric oxides/hydroxides with excess sodium hydroxide to form
soluble complex salts but were not required to write chemical equations for the re-
actions in the examinations. By not writing these equations, students do not have the
opportunity to relate the solutions and solids at a macroscopic level with their sub-
microscopic ions and their interactions represented in symbolic form. Only 19% of
the students could explain the disappearance of the zinc hydroxide precipitate when
excess aqueous sodium hydroxide was added to the mixture. There were students
(26%) who indicated that the precipitate ‘dissolved’ in the excess alkali but chose
the correct reason that a reaction occurred and a new soluble substance was formed.
This response might not be a problem as the students knew the reason, so only the
term ‘dissolving’ needed to be clarified. However, it was problematic if students
thought that the precipitate dissolved because there was more ‘solvent’ (excess al-
kali) for it to dissolve in (29%), or because no further reaction was seen except the
disappearance of the precipitate and no new reagent was added (16%). The fact that
the precipitate was formed when the ‘solvent’ was added in the first instance seemed
to be overlooked by the students. Ribeiro, Pereira, and Maskill (1990) also reported
that if students did not see a new substance being formed – a macroscopic change –
they tended not to refer to the change as a reaction occurring at a sub-microscopic
level. Unfortunately, this problem was further compounded by students being taught
to write ‘white precipitate dissolves in excess aqueous sodium hydroxide to give a
colourless solution’, a ‘standard’ answer required in the examinations to describe the
disappearance of the precipitate. Thus, if teachers did not emphasize the chemical
species involved by writing chemical and ionic equations, it would not come as
a surprise that the students thought the precipitate merely dissolved in the excess
alkali at the macroscopic level.

Acid–Salt Reactions

Students usually identify the existence of anions such as carbonate, iodide and sul-
fate(VI) by adding a barium/silver(I)/lead(II) solution to the unknown, followed
by a dilute acid or vice-versa in qualitative analysis practical work sessions and
examinations. Many students had difficulty understanding the roles of the bar-
ium/silver(I)/lead(II) solution and the dilute acid in the tests for anions. For example,
20% believed that the addition of aqueous barium nitrate(V) followed by dilute
nitric(V) acid was to test for sulfate(VI) only. Another 25% believed that to test
for a carbonate, acid had to be added directly to the unknown sample, while 20%
believed that the addition of barium nitrate(V) invalidated the test for carbonates.
When the students were asked the purpose of adding dilute nitric(V) acid following
the addition of silver nitrate(V) solution (in one question) and lead(II) nitrate(V; in
another question) to the unknown solutions, 22% and 35%, respectively, indicated
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that it was to allow the silver nitrate(V) and lead(II) nitrate(V) to ‘react properly’
with the unknown substances. However, these students were unable to explain what
‘react properly’ meant. These responses showed that students did not understand
that the function of the barium/silver/lead(II) solutions was to form insoluble bar-
ium/silver/lead(II) salts and the role of the dilute acid was to liberate carbon dioxide
or sulfur dioxide, which could then be identified, if carbonate and sulfate(IV) was
present. The sub-microscopic level representation of the formation of the insoluble
barium/silver/lead(II) salts is similar to that in the tests for cations. Consequently, if
students understand the formation of precipitates in the test for cations, they should
also be able to understand that a similar process is also involved in the formation
of precipitates in the test for anions. This understanding could also help students
realize that reactions occurring in chemistry are not ‘random’ but that similar types
of reactions are actually occurring with different chemical entities.

The Qualitative Teaching Package

The second step to address the problems encountered in students’ learning quali-
tative analysis was to develop a teaching package. In Singapore, teachers normally
begin teaching qualitative analysis by reviewing the reactions involved and demon-
strating some procedures that the students need to carry out. Laboratory sessions
follow where students conduct a series of tests for the various cations, anions, gases,
oxidising and reducing agents using commercially available workbooks or teacher-
prepared worksheets. After they are familiar with the tests, students are given past
years’ examination questions to determine the unknown ions (Table 6.1) or to de-
duce the properties of the unknown substances to prepare them for the practical
examinations. Students sit for a one-off national end-of-year practical examination
in Grade 10 and are assessed solely on their written reports, so students concentrate
on carrying out the procedures given and getting the ‘correct’ observations because
their observations account for most of the marks. This resulted in drill and prac-
tice in qualitative analysis practical work in schools (Goh, Toh, & Chia, 1987) – it
demanded little cognitive effort but paid off handsomely in terms of results.

Nevertheless, the existence of the students’ difficulties showed that the usual way
of teaching qualitative analysis did not help students understand the procedures and
reactions involved in qualitative analysis. Additional indications were obtained from
interviews with 51 students from three schools involved in the study to determine
their perceptions of their learning of QA (Tan et al., 2001). Twenty-six students
admitted that they frequently did not have any idea about what they were doing
during the QA practical sessions. To illustrate this point, 14 students mentioned
that when they had to test for a gas during practical sessions, they wasted time
testing for all the gases that were in the syllabus and usually used up all the gas
evolved before they could complete all the tests. They did not seem to realize that
the procedures and the reagents used could indicate which gases might be evolved
during the process.
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Fortunately, changes in the assessment system are forthcoming. From 2008 on-
wards, practical assessment will be school-based, and students will be evaluated on
their manipulative, observational, analytical and planning skills (Ministry of Educa-
tion, 2006). Thus, students are no longer assessed mainly on the ‘correct’ observa-
tions, but have to show competency in carrying out procedures, analysing results and
planning experiments – the normal qualitative analysis laboratory instruction will
not be adequate in preparing students for the new school-based practical assess-
ment system. In response to the difficulties that students have learning qualitative
analysis and the impending change in practical assessment, the authors developed
an instructional package on qualitative analysis, the Qualitative Analysis Teaching
Package (QATP; Tan, 2000; Tan, Goh, Chia, & Treagust, 2004) to help students
learn qualitative analysis in a more comprehensive manner. The aims of the package
are to allow students to: (1) be exposed to the macroscopic, sub-microscopic and
symbolic representations of the main reactions involved in qualitative analysis; (2)
gain tacit knowledge of reagents, apparatus and reactions; (3) gain proficiency in
manipulative, observational and inferential skills; (4) learn the thinking/reasoning
required in QA; and (5) apply what they have learnt to plan, execute and evalu-
ate experiments to identify unknown samples. The instructional package is divided
into four main sections, ‘Cations’, ‘Gases’, ‘Anions’ and ‘Strategies’. The authors
considered the identification of cations to be the easiest to start with as it involved
mainly double decomposition and precipitation, while the identification of anions
was the most difficult because it also involved the identification of gases. Thus, the
section on cations preceded the section on gases followed by the section on anions.
The activities in each section were generally in the following sequence ‘Experience’,
‘Exercise’, ‘Applications’ (Woolnough & Allsop, 1985) and ‘Strategies’ (Pintrich,
Marx, & Boyle, 1993; Volet, 1991). Students experienced a certain chemical phe-
nomenon – the macroscopic level – and learned the theory and reactions – at the
sub-microscopic and symbolic levels – behind it. Subsequently, students proceeded
to practise the manipulative skills required to carry out the procedures involved,
learn what to observe, how to record their observations at both the macroscopic and
symbolic levels and how to plan their own experiments. They also were introduced
to the thinking or strategies involved in doing qualitative analysis experiments.

Experiencing the Phenomena

The section on tests for cations is used to illustrate the QATP. Students need to have
tacit knowledge of the phenomena involved in qualitative analysis, reagents and
apparatus, and to construct explanations of the phenomena at the sub-microscopic
level and to write equations to describe them. To help students understand pre-
cipitate formation, they are instructed to compare the behaviour of two solutions,
sodium chloride and iron(III) chloride when aqueous sodium hydroxide is added to
the solutions (Fig. 6.1). The students will observe that there is no visible reaction
with the sodium chloride solution, but a brown precipitate will be formed in the
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Procedure What you see

1. Add aqueous sodium chloride into a test
tube until it reaches a height of 1 cm.
Add two drops of aqueous sodium
hydroxide and shake the mixture.

2. Add aqueous iron(III) chloride into a test
tube until it reaches a height of 1 cm.
Add two drops of aqueous sodium
hydroxide and shake the mixture. 

1. Explain the differences in what happened above.

2. Compare your answer with your partner or another pair/group and try to
reconcile differences (if any).  Write down the agreed explanations if it is
different from (1).

3. After listening to the explanation given by your teacher, in your own words,
explain what is meant by: (you may discuss with your classmates)

a. double decomposition reaction. 

b. precipitation reaction. 

c. sodium chloride (common salt) is soluble in water.
d. iron(III) hydroxide is insoluble.

Fig. 6.1 Addition of aqueous sodium hydroxide to aqueous sodium chloride and aqueous iron(III)
chloride

test tube containing the iron(III) chloride solution. They are required to explain the
observations, and discuss and compare their ideas with their classmates.

The students also listen to the teacher’s explanations carefully, compare them
with their own ideas and try to resolve any differences or any areas that they do
not understand using a similar procedure described by Driver and Oldham (1986).
The key concepts involved in this case, solubility and precipitation, are further
clarified using computer animation sequences to provide students with concrete
sub-microscopic level representations of chemical structures and reactions (Gar-
nett, Garnett, & Hackling, 1995; Harrison & Treagust, 1998). Dechsri, Jones, and
Heikkinen (1997) noted that images of representations at the sub-microscopic level
were more easily recalled than words and could act as an ‘easily recalled conceptual
peg for abstract concepts’ (p. 892). When students see the animation of the particles
of a soluble salt being bombarded by water molecules and the particles leaving,
surrounded by the water molecules, leading to the ‘disintegration’ of the salt, they
should realize that the salt ‘disappears’ because salt grains have been broken down
to the individual ions that are too tiny to be seen. In these animations, students also
see the behaviour of an insoluble salt in water where the water molecules cannot
‘pull’ the particles away from each other. Thus, the salt grains are still large enough
to be seen.

At the macroscopic level, students can also be shown a piece of iron ‘disap-
pearing’ in dilute hydrochloric acid and asked to comment on the statement that
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the hydrochloric acid ‘dissolves’ the iron. This task highlights the difference in the
use of the word ‘dissolve’ in science and in everyday life. The students need to
be aware that iron disappears in hydrochloric acid because at the sub-microscopic
level: (1) there is a redox reaction between the iron atoms and the hydrogen ions
forming iron(II) ions and hydrogen gas; (2) the iron(II) ions are solvated by the
water molecules; and (3) the iron(II) ions do not form an insoluble compound with
the chloride ions. The intention of this activity is that students are able to picture
iron(II) ions moving about in the solution rather than iron atoms being dispersed in
the solution. These observations may help students realize that there is a difference
when a substance merely dissolves in a liquid and when it reacts with the liquid to
form soluble substances. Teachers should point out that if a substance disappears
without any visible reaction, a reaction still could have occurred. For example, the
disappearance of solid sodium chloride in water and solid calcium oxide in dilute
hydrochloric acid may look similar at the macroscopic level, but the processes in-
volved at the sub-microscopic level are different.

Once the concept of solubility is understood, students look at animations that
show two solutions being mixed resulting in the exchange of ions and formation of
an insoluble compound (see the screen captures in Figs. 6.2, 6.3 and 6.4). Students
generally do not consider how precipitates are formed, so the animation showing
how the ions (at the sub-microscopic level) attract each other and aggregate to form
a precipitate (at the macroscopic level) will help them to understand the interactions
of the ions involved.

The next step is to write the chemical equation and derive the ionic equation
which more adequately describes the precipitation process. Thus, students will be

Fig. 6.2 Screen capture showing the solute particles in the two solutions (without the water
molecules). Reproduced with permission from Intellilife Inc. Pte. Ltd
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Fig. 6.3 Screen capture showing the formation of an insoluble salt. Reproduced with permission
from Intellilife Inc. Pte. Ltd

exposed to the three levels of representation when they observe a precipitation reac-
tion – the results from the addition of the reagents (macroscopic level), the computer
animation (sub-microscopic level) and the relevant chemical and ionic equations
(symbolic level) – to help them understand the processes better.

Fig. 6.4 Screen capture showing the precipitate settling to the bottom of the beaker. Reproduced
with permission from Intellilife Inc. Pte. Ltd
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Understanding the Procedures

The manipulative skills needed to test for cations are outlined in Fig. 6.5. Students
are encouraged to carry out procedures as many times as necessary until they are
proficient in them. Students do face problems if the way they carry out procedures is
incorrect. For example, by adding too much aqueous sodium hydroxide at one time
to a test tube containing a solution of a zinc salt, they may not see the formation of
a precipitate, thus missing out on a vital piece of information. As Hodson (1990)
argues, practical work is not just for students to acquire laboratory skills, students
need to master certain skills and concepts in order to carry out the practical work
successfully; this means having an understanding of the relationship between the
three levels of representation involved in chemical reactions to make sense of what
they doing in the laboratory.

In science laboratory sessions, students frequently do not think for themselves
and seem unaware of what they should be doing (Berry, Mulhall, Gunstone, &
Loughran, 1999) even though teachers assume their students do know what to do
during experiments, and thus, seldom emphasize or make explicit the purpose of
and the theory behind the procedures (Tasker & Freyberg, 1985). To ensure that
they understand the rationale behind the procedures, in the instructional package for
qualitative analysis, students are asked questions on why certain procedures have to
be carried out in a certain way, for example, why they are supposed to add only two
drops of aqueous sodium hydroxide initially in the test for cations. A related proce-
dure which also causes problems for students is clarified by explaining that adding

1. Aims
You will learn to:

a. Put the appropriate amount of the zinc solution to be tested into a test tube.
b. Add a small amount of aqueous sodium hydroxide to the zinc solution.
c. Add aqueous sodium hydroxide until it is in excess.
d. Shake the mixture after each addition of aqueous sodium hydroxide.

2. Skills to be practised

a. Solution to be tested
When you add the zinc solution into a test tube, you should add till it just covers the hemi-
sphere at the bottom of the test tube. Why?

b. A small amount of reagent
When you add a small amount of aqueous sodium hydroxide, you should add about two
drops and shake the mixture thoroughly (by shaking the test tube or using a glass rod to
stir). Why?

c. Excess reagent
When you add aqueous sodium hydroxide, you should add 1 cm height portions at a time,
shaking the mixture thoroughly each time until the mixture reaches about 2 cm from the
top of the test tube. If there is a need to, pour away 3/4 of the content of the test tube and
continue adding as described.

Fig. 6.5 Skills required for the testing of cations
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a dilute acid such as hydrochloric acid to an insoluble solid such as zinc oxide,
and using aqueous sodium hydroxide to test for the cation present in the resulting
solution, excess acid may be present so they will not get a white precipitate if they
just add two drops of the alkali. In this case, teachers can use a sub-microscopic
level representation to show that the excess hydrogen ions (hydroxonium ion is not
taught at the O-level) are more likely to react with the hydroxide ions from the alkali
than the zinc ions, or if zinc hydroxide is formed, the excess acid will neutralize it
to form soluble zinc chloride. In this situation, students need to know the reason
for adding the alkali carefully to ensure that all the excess acid is neutralized and
monitoring the process with litmus paper before ascertaining that no precipitate is
formed. Students need to know the rationale for the procedures so that they will take
care to adhere to the procedures, as well as link them with the knowledge about the
interactions of the ions involved in the reactions that they learn in class.

Applying the Knowledge and Skills

After students learn the reactions and rationale of the procedures involved, and are
proficient in carrying out the required procedures without any instructions, they are
given unknown samples to determine the cations present. Thus, in planning experi-
ments, students need to apply what they have learned and this is intended to increase
their confidence in the knowledge and skills acquired. This goal is consistent with
that of Schauble, Klopfer, and Raghavan (1991) who showed that when students
become aware that experiments require analytic or extended reasoning, they start to
try to understand the relevant concepts involved in experiments instead of merely
focussing on results. The aim of the application activities in the instructional pack-
age is to provide such opportunities in contrast to the normal teaching of qualitative
analysis in Singapore schools where students have little opportunity for planning
experiments because these are not required in the one-off practical examinations.

Thinking Required for Qualitative Analysis

Research has shown that students tend not to see the relationship between practi-
cal work (the macroscopic level) and theory (at the sub-microscopic and symbolic
levels), but without theory to guide their experiments, it is unlikely that students
will know what to think about and what to take note of in the experiments (Hod-
son, 1992). Normal qualitative analysis practical work and examinations in Singa-
pore involve following given procedures and observing what happens, so in order
to understand what happens at the sub-microscopic level, students need to be able
to determine the objectives of the procedure, what reactions can occur and hence
what precautions to take and what results to expect; they need to learn to engage
in the required specific thinking processes (Swartz, 1991). Thus, teachers need to
model the thinking processes required (Pintrich et al., 1993; Volet, 1991) by show-
ing their students how they analyse a worksheet or practical examination paper and
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how the analysis guides the execution of the procedures. The students should then
practise analysing worksheets or past years’ examination questions in a similar way
to familiarize themselves with the thinking processes and to allow reflection on their
thinking. These activities should help students to see the link between theory and
practice, and guide them in their qualitative analysis practical work.

Conclusion

The procedures at the macroscopic level and reactions at the sub-microscopic and
symbolic levels involved in qualitative analysis are fundamentally important for
students to understand the chemical reactions in qualitative analysis practical work.
However, to prepare students for the examinations, the usual way of doing qualita-
tive analysis mainly requires students to follow instructions and write the required
observations, so the chemical reactions involved are not emphasized in textbooks
and workbooks, and by teachers. Consequently, students generally have difficulties
linking the procedures that they execute with the results obtained and the theory
learned. The challenge for teachers is to help students experience the reactions (at
the macroscopic level), introduce the relevant reactions with chemical equations (at
the symbolic level) and use analogy and/or multimedia animations to describe what
happens in the reactions (at the sub-microscopic level) so that students are able to
construct explanations of the phenomena. Teachers also need to facilitate students’
acquisition of the manipulative, observational and inferential skills and thinking
processes required in qualitative analysis, and students should have opportunities
to apply what they have learnt to plan, execute and evaluate experiments to identify
unknown samples. Thus, better ways of conducting qualitative analysis practical
work are required and using the QATP may be a step in this direction, especially
with the imminent change over to school-based practical assessment in Singapore
in 2008 with the focus on manipulative, observational, analytical and planning skills.
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Chapter 7
The Efficacy of an Alternative Instructional
Programme Designed to Enhance Secondary
Students’ Competence in the Triplet
Relationship

David F. Treagust and A.L. Chandrasegaran

Abstract Research has consistently shown that secondary school students have
conceptual difficulties transferring between macroscopic, submicroscopic and sym-
bolic representations in chemistry. In this chapter, we describe how students re-
sponded to a 15-item two-tier multiple choice diagnostic instrument that analysed
their understanding of seven types of chemical reactions using macroscopic, submi-
croscopic and symbolic representations after they had been taught a special alter-
native programme to make these three representations more overt. The research has
shown that by placing particular emphasis on the triplet relationship of macroscopic,
submicroscopic and symbolic representations in chemistry, it is possible for students
to achieve more meaningful learning of chemical representations. Suggestions are
made for how such improved learning can be accommodated in normal classrooms,
as compared to research-oriented classrooms.

Introduction

Studies in science education indicate that secondary school students have limited
understanding of the triplet relationship involving macroscopic, submicroscopic and
symbolic representations in chemistry (Andersson, 1986; Ben-Zvi, Eylon, & Silber-
stein, 1986, 1987, 1988; Gabel, 1998, 1999; Gabel, Samuel, & Hunn, 1987; John-
stone, 1993; Nakhleh & Krajcik, 1994). Even students in a beginning undergraduate
course in chemistry have been found to experience difficulty understanding multiple
levels of representation associated with chemical concepts (Bodner, 1991). In an
attempt to facilitate students’ conceptual understanding of multiple levels of rep-
resentation, several studies have been conducted over the years (Ben-Zvi, Eylon, &
Silberstein, 1986; Gabel, 1998; Keig & Rubba, 1993; Kozma & Russell, 1997; Trea-
gust, Chittleborough, & Mamiala, 2003). In this chapter we discuss the results of a
study designed to diagnose the competence of Grade 9 students as a consequence of
an instructional programme structured to provide more meaningful understanding of
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the changes that take place during chemical reactions using the triplet relationship
between macroscopic, submicroscopic and symbolic representations.

Theoretical Framework

The study that was undertaken was based on a constructivist approach grounded in
the fundamental tenet that considers what a learner already knows to be a major
factor in determining the outcomes of learning and provides the learner with op-
portunities to develop new understandings with the teacher acting as a facilitator
of learning rather than as a transmitter of knowledge (Ausubel, 1968). Chemistry
learning is generally considered difficult for students due to the complex and abstract
nature of the subject (Ben-Zvi, Eylon, & Silberstein, 1987, 1988; Gabel, 1998, 1999;
Johnstone, 1991, 1993; Nakhleh, 1992; Treagust & Chittleborough, 2001).

It is not surprising then that students hold particular idiosyncratic views about
scientific phenomena and concepts that they bring with them to science lessons.
These preinstructional conceptions about the behaviour of matter held by students
that often tend to differ from the views of the scientific community are the result
of several factors, such as their sensory experiences and the influence of their cul-
tural background, peers, mass media as well as classroom instruction (Duit & Trea-
gust, 1995). It is likely that students are satisfied with their own conceptions as a
result of viewing material that is presented by their teachers or textbooks “through
the lenses of their preinstructional conceptions” (Duit & Treagust, 1995; p. 47).
From the cognitive point of view, the preinstructional conceptions held by students
and those of the scientific community are constituted in different qualitative frame-
works (Duit & Treagust, 1998). These student conceptions tend to be deeply rooted
as coherent but mistaken conceptual structures that are resistant to change and so
when the new concepts do not make sense to them, students tend to adhere firmly to
their own views. Such reluctance by students to change their views often presents a
serious barrier to effective teaching (Tytler, 2002). Efforts to identify students’ pre-
instructional conceptions about particular concepts can provide useful feedback to
teachers in the formulation of appropriate instructional strategies that can be used to
challenge students’ understandings in order to help them develop more scientifically
acceptable views about those concepts.

The three representations that are referred to in this study are: (1) macroscopic
representations that describe the bulk observable properties of matter, for exam-
ple, heat energy, pH and colour changes, and the formation of gases and pre-
cipitates, (2) submicroscopic (or molecular) representations that provide explana-
tions at the particulate level in which matter is described as being composed of
atoms, molecules and ions, and (3) symbolic (or iconic) representations that in-
volve the use of chemical symbols, formulas and equations, as well as molec-
ular structure drawings, models and computer simulations that symbolise matter
(Andersson, 1986; Boo, 1998; Johnstone, 1991, 1993; Nakhleh & Krajcik, 1994;
Treagust & Chittleborough, 2001).
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In order to achieve deep understanding of the changes that occur during chemical
reactions, students should be able to relate the observed macroscopic changes to the
rearrangement of particles that occurs at the submicroscopic level of representation
and to the appropriate chemical equation at the symbolic level of representation.
Studies, however, have shown that students generally construct most of their under-
standing in chemistry using macroscopic representations but are not very successful
in building understandings that relate the macroscopic representations to submi-
croscopic and symbolic representations (Nakhleh & Krajcik, 1994). This trend in
students’ construction of knowledge could be attributed to their prior knowledge
of chemistry that is entrenched mainly at the macroscopic level as a result of their
everyday experiences. Also, secondary students are often not able to translate one
given representation into another due to their limited conceptual knowledge and
poor visual–spatial ability (Keig & Rubba, 1993; Seddon & Eniaiyeju, 1986). Ad-
ditionally, classroom instruction that is often restricted by syllabus and time con-
straints almost entirely ignores the necessity to stress the relationship between the
three levels of representation, further contributing to students’ main preoccupation
with macroscopic representations.

To be able to explain chemical reactions, students will have to develop men-
tal models of the submicroscopic particles of the substances that undergo rear-
rangement to produce the observed changes. However, students have difficulty in
understanding submicroscopic and symbolic representations as these representa-
tions are abstract and cannot be directly experienced (Ben-Zvi, Eylon, & Silber-
stein, 1986, 1988; Griffiths & Preston, 1992). As a result, how well students under-
stand chemistry depends on how proficient they are in “making sense of the invisible
and the untouchable” (Kozma & Russell, 1997; p. 949).

As for symbolic representations involving chemical equations, students often re-
gard these as a means of representing a balanced number of atoms of each type, not
as a representation of a chemical reaction at the particulate level (Ben-Zvi, Eylon,
& Silberstein, 1987; Garnett, Garnett, & Hackling, 1995; Nurrenbern & Picker-
ing, 1987). The problem is exacerbated by teachers and textbook writers who, in
their explanations, overlook the intrinsic difficulties that students are confronted
with when dealing with the particulate model. Besides the abstract concepts of
atoms and molecules, students have to understand the several levels of representa-
tion that are communicated by symbols. An example is a textbook illustration for the
chemical reaction 2H2(g)+O2(g) → 2H2O(g) that represents volumes of each of the
gases H2, O2 and H2O, by single molecules (Ben-Zvi, Eylon, & Silberstein, 1987).

Students’ success in balancing chemical equations usually involves applying a
learned set of rules. Subscripts in formulas are treated just as numbers that are used
in balancing chemical equations and do not represent specific atomic groupings.
Coefficients that appear in front of chemical formulas are simply numbers that are
used to mechanically balance chemical equations, and do not represent the relative
numbers of species reacting or being produced in chemical reactions. Such a mecha-
nistic approach to balancing chemical equations results in students completely miss-
ing the dynamic and interactive significance of the chemical reaction with regard to
the particles involved.
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When students do make an attempt to relate between the three levels of represen-
tation, several unexpected trends in their reasoning are revealed. In the majority of
explanations given by students about chemical reactions in a review undertaken by
Andersson (1986), there was a clear extrapolation of physical attributes and changes
from the macroscopic world to the particle or submicroscopic one. So, when wood
burns, wood molecules are also said to burn. If metallic copper is bright reddish-
brown, atoms of copper are also imagined to be reddish-brown in colour (Ben-Zvi,
Eylon, & Silberstein, 1986). One reason for such extrapolation of physical attributes
of substances to the particulate level is the tendency of students to assume that the
atoms, ions and molecules in a substance are very small portions of the continuous
substance.

Background and Purpose of the Study

In the first 2 years of secondary school in Singapore (Grades 7 and 8), all students
follow a general science course. In the last 2 years of secondary school (Grades 9
and 10), students generally continue with general science or study either two or three
‘pure’ science subjects selected from physics, chemistry and biology. At the end
of 4 years, most students sit for the University of Cambridge Local Examinations
Syndicate (UCLES) Ordinary Level (‘O’- Level) Examination.

The prescribed chemistry curriculum includes several chemical reactions that
students encounter in their studies in Grades 9 and 10. The chemical reactions are
introduced in the regular programme of instruction when discussing several topics
like acids, bases and salts, metal reactivity series, inorganic qualitative analysis,
oxidation and reduction and electrochemistry. Students have to know the chemical
equations for the various reactions but are not required to explain the changes that
occur at the particulate level. As a result of their limited understanding, students
generally memorise the chemical equations and regurgitate them in tests and ex-
aminations (Tan, Goh, Chia, & Treagust, 2002). Students’ limited understanding
of chemical reactions and equations is also reflected in examination reports by the
UCLES that are disseminated after the examination results are released each year.

In view of these reasons as well as the reports in the research literature that attest
to difficulties associated with the use of multiple levels of representation, an alter-
native programme of instruction was developed with the aim of facilitating Grade 9
students’ to explain chemical reactions using chemical symbols, formulas and equa-
tions as well as atoms, molecules and ions, thereby engendering more meaningful
understanding of the changes that occur during chemical reactions. Hence, the pur-
pose of this study to evaluate the efficacy of the alternative instructional programme
that was developed was guided by two research questions: (1) How competent are
Grade 9 students in the use of the triplet relationship involving macroscopic, submi-
croscopic and symbolic representations when describing and explaining chemical
reactions? (2) To what extent is the alternative programme of instruction successful
in enhancing students’ ability to describe and explain some frequently encountered
chemical reactions making use of the triplet relationship?
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Methodology

Research Design and Sample

The research methodology used was a mixed quantitative and qualitative case study
(Anderson, 2004). The study was part of a wider action research study that involved
the development and validation of a two-tier multiple choice diagnostic instru-
ment (the Representational Systems and Chemical Reactions Diagnostic Instrument,
RSCRDI) to evaluate secondary students’ competencies in describing and explaining
chemical reactions using multiple levels of representation (Chandrasegaran, Trea-
gust, & Mocerino, 2007). A purposeful convenience sample (Merriam, 1998) of 65
Grade 9 students from two classes (one each of high and average achieving classes)
that were taught by the first author was involved in the implementation of the al-
ternative instructional programme. At the end of the instruction, the efficacy of the
alternative instructional programme in facilitating students’ competence in the use
of the triplet relationship was evaluated by administering the RSCRDI to the 65
students. As a comparison, the RSCRDI was also administered to another sample
of 76 students from two other high achieving classes that were taught by the second
author’s teaching colleagues using the regular programme of instruction that did not
place particular emphasis on the triplet relationship.

The high achieving classes had four 45-minute periods of chemistry instruction
per week, of which two periods each week were laboratory lessons that were geared
specifically to the practical examination. These laboratory lessons had limited rel-
evance to the topics that were covered during classroom instruction. The average
achieving classes had an additional period each week for classroom instruction. The
period of the instruction in Grade 9 was over nine months. Allowing for time taken
up by tests, examinations and school and public holidays, the high and average
achieving classes received a total of about 96 and 120 hours, respectively of chem-
istry instruction during the nine months.

Chemical Reactions Included in the Study

Seven chemical reactions were identified from the chemistry syllabus. These chem-
ical reactions were selected because they were frequently encountered during the
2-year chemistry course and based on their importance in understanding concepts
associated with three topics, namely, acids, bases and salts, metal reactivity series
and inorganic chemistry qualitative analysis. The seven types of chemical reac-
tions were: combustion of reactive metals in air, chemical reactions between dilute
acids and reactive metals, neutralisation reactions between strong acids and strong
alkalis, neutralisation reactions between dilute acids and metal oxides, chemical
reactions between dilute acids and metal carbonates, ionic precipitation reactions
and metal ion displacement reactions. Although two of the chemical reactions in-
volved oxidation and reduction, it was decided not to include the concept of re-
dox in this study as students had only recently been introduced to ion-electron



156 D.F. Treagust and A.L. Chandrasegaran

equations and oxidation states. Furthermore, redox reactions were to be covered
more extensively in the topics involving electrolysis and electrochemical cells in the
following year.

Regular Programme of Instruction

A chemistry scheme of work based on the syllabus requirements was developed for
the year in collaboration with all teachers who would be teaching the subject. The
content to be covered in each of the topics was detailed on a weekly basis. Each of
the topics had to be covered within a stipulated time frame followed by a common
topic test that was to be administered on a particular week. In general, students were
only required to learn and remember the chemical equations as well as the ionic
equations, where relevant, with no specific emphasis on understanding the triplet
relationship.

Chemical equations as symbolic representations were first introduced in Grade 9
when students were required to construct and interpret chemical and ionic equations
with state symbols to enable them to perform stoichiometry computations involving
masses, moles and volumes of solids, aqueous solutions and gases. A subsequent
topic required students to be able to describe the characteristic properties of acids
in reactions with metals, bases and carbonates, and to describe the characteristic
properties of bases in reactions with acids. The only direct reference to submi-
croscopic representations involved describing the meanings of acids and alkalis in
terms of the ions that these substances contain or produce in aqueous solution, and
describing neutralisation as a reaction between H+ ions and OH− ions to produce
water. Students were also required to know the chemical reactions for preparing
soluble salts from acids and bases, and for preparing insoluble salts using ionic
precipitation reactions. In the final topic in Grade 9 students were introduced to the
metal reactivity series when they revisited the reactions of metals with dilute acids.
In addition, students were required to describe the reactivity series as relating to the
tendency of a metal to form its positive ion illustrated by the reactions of the metal
with aqueous solutions of ions of other metals.

Students had the opportunity to carry out most of the chemical reactions referred
to above in preparation for the qualitative analysis component of the practical exami-
nation that involved the identification of several ions and gases. The only other prac-
tical experience involving chemical reactions that students would have encountered
was when they prepared samples of soluble and insoluble salts in the laboratory
using one or more methods previously discussed in class.

Alternative Programme of Instruction

An alternative programme of instruction aimed at reinforcing the use of the triplet
relationship when describing and explaining the seven types of chemical reactions
was developed by the second author and incorporated into the prescribed scheme of
work. In order to delineate the content of the alternative instructional programme,
the concept map in Fig. 7.1 (Chandrasegaran, 2004) was developed. The concept
map encapsulates the characteristics of the seven chemical reactions and indicates
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the multiple levels of representation involved. Seven separate concept maps were
further developed one for each of the chemical reactions. An example of the concept
map for the chemical reaction between dilute acids and reactive metals is found in
Fig. 7.2 (Chandrasegaran, 2004).

Besides the prescribed scheme of work that was described earlier, emphasis was
placed specifically on the relevance of the three representations during instruction.
The additional features of the alternative instructional programme are summarised
in Fig. 7.3. Laboratory lessons as well as classroom demonstrations were planned
and implemented for each of the chemical reactions included in this study taking
these features into account. Notes to illustrate the development of the lesson involv-
ing the chemical reaction between zinc powder and aqueous copper(II) sulphate are
provided in Fig. 7.4.

At the end of the nine months of instruction the 15-item RSCRDI was admin-
istered to the 65 students in the two classes (as well as to 76 students in two other
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Fig. 7.2 Concept map for describing the chemical reaction between iron powder and dilute hy-
drochloric acid
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• Additional laboratory activities to familiarise students with chemical reactions.

• Explanation of the observed chemical changes at the particulate and symbolic levels. (An
example is illustrated below for a strong acid–strong alkali neutralisation reaction).

Particles before and after a strong acid–strong alkali neutralisation reaction

(Adapted from British Columbia Institute of Technology website: http://www.bcit.ca)

• Emphasising the significance of coefficients and subscripts in chemical and ionic equa-
tions.

• Deducing ionic equations from observed chemical changes, not by mechanically
‘cancelling out’ ‘spectator ions’ in chemical equations.

Fig. 7.3 The main features of the alternative instructional programme

classes that followed the regular programme of instruction). The RSCRDI was de-
veloped using the procedure proposed by Treagust (1995), and involved identifying
student conceptions about the triplet relationship in chemical reactions that were
displayed in students’ written explanations, from findings reported in the research
literature as well as from the authors’ previous teaching experience. The first tier of
each item required students to make a content choice related to the question. The
second tier involved selecting a justification for the response that was chosen in the
first tier. The 15 items were content validated by two science education professors
and a teaching colleague of the second author. The instrument had an acceptable
Cronbach alpha reliability coefficient of 0.65 as it is greater than the threshold
value of 0.5 for multiple choice items quoted by Nunally & Bernstein (1994). Two
items from the instrument relating to the chemical reactions of aqueous solutions
of lead(II) nitrate with aqueous potassium iodide and with aqueous sodium iodide
are illustrated in Fig. 7.5. A complete version of the diagnostic instrument may be
obtained from the first author.

An Evaluation of the Efficacy of the Programme

An examination of the percentage distribution of the scores on the RSCRDI showed
a trend towards higher scores for the students who were involved in the alternative
instructional programme compared to students in the regular programme of instruc-
tion. Scores in the range from 10 to 15 marks were obtained by 71% of students
involved in the alternative instructional programme but by only 47% of students
who were involved in the regular programme (Fig. 7.6).
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1 Aims of the lesson

� Identify students’ prior knowledge about the metal activity series.
� Develop students’ understanding of the triplet relationship when describing and ex-

plaining the displacement reaction between zinc and aqueous copper(II) sulphate.
� Deduce the ionic equation for the chemical reaction.
� Apply understanding of the triplet relationship to new and unfamiliar displacement

reactions.

2 Lesson Outline

� Recall features of the metal activity series.
� Introduce concept of displacement reaction illustrating with the full balanced chemical

equation for the reaction between zinc and aqueous copper(II) sulphate.
� Students, working in pairs, add zinc powder to some aqueous copper(II) sulphate in a

test-tube, shake the mixture and allow to stand.
� Students discuss changes in pairs and record the changes.
� Elicit students’ responses for the changes observed.
� Whole class discussion guided by pre-prepared set of questions as a guide. (Expected

responses for several questions are provided in parentheses).

– What was the blue colour of aqueous copper(II) sulphate due to?
(The presence of Cu2+ ions.)

– How do you explain the formation of a colourless
solution?
(Cu2+ ions are no longer present in solution. / Presence of Zn2+ ions in solution.)

– What is the brown deposit most likely to be?
(Metallic copper.)

– How was the metallic copper produced?
(Cu2+ ions gained two electrons each.)

– What has happened to the zinc powder?
(Zinc atoms have lost two electrons each to produce Zn2+ ions in aqueous solution.)

– How could we represent these changes using an equation?
[Zn(s) + Cu2+(aq) → Zn2+(aq) + Cu .]

– What does this ionic equation tell us about the changes at the macroscopic level?
– What does this ionic equation tell us about the changes at the particulate level?

� Using the metal reactivity series, students are to predict if a chemical reaction would
occur when a coil of copper wire is placed in some aqueous silver nitrate in a test-tube.

� Students are to predict the macroscopic changes that they would expect, given the
balanced chemical equation for the above reaction.

� Demonstrate the chemical reaction between copper and aqueous silver nitrate.
� Discuss the observed changes using submicroscopic and symbolic representations.
� Students deduce the ionic equation for the chemical reaction.
� Summarise explanation of chemical changes in the two displacement reactions using

the triplet relationship.

Fig. 7.4 Summary of lesson to introduce multiple levels of representation
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Item 12
Colourless aqueous solutions of lead(II) nitrate and potassium iodide, KI, are mixed together.
A yellow powdery precipitate of lead(II) iodide, PbI2, is immediately produced.
The chemical equation for the reaction is

Pb(NO3)2(aq) + 2KI(aq) → PbI2(s) + 2KNO3(aq).

Which of the following is the ionic equation for the reaction that has occurred?

A Pb2+(aq) + 2I−(aq) → PbI2(s)

B K+(aq) + NO3
−(aq) → KNO3(aq)

C Pb2+(NO3
−)2(aq) + 2K+I−(aq) → Pb2+(I−)2(s) + 2K+NO3

−(aq).

The reason for my answer is:

1 Potassium nitrate is produced in the chemical reaction.

2 The K+ and NO3
− ions remain unchanged in aqueous solution as ‘spectator ions’.

3 All ions involved in the reaction must be represented in the ionic equation.

Item 13
The salt solution, sodium iodide, NaI, was used in place of aqueous potassium iodide, KI, in
Item 12. A yellow powdery precipitate was again produced.
The chemical equation for the reaction is

Pb(NO3)2(aq) + 2NaI(aq) → PbI2(s) + 2NaNO3(aq).

The ionic equations for both the reactions involving aqueous lead(II) nitrate are
A similar. B different.
The reason for my answer is:

1 The ‘spectator ions’ are different in both the chemical reactions.

2 Both reactions result in the formation of insoluble lead(II) iodide, PbI2.

3 Potassium iodide and sodium iodide both produce the same number of ions in
aqueous solution.

4 Two moles each of potassium iodide and sodium iodide are required for reacting with
one mole of lead(II) nitrate.

Fig. 7.5 Items from the RSCRDI involving the chemical reactions between aqueous solutions of
lead(II) nitrate with potassium iodide and with sodium iodide

An ANOVA analysis was performed on the RSCRDI scores of the two groups of
students in order to evaluate the efficacy of the alternative programme to facilitate
understanding of the triplet relationship. A strong significant difference in the score
means was indicated by the relatively high F value [F(1, 141) = 14.8, p < .001].
Also, there was a moderate to large actual difference in the mean scores of the two
groups, indicated by an effect size, eta2 of 0.10. A value of 0.14 and above indicates
a large difference in the effects of the two modes of instruction (Pallant, 2005),
suggesting that the alternative programme was more effective in facilitating under-
standing of the triplet relationship.
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alternative programme and the regular programme

Existing Student Conceptions After the Programme

Students’ responses to the 15 items were analysed to identify any patterns of con-
ceptions that could emerge in their use of the triplet relationship. In general, students
in the alternative instructional programme displayed a high level of proficiency in
the use of the triplet relationship though several student conceptions were evident
despite the emphasis that was placed to facilitate their understanding of the triplet
relationship. This outcome was not unexpected as student conceptions, by nature,
are often resistant to instruction (Bodner, 1986).

The student conceptions that were displayed could be categorised into three main
types, namely: (1) confusion between macroscopic and submicroscopic represen-
tations, (2) extrapolation of bulk macroscopic properties of matter to the submi-
croscopic level and (3) confusion over the multi-faceted significance of chemical
symbols, chemical formulas as well as chemical and ionic equations. Student con-
ceptions held by at least 10% of the students who were involved in the alternative
instructional programme were identified. Several examples of student conceptions
involving the use of the triplet relationship are discussed in the next section.

Confusion Between Macroscopic and Submicroscopic
Representations

When iron powder reacts with dilute hydrochloric acid, a green solution of aque-
ous iron(II) chloride is produced (explanation at the macroscopic level). The colour
change of the solution from colourless to green may be attributed to the presence
of Fe2+ ions in solution (explanation at the submicroscopic level). Several students
(15%), however, suggested that atoms of iron and chlorine had turned green as a
result of the chemical reaction. In this instance, students indicated the mistaken
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belief that the green solution of aqueous iron(II) chloride (macroscopic level of rep-
resentation) was produced from atoms of iron and chlorine (submicroscopic level
of representation). In another instance involving the burning of magnesium ribbon
in air, 14% of students suggested that the metal magnesium (instead of the particles
in the metal) has a charge of +2. This suggestion may have been associated with
the model that is used in the syllabus for the explanation of metallic bonding that
is regarded as resulting from the electrostatic attractions between positive nuclei of
metal atoms and the ‘sea’ of mobile valence electrons.

Extrapolation of Macroscopic Properties of Matter
to the Submicroscopic Level

The extrapolation of physical attributes of substances to the submicroscopic level of
representation was evident when students explained the changes in the displacement
reaction between zinc powder and aqueous copper(II) sulphate. The decrease in
intensity of the blue colour of the solution was attributed by 31% of students to the
removal of blue individual Cu2+ ions from aqueous solution. The suggestion that
individual Cu2+ ions (the submicroscopic level) are blue may be indicative of the
extrapolation of the blue colour of the aqueous copper(II) sulphate (the macroscopic
level) to the colour of individual Cu2+ ions (the submicroscopic level). Thirty-one
percent of students also suggested that reddish-brown, insoluble individual atoms
of copper were produced in this chemical reaction, again suggesting extrapolation
of the bulk properties of copper, i.e., being reddish-brown and insoluble in water
(the macroscopic level), to individual copper atoms having these properties (the
submicroscopic level).

In the chemical reaction between iron(II) oxide powder and dilute hydrochloric
acid, the solution changed from colourless to light green. The suggestion by 15% of
students that green individual Fe2+ ions were present in aqueous iron(II) chloride
again indicated possible extrapolation of the bulk colour of the pale green aqueous
iron(II) chloride (the macroscopic level) to the colour of individual Fe2+ ions (the
submicroscopic and symbolic levels) in solution.

Confusion over the Symbolic Representational System

Students’ difficulty with deriving ionic equations was very apparent in several in-
stances. For example, 11% of students (albeit relatively low) were unable to deduce,
using submicroscopic and symbolic representations, that when any strong acid re-
acted with any strong alkali the changes would be similar because the chemical
reaction in each case was essentially one between H+ ions from the dilute acid
and OH− ions from the alkali (using submicroscopic and symbolic representations).
The ionic equation (symbolic representation) would, therefore, be the same for all
chemical reactions irrespective of which strong acid and strong alkali were used.
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The confusion was probably caused by the different stoichiometries of the balanced
chemical equations, with one mole of sodium hydroxide reacting with one mole of
dilute hydrochloric acid but two moles of the alkali reacting with one mole of dilute
sulphuric acid.

A similar observation was made in the ionic precipitation of lead(II) iodide.
When aqueous solutions of potassium iodide and sodium iodide were separately
added to aqueous lead(II) nitrate, 12% of students believed that the ionic equation
for the precipitation reactions was different in the two instances even though the
stoichiometry of the two chemical reactions had no influence on the ionic equation.

When interpreting the chemical equation for the reaction between aqueous
sodium hydroxide and dilute nitric acid, 20% of students appeared to hold the view
that Na+ and NO3

− ions (submicroscopic and symbolic representations) had reacted
in aqueous solution to produce aqueous sodium nitrate. It was not apparent to these
students that the net chemical reaction had only involved removal of H+ and OH−

in aqueous solution to produce molecules of H2O.

Other Inappropriate Conceptions

Apart from the three broad categories of student conceptions discussed above, stu-
dents displayed several inappropriate conceptions relating to the structural proper-
ties of substances. For example, 14% of students suggested that Mg2+ ions were
present in magnesium ribbon. A second example involved the chemical reaction
between copper(II) oxide powder and dilute sulphuric acid. In this instance, 25% of
students suggested that Cu2+ ions were present only in aqueous solution but not in
the solid and liquid states. This view was rather unexpected because students had
earlier been introduced to ionic and covalent compounds. It is likely that students
had merely rote-learned the general rule without sufficient understanding that ionic
solids are formed between metallic and non-metallic elements.

Conclusions for Teaching and Research

Despite the limitations of this study that involved students from a single school, the
findings about the efficacy of the alternative instructional programme and the use
of the diagnostic instrument make a significant, albeit limited, contribution to our
knowledge about evaluating secondary school students’ proficiency with regard to
the triplet relationship between macroscopic, submicroscopic and symbolic repre-
sentations when describing and explaining chemical reactions.

Analysis of students’ responses on the diagnostic test indicated, in several in-
stances, their understanding of the triplet relationship when describing and ex-
plaining the chemical reactions. For example, in the chemical reaction between
a strong acid and strong alkali, most students were able to relate the changes at
the macroscopic level (production of a solution neutral to litmus indicator) to the
changes at the submicroscopic and symbolic levels of representation (removal of
equal numbers of H+ ions and OH− ions from aqueous solution). In another example
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involving the chemical reactions of aqueous lead(II) nitrate with aqueous solutions
of potassium iodide and sodium iodide, respectively, students were generally able
to associate the same observed change at the macroscopic level (the production of
a yellow precipitate of lead(II) iodide) in both reactions to the same change at the
submicroscopic level using symbolic representations (removal of Pb2+ and I− ions
represented by the same ionic equation).

However, analysis of students’ responses to the items in the RSCRDI has shown
that despite efforts during instruction to facilitate students’ use of multiple levels of
representation, several student conceptions still persisted among the students who
were involved in this study. Administration of the RSCRDI to evaluate students’
understandings about the use of multiple levels of representation will provide useful
information to teachers in the planning of classroom instruction by incorporating
strategies that challenge students’ conceptions in order to facilitate more meaningful
understandings.

The resistance to change of students’ conceptions is not unexpected as these con-
ceptions are deep-rooted and often ‘difficult to shift, and can offer a serious barrier to
effective teaching’ (Tytler, 2002, p. 15). For example, students in this study demon-
strated confusion between macroscopic and submicroscopic representations when
they suggested that magnesium (instead of the particles in magnesium) has a charge
of +2, and that iron and chlorine atoms turned green when iron powder reacted
with dilute hydrochloric acid. In other instances students displayed a tendency to
extrapolate the bulk macroscopic properties of matter to the submicroscopic level by
suggesting for example that insoluble, reddish-brown copper atoms were produced
in the displacement reaction between zinc powder and aqueous copper(II) sulphate.
They also attributed the fading of the blue colour of the solution to the removal of
individual blue Cu2+ ions, as a result of extrapolating the blue colour of the bulk
solution to the submicroscopic level of representation. Students were also relatively
uncertain about the significance of symbolic representations, especially with regard
to ionic equations. This weakness was evident in their understanding of the chemical
reactions between different pairs of strong acids and strong alkalis, different metal
oxides and different dilute acids and ionic precipitation of lead (II) iodide on adding
aqueous lead(II) nitrate to different aqueous solutions of iodides. Despite efforts in
the alternative instructional programme to address these issues, it was not evident
to several students that the changes at the submicroscopic level were essentially the
same for each pair of reactants, and that as a result the ionic equation was identical
in each case.

Implications for Teaching and Learning

Several implications for classroom practice are evident from the results of this study.
The efficacy of the alternative instructional programme in facilitating students’

understanding of the triplet relationship lends support to the instructional strategies
that were implemented in the programme. Also, the RSCRDI has been successfully
utilised as a convenient diagnostic tool for assessing students’ proficiency in the use
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of the triplet relationship. Introduction of the alternative instructional programme
and the diagnostic instrument in workshops for teachers could contribute in several
ways to their professional development.

First, teachers need to be made aware of the need to place greater emphasis on the
purposeful use of multiple levels of representation when describing and explaining
chemical phenomena during classroom instruction. All too often teachers take for
granted that students are able to switch back and forth with ease between different
levels of representation. The findings of this study have shown that students’ compe-
tence in the use of the triplet relationship to describe and explain chemical reactions
was enhanced as a result of the instruction.

Second, students should be provided with opportunities to perform the chemical
reactions themselves and discuss with their peers the observed changes in terms
of the particles and chemical and ionic equations involved. When faced with time
constraints, teachers could demonstrate some of the reactions and then provide op-
portunities for small group discussions.

Third, students’ understanding of the triplet relationship for a particular type of
reaction may be further consolidated by carrying out additional similar reactions
using different reactants (e.g., using several metal oxides to react with different
dilute acids will help illustrate the similarities in the chemical reactions although
different salts are produced). Once students become aware of the similarities in the
chemical reactions, they would be more likely to meaningfully deduce the ionic
equations for the chemical reactions instead of the common practice of ‘cancelling
out’ the ‘spectator ions’ from the overall balanced chemical equation.

Fourth, classroom instruction may be organised in a manner that takes into ac-
count students’ conceptions similar to the ones that have been identified in this
study in order to improve students’ facility in understanding the triplet relation-
ship relating to chemical reactions. By making students aware of conceptions that
are not scientifically acceptable and by promoting discussions with the teacher and
with peers in small groups, students may be led to arrive at more fruitful under-
standings of the changes that occur in chemical reactions making use of the triplet
relationship.

Finally, the diagnostic instrument may be administered before commencing a
particular topic in order to gauge students’ prior understanding of the associated
concepts. At the same time, the use of the instrument as a formative assessment
tool will enable the teacher to take appropriate measures to challenge any students’
conceptions that may become evident during the lesson or plan for remediation with
small groups of students that experience difficulties.
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Chapter 8
Linking the Macroscopic and Sub-microscopic
Levels: Diagrams

Bette Davidowitz and Gail Chittleborough

Pictures seldom can capture all the subtle nuances of a model,
but good pictures and movie clips are not only what are best
remembered, they also often enable us to take the next steps in
both teaching and research. (Zare, 2002)

Abstract Explanations of chemical phenomena are nearly always focused at the
sub-micro level, a level that cannot be observed, yet are normally provided with
diagrams at the symbolic level. These diagrams represent the macro and sub-micro
levels of matter. The connections between the macro level and the diagrams of the
sub-micro level are not always apparent to students, indicating a need for chemical
diagrams to be used carefully and explicitly. Having students draw and annotate
chemical diagrams representing chemical phenomena at the sub-micro level can
provide some insight into their understanding of chemistry at the macro level. Mis-
interpretation of diagrams can occur when the representations are not understood,
when links are not made between the macro and sub-micro levels, or when the
diagram is unfamiliar. Responding to these difficulties, strategies based on research
and our experiences of teaching with diagrams are suggested for the choice and use
of chemical diagrams depicting the sub-micro level in the teaching and learning of
chemistry. These strategies provide opportunities for learners to construct accept-
able personal mental models of the sub-micro level.

Introduction

Chemical diagrams are one of the most commonly used forms of representation
in teaching chemistry. They are symbolic representations that present images and
information of the sub-micro or molecular level. Since the sub-micro level cannot be
observed directly, chemical diagrams of this level are used in textbooks, on posters,
in videos, in software programmes, etc. by teachers to describe the sub-micro level
and explain chemical phenomena. They play an important role in helping students
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develop a mental image of the sub-micro level which is vital because chemical
explanations nearly always depend on the sub-micro level. Some students regard
the sub-micro level as unreal, vague and amorphous – with the sub-micro level be-
ing the least well understood of the three levels (Chittleborough & Treagust, 2008;
Nicoll, 2003). The connections between the sub-micro level and the diagrams of
the sub-micro level are not always apparent to students (Kozma and Russell, 1997;
Treagust, Chittleborough, & Mamiala, 2003), indicating a need for chemical dia-
grams to be used carefully and explicitly. This chapter has two sections; firstly a
description of types of diagrams of the sub-micro level and why they are important
in teaching and learning chemistry and secondly an examination of exemplary ways
of using diagrams effectively in the chemistry classroom. The chapter concludes
with some implications for teaching.

Chemical Diagrams and Their Importance
in Teaching and Learning

Chemical diagrams are used to represent chemical information, to help describe
an idea, provide an explanation, present a visual image, to make predictions, de-
ductions, motivate and form hypotheses. They can be static or dynamic, two- or
three-dimensional, or single-particle vs. multiple-particle. Chemical diagrams of
the sub-micro level include representations of the molecular, atomic and sub-atomic
particles which may be represented as a single atom, particle or an array of particles
which may for example be presented as diagrammatic representations. There are
many examples of diagrams depicting both the sub-micro and symbolic levels and
in some cases a diagram may contain graphs, diagrams of the sub-micro level of the
chemical phenomena, chemical equations as well as explanatory text as shown in
Fig. 8.1.

While expert chemists are able to interpret these diagrams, they pose a significant
intellectual challenge for the novice (Gabel, 1999; Johnstone, 1993; Treagust &
Chittleborough, 2001). With new technologies the variety and accuracy of chemical
diagrams available is increasing (Tasker & Dalton, 2006). The visual impact of dia-
grams can enhance the development of mental models and lead to more connected-
ness in learning (Chittleborough & Treagust, 2008; Fiorea, Cuevasa, & Oser, 2003).
As the chemical diagrams more closely represent the sub-micro level their explana-
tory potential has improved. An explanatory tool such as a diagram or an image can
provide the learner with a way of visualising the concept and hence developing a
mental model for the concept (Gabel, 1998). The value of a diagram in making the
link with an abstract concept depends on it being consistent with the learners’ needs
and being pitched at the learners’ level of understanding (Giordan, 1991).

Diagrams as Learning Tools

Diagrams are essential learning tools. Gobert and Clement (1999) suggest that di-
agrams can have more than illustrative purposes, expanding the purpose of dia-
grams to model construction and reasoning. In this way, chemical diagrams serve
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Figure 8.1
The extent of dissociation for
strong and weak acids. 

The bar graphs show the relative
numbers of moles and species  
before (left) and after (right) acid 
dissociation occurs.

A. When a strong acid dissolves in 
water, it dissociates completely, 
yielding H3O

+ (aq) and A– (aq) ions; 
virtually no HA molecules are 
present.

B. In contrast, when a weak acid 
dissolves in water, it remains mostly 
undissociated, yielding relatively 
few H3O

+ (aq) and A– (aq) ions.

Fig. 8.1 Dissociation of strong and weak acids (from M. S. Silberberg, Chemistry: The molecular
nature of matter and change, 3rd ed., McGraw Hill, 2003, p. 760, reproduced with permission of
The McGraw-Hill Companies)

as significant teaching tools; however, the value depends on the students’ under-
standing of the diagram. According to Mayer (2002) students learn by active selec-
tion, organisation and integration of information from auditory and/or visual inputs.
Mayer developed eight principles of multimedia learning based on cognitive theory
and design principles, two of which are relevant to the topic of chemical diagrams.
These are the:

� Multimedia principle: A combination of words and pictures is more effective in
promoting deeper learning than the use of words alone.

� Coherence principle: Extraneous words, sound or pictures can distract the learner
and should be excluded in order to facilitate deeper learning.

Presentation of material using both pictures and text enables students to learn
difficult concepts and principles. They retain what they have learned longer and are
better able to use the concepts to solve problems than if the information had been
presented using text only (Mayer, 2003). Kozma and Russell (2005) argue from
a perspective of situated cognition by noting that representations allow discussion
of objects and processes which cannot be seen. These representations take many
forms such as symbols or diagrams which chemists use to communicate since they
allow visualisation and communication of experimental observations and chemical
phenomena. According to the authors

“ . . . the meaning of a representation is not embedded in the representation itself but is
assigned to the representation through its use in practice – in this case of chemistry”. (p. 130)

Expert chemists constitute a community of practice which uses representations
to make sense of the activities of the discipline. Thus the conventions used in
interpreting these representations are essential to the functioning of this community.
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As chemists become integrated into the community of practice they use the repre-
sentation systems as tools to communicate understanding and construct new mean-
ings. The role of the expert is to induct the novice i.e. the student into the accepted
uses of these representations, since helping students to relate the three commonly
accepted levels of matter has the potential to enhance conceptual understanding
(Gabel, 1999). Experts need to be cognisant that understanding the behaviour of
substances at the molecular (sub-micro) level is recorded in terms of a represen-
tational language or notation e.g. a chemical equation or a reaction mechanism.
The induction of new members into the community of practicing chemists requires
careful scaffolding to develop competence in using the various forms of represen-
tation. For example Gabel (1993) reported that the use of overhead transparencies
together with worksheets designed to link the sub-micro and symbolic levels led to
an overall improvement in both students’ understanding of the particulate nature of
matter as well as their achievement scores in chemistry. A study by Sanger (2000)
showed that students using visual material which focussed on the characteristics of
pure substances and mixtures at the sub-micro level were more likely to identify
particulate diagrams of liquids, pure substances and mixtures than students who
received more traditional instruction. These results suggest that the use of teaching
materials which contained particulate drawings was effective in enabling students
to think about the classification of matter at the molecular level.

Sub-micro, Symbolic and Macro Levels

The sub-micro level is real, but is not visible and so it can be difficult to comprehend.
As Kozma and Russell (1997) point out, ‘understanding chemistry relies on making
sense of the invisible and the untouchable’ (p. 949). Explaining chemical reactions
demands that a mental picture is developed to represent the sub-micro particles in
the substances being observed. Chemical diagrams are one form of representation
that contributes to a mental model. It is not yet possible to see how the atoms inter-
act, thus the chemist relies on the atomic theory of matter on which the sub-micro
level is based. This is presented diagrammatically in Fig. 8.2. The links from the
sub-micro level to the theory and representational level is shown with the dotted line.

The real and visible characteristics of the macro level and the real and invisible
characteristics of the sub-micro level portray the same substance only on a different

Fig. 8.2 The relationship
between the three levels of
chemical representations and
real and represented
chemical data
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scale. Symbolic representations including chemical diagrams of the sub-micro level
are critical in communicating these characteristics. The unique duality of chemical
representations such as chemical diagrams, with links to both the macro and sub-
micro levels simultaneously, highlights the complex nature of chemistry and the
significant intellectual challenge facing any newcomer to the discipline who could
be overwhelmed by the conceptual demands of shifting between the three domains
of representations (de Jong and van Driel, 2004).

Visualisation

The sub-micro level cannot easily be seen directly, and while its principles and com-
ponents are currently accepted as true and real, it depends on the atomic theory of
matter. The scientific definition of a theory can be emphasised here with the picture
of the atom constantly being revised. As Silberberg (2006) points out, scientists
are ‘confident about the distribution of electrons but the interactions between pro-
tons and neutrons within the nucleus are still on the frontier of discovery’ (p. 54).
This demonstrates the dynamic and exciting nature of chemistry. Appreciating this
overview of how scientific ideas are developing may help students to expand their
epistemology of science.

Johnstone (2000) emphasises the importance of beginning with the macro and
symbolic levels (Fig. 8.3) because ‘both corners of the triangle are visualisable and
can be made concrete with models’ (p. 12). The sub-micro level, by far the most
difficult (Nelson, 2002), is described by the atomic theory of matter, in terms of
particles such as electrons, atoms and molecules. It is commonly referred to as the
molecular level. Johnstone (2000) describes this level simultaneously as the strength
and weakness of the subject of chemistry: it provides strength through the intellec-
tual basis for chemical explanations, but it also presents a weakness when novice
students try to learn and understand it.

For many novice students the lack of a mental model appears to be a result of
the sub-micro level being ignored or marginalised when compared to the macro and
symbolic levels of representation (Wright, 2003). How the links between the three
levels of representations can be made using the example of the rusting of iron is
illustrated in Table 8.1. This contextual example intentionally presents the macro,
sub-micro and symbolic levels simultaneously to help students link the various

Fig. 8.3 The reality or
representational status of the
three levels of chemical
representation of matter
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Table 8.1 Description of the rusting of iron at each level of chemical representation of matter

Level of Representation

Macro Sub-micro Symbolic

Real or Repre-
sentation

Real Real but too small to be seen
with the naked eye.

Representation.

Description Tangible;
quantitative

The particulate or molecular
level according to the
atomic theory of matter.

A depiction which may or
may not be accurate but
helps to provide a mental
image.

Perception Visible Cannot be seen with the
naked eye, so mental
image is based on
descriptions, diagrams,
explanations.

The model is a tool to help
understand the real entity.

representations. Linking the sub-micro representations with other representations
can be enhanced through the use of visualisation tools such as animations (Tasker
& Dalton, 2006). For example Velázquez-Marcano, Williamson, Askenazi, Tasker,
& Williamson (2004) report on the impact of using both video demonstrations and
particulate animations in improving conceptual understanding, acknowledging that
video alone was not as effective as when used in conjunction with animations.
The recent sudden increase of images at the sub-micro level through advances in
nanotechnology has the potential to provide the visualisation required to teach this
level more effectively, even though the projections are still representations (Stevens,
Owens, & Wuhrer, 2002).

How Does Metavisualisation Skill Relate to the Use
of Chemical Diagrams?

The explosion in information computer technologies has meant that the quality, ac-
curacy, detail and capabilities of visual representations is constantly improving to
higher standards, along with lower costs and increased availability. Gilbert (2005)
identifies that the ‘significance of visualization in science education is being re-
alised by a diverse group of specialists’ (p. 23). The use of visual representations
is commonplace and expected, especially among learners who have grown up in a
visual-learning domain. Gilbert proposes that visualisation involves more than just
forming a mental image but rather involves metacognition, requiring the learner to
navigate through multiple images, make assessments and interpretations of images.
This skill Gilbert (2005) refers to as metavisualization i.e. ‘metacognition in respect
of visualization’ (p. 15). Because students’ visualisation skills and their metavi-
sual capacity impact on their learning both need to be considered in pedagogical
approaches. The metavisual capabilities can be assessed in terms of the learners’
‘spatial visualization’ i.e. being able to mentally manipulate spatial forms, ‘closure
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flexibility’– i.e. the speed of identifying visual patterns, ‘spatial relations’ and their
metacognitive capabilities (Gilbert, 2005, p. 23).

Metavisualisation is particularly significant with respect to the sub-micro level
which is abstract and difficult to represent accurately. Since single diagrams have
limitations multiple diagrams are commonly used. The skill of interpreting and
translating from one diagram to another embodies the notion of metavisualisation.
Chemical diagrams have a significant role in representing the multiple representa-
tions that characterise the subject. The consistent and repeated use of the three levels
of representation namely macro, sub-micro and symbolic occurs in many chemical
explanations across all chemistry topics. This common approach presents a way of
knowing about chemistry that should promote more meaningful understanding.

Limitations of Chemical Diagrams

Chemical diagrams of atoms and molecules are usually a snapshot of an instant
in time depicting a single successful reaction. By focusing only on the successful
reaction, the unsuccessful reactions are forgotten and the probability of success is
not represented. For example, there is a risk that the kinetic molecular theory relating
to the motion of the sub-atomic particles such as the magnitude of the number of
chemical species in the vessel and the constant movement and the many unsuccess-
ful collisions is not appreciated (Krajcik, 1991). This omission in understanding
the events of the kinetic molecular theory highlights the risk that a representation
can be taken out of context and the meaning jeopardised. Bucat (2004) highlights
the importance of recognising the appropriate ‘level’ – whether it is focussing on
individual particles or considering observable properties or somewhere in-between.
The common practice of focusing on individual particles may perpetuate miscon-
ceptions (Ben-Zvi, Eylon, & Silberstein, 1987). Explanations of chemical phenom-
ena usually rely on the behaviour of the sub-micro particles that are represented
symbolically. Consequently, the students’ understanding of all three levels is central
to the success of any explanation.

The use of static diagrams to depict dynamic processes was investigated by
Sanger and Phelps (2007) who used the particulate question developed by
Nurrenbern and Pickering (1987) to probe students’ conceptual understanding of
kinetic molecular theory and the behaviour of ideal gas particles. Besides choosing
the correct sub-micro representation depicting the container after cooling of the gas
sample, students were asked to provide an explanation of the behaviour of gas par-
ticles at the molecular level. The authors raised concerns related to the validity of
the question and its ability to measure conceptual understanding of the behaviour of
gas particles namely that particle motion cannot be shown using a static sub-micro
representation as depicted in the choice of answers provided. Some of the students
in the study were reluctant to choose the correct answer since the diagram provided
did not appear to be different from the starting picture despite the fact that they
realised that decreasing the temperature would affect the gas particles. Sanger and
Phelps suggest that this question could be improved by using animation to show the
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critical attribute of particle motion. In a follow-up study, Sanger, Campbell, Felker,
and Spencer (2007) used an animated version of the question and found that it did
assist more students to choose the correct answer than using the static drawing alone.

Chemical diagrams can perpetuate misinformation. Unfortunately, students often
transfer the macro properties of a substance to its sub-micro particles, observing for
example that sulphur is yellow, so believing that the atoms of sulphur are yellow
also. Indeed, this is not surprising considering the graphical representation of yellow
circles in textbooks to represent the atoms (Andersson, 1990; Garnett, Garnett, &
Hackling, 1995; Krnel, Watson, & Glazar, 1998). To overcome this problem, Gabel,
Briner, and Haines (1992) recommend that teachers provide physical examples or at
least descriptions of the chemicals in the problems, besides representations, so that
students can establish their own links between the three major levels for portraying
the chemical phenomena.

In a study of the Vischem project which developed animated diagrams at the
sub-micro level, Tasker & Dalton (2006) show how diagrams and animations can be
used to help address common misconceptions. For example, students observe an an-
imation of an ionic solution addressing the common misconception ‘that the ions do
not interact with the solvent and, more seriously, are clustered together in their ionic
formula units’ (p. 152). The students then construct their own representations, draw-
ing on their experiences with animations, equations and observations etc. Providing
the opportunity for students to receive feedback on their own understanding helps
them to identify and reconcile misconceptions. Tasker and Dalton have identified
the pedagogical significance of students drawing their own representations:

“Student drawings and descriptions of their conceptions of structures and processes at the
molecular level often reveal misconceptions not detectable in conventional equation-writing
questions” (p. 155).

The pedagogical power of this approach is in the students’ construction and rec-
onciliation of their own representations that portray their understanding.

While sub-micro diagrams in text books are almost invariably depicted in colour,
for example Fig. 8.1, this would be a limitation to using sub-micro diagrams in
teaching and learning in some classrooms where teachers would not be able to
justify the expense of printing materials in colour. Diagrams drawn in black and
white would have to be provided with a key to assist learners to interpret them; this
key may add an extra level of complexity to their use and teachers would do well to
provide adequate scaffolding when designing their own worksheets.

What Does Research Indicate that Students Understand
from Chemical Diagrams?

The students’ understanding of the three levels of chemical representation of
matter forms the foundation of their conceptual understanding of chemistry.
Kozma and Russell (1997) identified significant differences in the representational
competence of experts and novices, suggesting that the development of skills in
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identifying and transforming representations is advantageous to learning chemistry.
Students may not know the names that have been assigned to the levels but have
demonstrated an ability to transfer from one to another, making analogical relations
(Collins & Gentner, 1987; Gabel, 1998).

According to Hinton and Nakhleh (1999), macro, sub-micro and symbolic rep-
resentations are each appropriate tools to illustrate various aspects of chemical re-
actions. Figure 8.4 shows a typical text book diagram using the various types of
representations for a simple chemical reaction.

This diagram may appear trivial to the expert chemist but for a novice it contains
much information about the chemical reaction at both the sub-micro and symbolic
levels presented in multiple representational formats. Unless teachers are explicit
in their use of these representations it is unrealistic to assume that students would
develop the same ability to choose an appropriate representation for a given process.
It is possible that students can use and understand the representations without being
able to see how they are related. Several authors (Hinton and Nakhleh, 1999; Kozma
and Russell, 1997; Nurrenbern and Pickering, 1987) suggest that students are made
aware of all three levels of representations and given opportunities to use them in
solving problems.

The schematic representation of chemical reactions is a powerful tool to probe
the understanding of processes most commonly presented at the symbolic level only.
About 20 years ago, Nurrenbern and Pickering (1987) used diagrams depicting the
sub-micro level of chemistry and showed that while students could solve math-
ematical chemistry problems, they had difficulties in answering conceptual prob-
lems covering the same topics. This was especially the case for problems involving
the particulate nature of matter. Several authors have investigated the use of sub-
micro representations in assessing students’ understanding of chemical concepts.

Fig. 8.4 Information contained in a balanced equation (from M. S. Silberberg, Chemistry: The
molecular nature of matter and change, 4th ed., McGraw Hill, 2006, p. 106, reproduced with
permission of The McGraw-Hill Companies)



178 B. Davidowitz and G. Chittleborough

For example, Chittleborough and Treagust (2008) found a great variation in stu-
dents’ ability to explain specific diagrams at either the macro or sub-micro level.
Students’ interpretation and understanding of chemical diagrams was dependent on
each individual’s understanding of the sub-micro level of matter.

Molecular visualisation of the sub-micro level is the key to developing mental
models of the level. Multimedia technology is being used increasingly and pro-
vides an opportunity to present multiple levels simultaneously in various formats
such as video, animations and simulations e.g. Molecular Workbench, SMV: Chem,
Connected Chemistry and 4M:Chem. Ardac and Akaygun (2004) investigated the
effectiveness of multimedia-based instruction on students’ understanding of chemi-
cal reactions. They found that connecting a visual display of related representations
of the three levels of a chemical change does not guarantee that students will relate
these together in a consistent manner. Ardac and Akaygun suggest that students
should receive specific instruction to ‘highlight the correspondence between the
related representations’ (p. 332). Onwu & Randall (2006) investigated students’
understanding of the link between the sub-micro and macro levels and found that
students had difficulties in imagining the macroscopic events in terms of the partic-
ulate model as represented by the sub-micro representations. They caution against a
too hasty approach in teaching the basic concepts of particulate matter which ideally
need time to develop.

While Kozma and Russell (2005) recommend the use of visualisation resources,
the value of the various formats for various topics is debatable. Kozma and Russell
confirm ‘we are not able to say, given the state of the research, for which topics
or students it is best to use animations versus still pictures or models’ (p. 330).
Ardac and Akaygun (2005) on the other hand favour the use of dynamic visuals
(preferably on an individual basis) over static visuals when presenting molecular
representations, confirming that ‘dynamic visuals can be more effective than static
visuals in fostering molecular understanding about the changes in matter’ (p. 1295).
Obviously both static and dynamic forms are valuable and can be used to comple-
ment each other.

There is convincing evidence from the literature that most student difficulties
and misconceptions in chemistry stem from inadequate or inaccurate models of the
molecular world (Lijnse, Licht, de Vos, & Waarlo, 1990). In this regard Johnstone
& El-Banna (1986) encouraged students to learn new concepts by thinking about
them at three levels: the macro, symbolic and micro (molecular) levels. Kozma and
Russell (1997) and Bowen (1998) have identified representational competence (the
ability of students to transform representations in one form to equivalent representa-
tions in another) as an important aspect of successful problem solving in chemistry.
In a study to assess students’ proficiencies in chemistry upon first entry to tertiary
science education in South Africa, Potgieter, Davidowitz, and Blom (2005) designed
a test instrument to assess conceptual understanding, logical scientific reasoning, ba-
sic mathematical ability, knowledge of subject content and scientific process skills.
The analysis revealed serious inadequacies in the ability of students to translate the
different modes of representation in chemistry to a molecular level interpretation.
They were also unable to translate symbolic presentations (molecular formulae and
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reaction equations), and everyday or experimental observations into accurate in-
terpretations of events at the molecular level. These findings reflect that teaching in
most South African secondary schools is strongly procedural rather than conceptual,
and that teachers seldom use schematic presentations in teaching and assessment.

The Use of Chemical Diagrams in Textbooks

The abstract nature of chemistry and the need for the learner to develop a personal
understanding of chemical events occurring at the sub-micro level necessitates the
use of an extensive range of symbolic representations such as models, problems and
analogies. Most of the current learning materials in chemistry make use of the full
range of representations. Since this chapter focuses on diagrams, we will consider
their use in textbooks because these are likely to be the most widely used resources
for students. In an era where multimedia is all pervasive, teachers, textbook authors
and instructional designers are aware that being able to switch between the three
levels of chemistry is the key to understanding the basic concepts. In his preface to
the second edition of his text book, Chemistry: The Molecular Nature of Matter and
Change, Silberberg notes that

Chemistry deals with changes that we observe in the world around us, and with the atomic-
scale events that cause them. Throughout the text, discussions team up with illustrations to
bring home this central theme. Models are explained at the observable level and then from
a close-up, molecular point of view. To bridge the mind-boggling size gap between these
two levels of reality, the first edition (1996) broke new ground in chemical illustration
with an art program that juxtaposed the macroscopic and atomic views, and, wherever
meaningful, the symbolic view in the form of the balanced equation. (Silberberg, 2000
pp. xv–xvi, emphasis added).

Examination of elementary general chemistry texts over the last decade reveals
an increasing use of multiple representations. An example described as a hallmark
by Silberberg is shown in Fig. 8.5.

Figure 8.5 is an example of one of the many three level illustrations which
provide a macro and sub-micro view of a process designed to enable students to
connect these with each other and with the chemical equation that describes the
process in symbols. Several of the ‘end of chapter’ problems in the textbook by
Silberberg (2000, 2003, 2006) contain sub-micro representations as do some of
the test banks supplied to the instructors. In general, the use of sub-micro dia-
grams in assessment has developed more slowly than the introduction of the use
of the diagrams in text books. For example in the text book, General Chemistry,
the chapter on Atoms, Molecules and Ions in the fifth (Ebbing, 1995) and sixth
(Ebbing & Gammon, 1999) editions contain no questions with sub-micro represen-
tations in contrast to the seventh (Ebbing & Gammon, 2002) and eighth (Ebbing
& Gammon, 2005) editions which contain 8 and 10 of these types of questions,
respectively.
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Fig. 8.5 A three level illustration (from M. S. Silberberg, Chemistry: The molecular nature of mat-
ter and change, 4th ed., McGraw Hill, 2006, p. xxv, reproduced with permission of The McGraw-
Hill Companies)

Using Sub-micro Diagrams Effectively in the Teaching and
Learning of Chemistry

This section describes exemplary ways that diagrams of the sub-micro level can
be used effectively in the chemistry classroom. Three case studies are presented
each identifying a particular conceptual or instructional difficulty and a suggested
pedagogical approach that addresses the difficulty.

Case Study 1: Developing skills in interpreting and constructing sub-micro dia-
grams with students from educationally disadvantaged backgrounds

The conceptual difficulty is a lack of ability to relate the three levels of repre-
sentation. The strategy uses diagrams to link the sub-micro and the macro level;
introduces the sub-micro level before teaching the symbolic conventions; and en-
courages students to draw and annotate their own drawings of the sub-micro level.
It has been suggested that instruction in chemistry should link the three basic repre-
sentations in chemistry to allow students the opportunity to work with a combination
of the macro, sub-micro and symbolic representations (Hinton and Nakhleh, 1999;
Johnstone, 1993; Kozma and Russell, 1997; Nurrenbern and Pickering, 1987).
Davidowitz teaches chemistry to students identified by the University of Cape
Town as being from educationally disadvantaged backgrounds. The programme of-
fers a curriculum that attempts to take account of poor preparation at school by
making few assumptions about students’ prior knowledge. Research has revealed
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that students undertaking a first year university course in chemistry are unable to
translate between the different levels of representations (Potgieter, Davidowitz, &
Blom, 2005). Instruction therefore, focuses on the use of teaching resources such
as in Fig. 8.6 which introduces the relationship between the sub-micro and macro
level at the start of the course prior to the use of any symbolic representations such
as chemical formulae. This strategy intentionally focuses on diagrams at the sub-
micro level to provide students with a foundation on which to build ideas such as
atoms and molecules, elements, compounds and mixtures. Students are encouraged
to engage with these concepts during the tutorial sessions where they work through

Key to sample Sub-micro representation Macro description

neon or argon 
(monatomic gas) 

Gas, no fixed volume, 
colourless, odourless

Neon and argon are elements.

Atoms are not touching

← oxygen
← hydrogen

water molecules
(liquid)

Clear liquid, fixed volume, 
no fixed shape.

Water is a compound.

Molecules touching, no fixed 
order

aluminium atoms 
(solid)

Shiny solid; fixed shape and 
volume.

Aluminium is an element.

Atoms touching, ordered or 
regular arrangement

glucose

water

Colourless liquid, no fixed 
shape; sweet taste.

Glucose in water is an 
example of a mixture.

Molecules touching, no 
ordered arrangement; glucose 

molecules are found in 
between the water molecules

Fig. 8.6 An introduction to conventions commonly used in sub-micro representations
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  Key

A

B2

Fig. 8.7 Balancing an equation presented as sub-micro particles

a problem set in which they have to classify representations in terms of both the
phase and composition of the substance. They are also presented with samples of
substances and asked to draw the corresponding sub-micro representations which
present a much greater challenge than simply identifying observable features pre-
sented to them.

Sub-micro representations are used extensively in teaching the mole concept,
stoichiometry, solubility and chemical equilibrium at UCT1. Having students draw
and annotate chemical diagrams representing chemical phenomena at the sub-micro
level can provide some insight into their understanding of chemistry at the macro
level. The following examples are typical of the questions used to probe links be-
tween the sub-micro and symbolic levels of representations as part of the assessment
practice for this course. For example, students were asked to balance the equation
shown in Fig. 8.7.

In order to answer this question, students had to identify the product as AB and
realise that a balanced equation is always written using the smallest whole numbers
ratios for reactants and products. It is pleasing that 63% of the UCT cohort were able
to write an appropriate balanced equation compared with the low number of cor-
rect responses (15%) reported by Sanger (2005) who used a free response question
based on Nurrenbern and Pickering (1987) particulate drawing to evaluate students
conceptual understanding of balanced equations and stoichiometric ratios. On the
other hand, 22% of the UCT students translated the diagram directly into a chemical
equation [6A + 3B2 → 6AB] which is similar to a finding by Devetak, Urbancic,
Grm, Krnel, and Glazar (2004) who used sub-micro representations as a tool for
evaluating students chemical conceptions of chemical equilibrium. Only 6% of the
UCT cohort failed to identify the product of this reaction as AB while the remainder
made errors involving the stoichiometry of the reaction depicted in Fig. 8.7. These
results of the UCT study suggest that allowing students to engage with the material
using multiple representations as recommended by Johnstone (1993) and Devetak
et al. (2004) has been instrumental in the improved performance of students relative
to the study reported by Sanger (2005).

Case Study 2: Sub-micro diagrams as a diagnostic or assessment tool with first year
university chemistry students

1 UCT; abbreviation for University of Cape Town, South Africa
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Key

Hydrogen

Nitrogen

Nitrogen, N2, and hydrogen, H2, react to form ammonia, NH3.
Consider the mixture of N2 and H2 shown in the diagram. 

a) Write a balanced equation for this reaction.

b) What is the limiting reagent in this reaction?

c) What is the maximum number of ammonia molecules
that can be formed in this chemical reaction?

d) Draw a microscopic representation of the contents of the
container after the reaction.

Fig. 8.8 Stoichiometry question based on a sub-micro diagram of the reactants

The instructional difficulty is the student’s inability to interpret diagrams; the
strategy to address this requires tasks that allow students to interpret the diagrams,
relate diagrams to symbolic representations and construct their own diagrams. While
some of the questions in text books make use of diagrams to probe conceptual under-
standing, very few questions require students to construct diagrams. A rare example
is shown in Fig. 8.8 (adapted from Brown, LeMay, & Bursten, 2006, p. 111). As-
sessment procedures used with first year students at UCT during the first semester of
2007 included having students construct diagrams. The questions shown in Figs. 8.8
and 8.9 were used in class tests as formative assessment. To answer the question
shown in Fig. 8.8 students had to interpret the diagram which is a more challenging
exercise with a higher intellectual demand than the conventional style of question
shown in Fig. 8.9. The question shown in Fig. 8.9 can be answered using only the
symbolic level of representation.

The following reaction can be used to generate hydrogen gas from methane, CH4.

CH4(g) + H2O(g) → CO(g) + H2(g)

a) Balance the equation for this reaction.

b) Which is the limiting reagent when 500 g methane reacts with 1300 g water?

c) How many grams of hydrogen can be produced in this reaction?

Fig. 8.9 A typical stoichiometry question on limiting reagents and amount of product formed in a
reaction

A summary of the responses to the questions shown in Figs. 8.8 and 8.9 are
presented in Table 8.2

Most students demonstrated the ability to translate from the sub-micro to the
symbolic level by writing a balanced equation for the reaction in the question
shown in Fig. 8.8. In determining the limiting reagent, however, there were a lower
number of correct responses than for the question in Fig. 8.9 based on stoichiom-
etry. The difference in performance is even greater for part (c) of both questions
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Table 8.2 Summary of responses to questions in Figs. 8.8 and 8.9 (N = 111).

Question 8% Correct
responses

Question 9% Correct
responses

Balanced equation 87.5 94.6
Limiting reagent 60.7 98.2
Amount of product formed 37.5 66.7

which essentially involves a determination of the amount of product formed in the
reaction. Students are clearly capable of solving stoichiometry problems using an
algorithmic-style problem-solving template, Fig. 8.10, while they find it more dif-
ficult to do so using sub-micro representations despite the opportunities to prac-
tice using the sub-micro representations in tutorials. This finding demonstrates the
greater intellectual challenge involved in interpreting the diagrams relative to prob-
lems involving only symbols as noted by de Jong and van Driel (2004) and Treagust
et al. (2003).

Part (d) of the question in Fig. 8.8 required students to draw a microscopic rep-
resentation of the contents of the container after the reaction. Just over a quarter
of the cohort were able to draw a correct representation of the reaction mixture,
namely ammonia and the agent in excess. Almost a fifth of students drew a suitable
sub-micro representation of the product molecules but did not include the reagent in
excess. About one third of the responses contained a wide variety of incorrect sub-
micro representations. Even though students had been taught stoichiometry using
sub-micro diagrams such as Fig. 8.4, a number of them (19%) drew diagrams con-

Mass A (g) Mass B (g)

         g mol–1          g mol–1

Moles A
Balanced equation

A B→
Moles B

         NA                         NA

Number of atoms, ions or
molecules A

Number of atoms, ions or 
molecules B

Fig. 8.10 A schematic diagram showing the relationship between mass, moles and the number of
particles in a balanced equation
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Fig. 8.11 Students’
representations of the product
of the reaction for question in
Fig. 8.8

a b

taining representations consistent with the total number of particles in the product,
2NH3. Two commonly occurring examples are shown in Fig. 8.11.

The representation in Fig. 8.11b is similar to one noted by Yarroch (1985) who
investigated students’ understanding of balancing chemical equations. His results
showed that while all the students were able to balance the four chemical equations
presented to them, 42% of them could not construct sub-micro diagrams consistent
with the symbolic representation of the balanced equation.

Based on their responses to the question in Fig. 8.8 above, the UCT cohort appear
to have a better understanding of basic concepts of equations and reactions than stu-
dents in a study reported by Mulford and Robinson (2002). These authors developed
an instrument to investigate common alternative misconceptions about topics found
in the first semester of traditional chemistry courses. One of their test items focussed
on the understanding of chemical formulae and equations using a sub-micro diagram
for the reaction of sulphur and oxygen to produce sulphur trioxide. Students were
asked to choose the diagram which showed the results after the mixture had reacted
as completely as possible according to the balanced equation shown. The results
revealed that the students had a very poor understanding of these key concepts in
chemistry with only 11% (pre-test) and 20% (post–test) able to select the correct re-
sponse, while 60% (50%, post-test) of these students chose representations for S2O6

which takes into account only the number of particles in the product. In contrast,
27% of the UCT students could draw the correct products of the reaction and only
19% gave a response based on the number of particles of product in the balanced
equation showing the benefit of explicit teaching using sub-micro diagrams.

It could be argued that students may experience difficulties in understanding un-
familiar sub-micro diagrams which may contribute to their poor performance in an-
swering questions as reported in the study by Mulford and Robinson (2002). These
authors believe that this is not the case since the diagrams used as distractors for the
question on sulphur trioxide were generated by students during the design of their
instrument. Interviews with students revealed that none of them had any difficul-
ties in understanding the representations. Hinton and Nakhleh (1999) recommend
that not only should educators make explicit use of multiple representations in their
classrooms, they should design assessment tasks to reveal students’ understanding
of ideas around the different levels of representation commonly used in chemistry.
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Having students draw their mental model of the product of the reaction reveals
misconceptions in understanding of the particulate nature of matter which could
then be addressed in the classroom.

Case Study 3: Using diagrams to categorise chemical substances

In this case the instructional difficulty is the student’s inability to classify chemi-
cals using diagrams; the teaching strategy encourages students to practice linking to
both the macro and sub-micro levels simultaneously, promoting dialogue about the
sub-micro level and extending to activities that require higher-order thinking such
as predictive tasks.

The categorisation of chemicals into various groupings such as metals, non-
metals, elements, compounds and ions, can be confusing for novice students. To
address this confusion, a study conducted with first year non-major university chem-
istry students (Chittleborough & Treagust, 2007), involved interviews about their
understanding of various chemical diagrams. The results showed a range of re-
sponses largely influenced by the students’ chemical background knowledge. For
example, one student’s response revealed a difficulty transferring from the two-
dimensional representation to the three-dimensional as well as understanding the
basic difference between elements and compounds. Also her understanding of the
subatomic level seemed to be interfering with her understanding at the atomic and
molecular level. Another student, who had more chemical background knowledge,
discussed his understanding of the representations:

Int.: Why did you think this one was a compound (referring to Fig. 8.12)
Student A The lines represented a bond.

Int.: Oh OK and you said the bonds mean a compound and then you looked
at it twice, and what did you realise?

Student A: It might not be a compound – you don’t know – you only know what the
lines represent.

Int.: Second time you looked at it you said it was an element – why did you
say it was an element?

Student: Simple because it could be an element or a compound – I’m not too sure.
Int.: What do the circles represent?

Student A: To me they represent an element.

Fig. 8.12 Diagram used in
the interview with students
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This student equated lines with bonds, and he associated bonds with compounds,
forgetting that elements can also have bonds. He also equated circles with elements
not atoms. Lastly another student, who was able to distinguish the reality from the
representation, did not relate the two at all.

Int.: How do you visualize the beaker with the ions mixing/dissolving in with
the water?

Student B: I honestly have no idea when it comes to things like that. Like I can’t
visualize the difference between having H2 O written down on paper and
then looking at it. It doesn’t look the same, it’s nothing.

Int.: Yeah, So the real thing is so remote from the symbolic that . . .
Student B: It’s unbelievable.

This student had no chemistry background knowledge and did not think about
matter in a particulate way. This student did not link to the macro and sub-micro
levels simultaneously but used them independently. These results reveal difficulties
that some students have in identifying the significant components of chemical di-
agrams and the conventional symbolism that are used. Consequently, assumptions
commonly made by instructors with respect to students’ abilities to interpret chem-
ical diagrams should be questioned.

Implications for Teaching

Research and practice suggest that teaching approaches may enhance the effective-
ness of using diagrams in teaching chemistry. To achieve this outcome, teachers can:

� Use diagrams carefully and explicitly
� Be selective in their choice of diagrams
� Use multiple chemical diagrams, especially those that incorporate all three levels
� Respond to the visual capabilities of students e.g. visual learners
� Respond to the availability of enhanced visuals resulting from new technologies
� Use diagrams to discuss processes which cannot be seen with the naked eye
� Familiarise students with the conventions used in diagrams
� Require students to construct diagrams of the sub-micro level
� Allow students to practice interpreting multiple representations
� Provide scaffolding to develop competence
� Use diagrams for predicting and testing
� Promote metavisualisation skills
� Make no assumptions about students’ ability to interpret diagrams of the sub-

micro level

The information presented suggests that there is a need for strategies that promote
active interaction with diagrams. Consistent with a constructivist approach, these
suggested strategies require students to demonstrate their understanding and receive
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feedback. In this way, the diagram becomes an active tool rather than a passive tool
for learning.

Students’ use of diagrams is frequently limited by their lack of chemical knowl-
edge, their lack of ability to attend to the detail of the diagram and their lack of
ability to use chemical terminology accurately, evidenced by the incorrect use of
chemical phrases and misuse of everyday language. There are three important facts
that need to be understood in order to gain a better understanding of the sub-micro
level:

� Many symbolic representations such as diagrams are used to help understand the
unseen sub-micro level of chemical representation of matter.

� The symbolic level of chemical matter is a representation, while the sub-micro
level of chemical matter is real.

� Accuracy and detail provided by multiple symbolic representations are sources
of information to understand the sub-micro level of chemical representation of
matter.

These three aspects are illustrated in Fig. 8.5 which depicts a representation of
the sub-micro level, has links to the macroscopic level to make the representation
real and to provide a context, and presents angles, sizes and colours for accurate
detail of the representation. Based on these three important facts, teachers and in-
structors must create opportunities for their students to learn to interpret sub-micro
diagrams which are a feature of modern learning materials. As noted earlier, chemi-
cal literacy includes being able to interpret and use chemical diagrams (Gabel, 1999;
Johnstone, 1993; Treagust & Chittleborough, 2001) thus this skill should be taught
and assessed. Instead of simply assuming that students will absorb the information
presented to them in sub-micro diagrams, teachers should ‘add value’ by guiding
them to a full understanding of this potentially very powerful tool. The conventions
used in the sub-micro representations should be taught explicitly.

Assessment in chemistry commonly emphasises numerically based problems,
so reference to the sub-micro level can be marginalised or considered to be less
important. An alternative approach is to provide students with greater exposure to
a variety of chemical diagrams of different formats. Having students construct their
own diagrams has been shown to be effective in revealing their understanding of
particular concepts. Diagrams are a valuable teaching tool but should not be used in
isolation since research has recommended the need to link sub-micro diagrams to
other levels of representations in chemistry.
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Part III
Classroom Solutions to the Challenges

Posed by the Triplet Relationship

This section consists of five papers, each taking a different approach in addressing
the challenges that are posed by teaching and learning about the triplet relationship.

The first approach, taken by Pilot, Meijer and Bulte, in Chapter III, is to break up
the challenges into smaller segments and to ensure that meeting those challenges is
seen to be worthwhile by students. Building on the socio-cultural theory of knowl-
edge construction, with its emphasis on access to authentic tasks under the guidance
of experts, they interviewed expert chemists about how they would go about mak-
ing unbreakable crockery, gluten-free bread and a bullet-proof vest, respectively.
An analysis of the interviews showed that the experts used a series of intermediate
representations on moving between the sub-micro and macro. On the basis of this,
they designed a series of classroom activities based on these three exemplar tasks
that caused the students to use such intermediate representations. The conclusion
drawn is both radical and very worthwhile: the cognitive gap between the macro
and the submicro can be bridged.

In Chapter 10, Scheffel, Brockmeier and Parchmann, look at the value of the
study of the history of chemistry in chemical education, focusing especially on
the insights the approach affords to understand the macro/submicro/symbolic links.
They give concise accounts of the historical development of five major themes in
chemistry (the particulate nature of matter, structure–property relations, ionic bond-
ing, covalent bonding and organic chemistry, macromolecular chemistry), focusing
on how submicro and symbolic representations and explanations evolved, and re-
view the educational research literature on students’ understanding of these themes.
Their thesis is that knowledge of how chemistry developed historically can sup-
port students in developing their ideas from those seen as important in historical
episodes. They also discuss some ideas of how this can be done in the classroom
and give some preliminary results of their implementation.

In contrast,Chapter 11 looks at the very recent introduction of computer-based
multimedia technologies into chemical education as a way of forging macro/sub-
micro/symbolic links. Chiu and Wu discuss the value of such approaches as, re-
spectively, a modelling tool, a learning tool, an assessment tool and an instructional
tool. Their thesis is given added weight by the inclusion of results from classroom
development and evaluation projects.
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The key to all the approaches to forging macro/sub-micro/symbolic links is the
act of modelling i.e. that of producing internal representations of a phenomenon
and the associated external representations of those. Underlying the process of mod-
elling is the exercise of visualization: mentally acting on an internal representation.
In Chapter 12, Justi, Gilbert and Ferreira, present a ‘model of modelling’: a frame-
work of actions and cognition associated with the production and use of an internal
representation. Taking the case study of ‘chemical equilibrium’, they show how high
school children engage in the act of modelling and, in particular, how the skills of
visualization are deployed and developed.

If modelling is the core mental activity in developing an understanding of the
triplet relationship, then providing a situation in which students and teachers feel
it to be worthwhile is equally important. In Chapter 13, Savec, Sajovi, and Grm,
drawing on a national project in Slovenia, present a case study of the use of a
context-based approach to course design. They give an account of the development
and implementation in schools of a teaching unit on ‘chemical reactions’ that is
context-based, showing that it was very effective in enabling students to learn the
key ideas of the topic. Of equal importance is the fact that the whole project was
conducted on an ‘action research’ basis, with classroom teachers centrally involved
in all aspects of the project. These teachers kept ‘reflective diaries’ as the project was
implemented, revealing a great deal about how this project, typical in many ways
of innovations concerned with the triplet relationship, was adopted and adapted in
schools.



Chapter 9
Structure–Property Relations Between Macro
and Micro Representations: Relevant
Meso-levels in Authentic Tasks

Marijn R. Meijer, Astrid M.W. Bulte and Albert Pilot

Abstract In chemistry education, micro–macro thinking using structure–property
relations is considered as a key conceptual area for students. However, it is difficult
but challenging for students and teachers. In this chapter, we have redefined this
domain in terms of a coherent set of philosophical, substantive and pedagogical
substructures. Starting from the philosophy that chemistry should be considered as
a human activity, scientific and technological developments are interrelated with
issues in society and part of our cultures. In many communities of practice in so-
ciety, knowledge is regarded as a tool necessary for performing the activities of
those practices. Learning chemistry can be seen as participation in relevant social
practices. Within this vision, we have selected tasks belonging to authentic chem-
ical practices in which structure–property relations were explored in different sub-
domains (biochemistry, inorganic material science and organic polymeric material
science). Within the substantive substructure, meso-structures are essential to iterate
between the macro- and the sub-microscopic level. Interrelating structure–property
relations connect student learning of these chemical concepts to the contexts of their
everyday lives and to contemporary science and technological issues. Using this way
of macro–micro thinking, two units for teaching structure–property relations were
designed. These units focus on macro–micro thinking with steps in between: what
we have termed ‘meso-levels’. The results of the conceptual analysis of structure –
property relations and how these relations are used in macro–micro thinking are
discussed. We also present a first exploration of students’ learning of authentic tasks,
focusing on their conceptual development.

Reconsidering the Content of the Domain of Macro–Micro
Thinking

Micro–macro thinking using structure–property relations is considered as a key
conceptual area in the domain of chemistry. This area is concerned with the un-
derstanding of properties and transformations of materials, for which chemists
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construct models for investigating known and new substances and their transforma-
tions (Justi & Gilbert, 2002). For some tasks these models imply evident relations
between macroscopic properties (boiling point, solubility) and sub-microscopic
models like molecules or atoms. However, for many other tasks in contemporary
science and technology, the relevant structures appear to be at other levels than
the sub-microscopic level. In many contemporary authentic tasks, properties of
materials are explained and predicted by ‘models’ that do not immediately relate
to structures at a molecular or atomic level (e.g. nanotechnology, genomics and
micro-structured materials). Empirical data on the functional relevance in chemical
expertise for such tasks and the scales of these intermediate levels will be discussed
in this paper.

Learning to relate macroscopic phenomena to sub-microscopic models is per-
ceived as difficult. When trying to acquire knowledge about such models, students
have difficulty understanding the relation between the phenomena and their rep-
resentation. The step from the level of macroscopic phenomena to the lowest sub-
microscopic representations is huge. Often it implies a number of relations and steps
that are not described explicitly in textbooks (Han & Roth, 2006). Breaking up the
macro–micro jump into smaller parts could make the cognitive load less demanding
for students. Intermediate (meso) levels might be functional in the teaching and
learning of macro–micro thinking. Within this respect, Millar (1990) states that

‘we do not have to go straight from the observable to the atomic/molecular level; there are
steps in between’ and ‘that learning necessarily proceeds via a series of intermediate steps,
or ‘models’ . . .’ (see also Besson & Viennot, 2004 for physics education).

We therefore focus on a system of intermediate ‘meso’ levels that manifest
when studying structures and properties of macroscopic objects and materials, such
as foods, designed everyday artefacts and cloths (cf. Aguilera, 2006; Cussler &
Moggridge, 2001; Walstra, 2003). For example, weaving patterns of threads com-
prise fibres that have amorphous and crystalline filaments. These structures are ex-
amples of intermediate meso-structures that relate to properties, such as the strength
of a thread, the flexibility of textile and the stiffness of cloths. Properties and struc-
tures can be attributed to the different scales of this system. Within such a conceptual
schema, the meso levels should link macroscopic phenomena to microscopic models
in a step-wise thinking process using the structure, properties and their interrelations
at the different levels.

Although in the context of everyday life and in contemporary science and tech-
nology, new materials and structured foods have come into focus, the learning of
how to relate the sub-microscopic world of chemistry to macroscopic phenomena
of these (bio)materials has not become a substantial part of the chemistry curricu-
lum in schools. Instead, many school chemistry curricula have a dominant focus
on corpuscular theories that pretend to offer students a general perspective for
interpreting macroscopic phenomena. Additionally, student learning is organised
by textbooks-with-exemplars where dealing with the symbolic representations may
lead to ‘plugging in numbers’ (see Van Berkel, Pilot, & Bulte, in press). Van Berkel
et al. have analysed how a curriculum consists of three substructures: a substantive,
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Fig. 9.1 For a new coherent relationship between philosophy, pedagogy and scientific content; the
three conventional substructures should be simultaneously replaced by three new substructures in
a coordinated way

a philosophical and a pedagogical substructure (Schwab, 1964, 1978; Fig. 9.1). Van
Berkel et al. conclude that a coordinated replacement of all three substructures,
including the reconceptualisation of the substantive substructure, is necessary if
school chemistry is to address new scientific and technological developments and
to deal with a better pedagogical approach than the dominant micro–macro thinking
with its strong corpuscular basis. Students’ thinking should start with macroscopic
phenomena; it implies the search for those models that are applicable when manip-
ulating and understanding properties of materials. We therefore identify this type of
thinking as macro–micro thinking (in stead of micro–macro thinking). The mean-
ingful learning of macro–micro thinking in a relevant context (Gilbert, 2006; Pilot
& Bulte, 2006) thus implies a new coherent vision on the curriculum’s philosophy;
the curriculum content and its pedagogy (see also Fig. 9.1).

Towards a New Vision of Macro–Micro Thinking

Philosophical Substructure

A key starting point for learning chemistry is to consider chemistry as a human
activity. Scientific and technological developments are interrelated with society and
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part of our cultures. In society, in many communities of practice (Wenger, 1998),
knowledge is seen as a tool necessary for performing the activities of those prac-
tices. A chemical and technological perspective offers a view on the materials and
substances we use, that we are made of and that constitute our material world. This
enables us to understand certain macroscopic phenomena and offers us possibilities
to technologically improve our environment, and reconsider their ethical implica-
tions. The way communities discover knowledge as tools and define these tools as
valid and applicable constitutes the philosophical structure of the community. The
process by means of which representative participants of relevant scientific and tech-
nological communities deal with material science, develop and validate knowledge,
is related to the selection and analysis of authentic tasks.

Substantive Substructure (Sub)

The content of a curriculum must be functional when dealing with societal activi-
ties: necessary chemical concepts, skills and attitudes with respect to macro–micro
thinking must be included. This can be derived from representative authentic tasks.
The content of the curriculum should be considered as a chemical toolbox. The tra-
ditional content of the present chemistry curriculum, such as the structure of atoms,
ionic theory, fundamental acid–base calculations, are not necessarily part of the
chemical toolbox when addressing chemical and technological tasks. The validity
of the toolbox (philosophical substructure) is determined by the representative prac-
tices and tasks related to chemistry (cf. ‘need-to-know’ principle in context-based
approaches).

Pedagogical Design (Ped)

As Schwab explained (see Van Berkel et al., in press), the choice of a pedagogical
approach is not independent of the chosen philosophical and substantive substruc-
ture of a curriculum. A philosophical and a substantive substructure together imply
and determine a pedagogical substructure. The pedagogical substructure must be
brought in agreement with appropriate principles of teaching and learning. Students
should construct knowledge through their interactions with participants of relevant
communities of practice in material science. Fundamental to this perspective are fea-
tures of active construction, situated cognition, community anddiscourse (Anderson,
Greeno, Reder, & Simon, 2000; Kelly, 2007; Rivet, Slinger, Schneider, Krajick,
& Marx, 2000). Through discourse, students should become familiarised with the
common language of chemistry as a perspective on the world. The design of learning
tasks must stimulate students to realise that they come to need a chemical perspec-
tive. A new vision on chemistry education should explicitly aim at putting students
in a position where they themselves want to extend their conceptual network (Lijnse
& Klaassen, 2004). Novices learn by participation in a community where they learn
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the expert’s personal knowledge, intellectual passion, faith, trust, tacit understand-
ing, and methodological rules embodied in scientific and technological practices
(Jacobs, 2000; Polanyi, 1958). It is by the expert’s inspiration that students may
enter their zone of proximal development (Vygotsky, 1986).

In sum, this new vision on the learning of macro–micro thinking consists of a
coherent construct of the three following substructures (see also Fig. 9.1):

� Philosophical substructure: the argumentation about how content is defined as
valid and applicable in chemically relevant social (communities of) practice;

� Substantive substructure: a chemical toolbox for the selected practices with
macroscopic phenomena as relevant ‘properties’ as a starting point; the ‘toolbox’
consists of those representations identified as ‘structures’, relevant features of the
structures and explicit relations between ‘structures’ and ‘properties’.

� Pedagogical substructure: the way students may come to be participant of the
selected practices.

In this vision, the conceptual analysis within the substantive substructure for
macro–micro thinking is thus highly dependent on the selection of chemically rel-
evant practices within which authentic tasks are situated. These tasks thus need to
be selected on criteria consistent with the adopted vision on macro–micro thinking
as described above. Firstly, tasks need to be situated in chemically representative
practices (Phil). Secondly, a task should be selected such that it can bring students
to within its zone of proximal development (Ped; Vgkotsky, 1986). In this way stu-
dents can be expected to be willing to extend their conceptual network (cf. Prins
et al., 2008). Thirdly, the exemplary tasks should cover a wide range of the domains
of contemporary chemistry and technology in which macro–micro thinking plays a
central role (Sub).

Consequently we have selected three tasks in three relevant domains of chem-
istry and (material or food) technology which are expected to be within the zone of
proximal development for students:

� the development of gluten-free bread (domain of biochemistry);
� the design of unbreakable ceramic crockery (domain of inorganic material sci-

ence); and
� the design of a flexible bullet-proof jacket (domain of polymeric organic material

science).

With respect to the nature of the tasks, we chose a developmental or a design task
because we expected that such a behavioural environment (Gilbert, 2006) is closer
to the lives of students. Besides, these tasks may offer opportunities for experimen-
tation and hands-on activities in classrooms, when such tasks are meant as contexts
for learning macro–micro thinking.

We therefore started to explore the use of relations between representations of
structure and properties of materials using these context-based authentic tasks as a
starting point (cf. Bulte, Westbroek, de Jong, & Pilot, 2006). We aimed to recon-
ceptualise the content of macro–micro thinking and structure–property relations, to
make these structure–property relations explicit to connect macroscopic phenomena
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with microscopic representations in a new conceptual schema, which is appropriate
for addressing contemporary chemical and technological tasks. Relevant documents
(research articles, scientific textbooks, etc.) were analysed. Subsequently we se-
lected experts for three tasks in representative authentic social chemical and techno-
logical practices. When consulting and interviewing the experts, they were asked to
think aloud while addressing the tasks. By analysing the transcripts of interviews,
we analysed the outcomes in terms of the substantive substructure of a curriculum,
which should be in accordance with the chosen philosophy. This analysis forms the
first part of this chapter.

In the second part of this chapter, we present to what extent students can learn
to work with the new content of the activities closely related to the authentic prac-
tice. This is a further development of the pedagogical substructure that needs to be
coherent with the curriculum’s philosophy and its content. We therefore have used
the same authentic tasks as were used for deriving the new content. By doing so, we
maintained the coherency between the socio-scientific activity (Phil ) and the con-
tent that was necessary to address the tasks (Sub). We investigated how students can
be meaningfully involved in such authentic activities and come to see the relevance
to explain and predict properties of materials (Sub). This should ensure an emerging
coherency with the pedagogic substructure (Ped ) of the curriculum. Therefore, the
planning of an appropriate teaching and learning sequence should help students to
meaningfully learn (Ped) to use structure–property relations as links between the
different meso-levels. In this way, the students should see the point of why they
should eventually use molecular and atomic structures at the sub-microscopic level.
When students enter their zones of proximal development, the designed units should
productively build on the belief system of prior knowledge and notions of students
on how to handle this task and facilitate the expansion of their knowledge along
their activities while descending from the macro to the micro level.

Substantive Substructure of Authentic Socio-scientific Activity

After a description of each task, we present the results of the document analysis
and a summary of the experts’ consultation. Interviews were mainly categorised
on ‘structure’, ‘property’ and their interrelations (Meijer, Bulte, & Pilot, 2005).
This section starts with a more extensive description for the task about crockery.
The outcomes for the two other tasks are more briefly described. Subsequently, the
outcomes of the analysis of the two other tasks are summarised and generalised.

The Analysis of the Design of Ceramic Crockery

Crockery preferably is made from ceramic materials, although it is brittle and can
break rather easily. Properties of ceramics, such as resistance to absorb flavours
and low heat conductivity, however, are superior compared to metals and plastics.
Therefore, we defined a task to design crockery with improved mechanical strength.
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Textbooks about inorganic material science report that the strength of porcelain
cups is determined by the avoidance of crack growth. This can be achieved by using
grain particles with very small diameter, by addition of grain-growth inhibitors, and
by processing the material at high sinter temperatures. Changing these factors results
in a densely compacted (low porosity) phase (with a low content of silica) which
results in a limited crack growth. Such ceramic material will not break easily.

The expert tried to optimise the design of unbreakable crockery. First he wanted
to find reasons for using ceramic as the main material in terms of desired prop-
erties. From this first step, he concluded that ceramic had some advantages over
metals or composites. The expert made a sharp distinction between intrinsic and
extrinsic properties. The choice of type of ceramics was not relevant because the
desired properties are extrinsically determined. Thus relevant properties cannot be
much influenced by the difference in bonding strength due to the different types of
ions of the material. Consequently, the properties of ceramic crockery are not much
influenced by the actual choice of ceramic material. Because of this, the expert did
not include the ionic structure in his reasoning. When he was asked why he did not
use this sub-microscopic level, he explained; ‘it was not necessary because this [the
desired property] is not undergoing influences at atomic level at all’.

Relevant information taken from the documents was combined with the ex-
pert’s consultation. The verbal utterances combined with relevant representations
of structures in textbooks, papers and journals could be combined into a system of
structures, properties and their interrelation. The results are summarised in Fig. 9.2.
Six meso levels were relevant to address the task. At a meso level of (10−3 m) the
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Fig. 9.2 Conceptual schema of the development of an unbreakable cup. Examples of structure–
property relations are marked as lines.
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ceramics is coated with a glaze. The ceramic is a porous material (10−4 m) which
is a result of the sintering process (10−5 m). In this sintering process, grain particles
(10−6 m) form necks. A particle is built up from amorphous and crystalline phases
(10−7 m). Between these phases defects or regular parts (10−8 m) are found which
are built up from ions (10−9 m).

The expert did not order his reasoning in a fixed manner between macro and
micro level. This is expressed by reorientations (starting again at another level)
and iterations (switched between levels) of the expert, when he was weighing two
different alternative strategies (A and B). Examples of this type of reasoning are:

Re-orientation – What must I do? I can do two things. Keep defects small, if I
want to keep defects small I must start off with small particles.

– Route A is to keep the defect small. Made small by impreg-
nated. Two ways. Then you get route B that’s the strain.

Iteration – All right, then we get ceramics . . . And ceramic is essentially
brittle.

– And I can think of impregnating the defects. If I make them
large, yes exactly, that would be the alternative.

When comparing the document analysis with the expert’s consultation, two im-
portant differences come to the fore: (1) the generalisation of the expert’s thinking
process, and (2) less focus on the micro-level by the expert. The expert started with
a much broader set of materials (metals, polymers and ceramics). Then the expert
wanted to find a clear argumentation for using ceramic as a main material. This
makes the approach of the expert more general. Secondly, the expert had no reason
to use detailed information about the chemical components. Most desired properties
were only a result of microstructures (at meso level) and not of the (pure) ionic
substances. This implies that the expert used his knowledge about general properties
of this class of materials (ceramic). Documents, however, include the frequent use
of chemical information about several types of ceramics, the influence of whiteners,
grain growth inhibitors, and the amount of silica and mullite in porcelain. For the
expert, these details were not necessary to address the task. The expert’s reasoning is
more generally applicable. Figure 9.2 represents the combined conceptual analysis
of the design of unbreakable crockery taken from document analysis and the expert’s
reasoning.

The expert’s use of structure property relations can be expressed in ‘if . . .

then . . .’ clauses (Fig. 9.2) as ‘rules’ to connect properties to structures. In such
relations structures are assigned to a ‘smaller’ scale compared to properties. Ex-
amples are: ‘If you have particles with a small diameter (scale = 10−6 m), then the
connection is less strong (scale = 10−3 m)’, and ‘If I observe a high value of shrink-
age (scale = 10−5), then it may have resulted in a low porosity (scale = 10−4 m)’.
Ten structure – property relations were identified, but only one structure–structure
relation was found: ‘If I keep defects [structure] small then I must start with particles



9 Structure–Property Relations Between Macro and Micro Representations 203

with a small diameter [structure]’. This sentence can be interpreted as a construction
from two implicit structure–property relations between the diameter of the grains
and strength and between defects and strength. For example, porosity [property]
means less holes and pores between the sintered particles [structure], which results
in a decrease of possible path ways for crack formation [structure]. A limitation of
crack forming results in higher strength [property]. Connecting the properties with a
scale leads to the conclusion that properties are connected to macro level or a meso
level close to macro.

The Analysis of the Development of Gluten-Free Bread

This task involves the development of gluten-free food products for people that can-
not digest gluten. Corn that does not contain gluten may be used as an alternative.
However, gluten is a necessary component if dough is to rise, resulting in the desired
texture of bread. For an address to the task, it is necessary to know more about the
function of gluten. To capture the released gases (CO2) during fermentation, the
dough needs to be elastic though strong enough. The strength of the walls of the
‘pores’ that capture the gases is highly influenced by gluten. Gluten contains of a
network of long intertwined chains absorbing water and capturing gases. Such a
hydrophilic network structure can explain the strength and elasticity of the walls.
Hydrocolloids have the ability to form such structures. The process of ‘preparation
of dough’ and ‘fermentation’ mainly determines the final properties of the bread.
The structures in the dough are fixed during baking.

Exemplary statements of the expert are:

– During mixing of dough larger aggregates arise from gluten (meso-structures)
– If gluten is too loosely distributed in the matrix, then the dough will collapse

(structure–property relation)
– If the distribution is loose then the bread rises badly (structure–property relation).

In the documents, six different meso-levels are found. For example, dough con-
tains gas cells (10−4 m), enclosed by walls made up of a matrix with embedded
starch granules (10−5m). Granules, degraded due to enzyme attack (10−6 m), are
held together by gluten fibres made up of gluten particles (10−7 m). These particles
form the long (protein) molecular chains (10−8 m), made up of a single unit (amino
acids; 10−9 m). The elastic property of dough can be caused by the existence of a
gluten network [structure] which is impermeable for gasses [property]. This gluten
network is elastic [property] because chains of gluten particles [structure] can move
with respect to each other.

The Analysis of the Design of a Flexible Bullet-Proof Vest

The task in this study focused on enhancing the flexibility and reducing the weight of
a bullet proof vest (e.g. wearing it as a vest under tuxedos or evening dresses). Doc-
ument analysis and expert consultation revealed that a number of specific structures
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at different levels are used. The vest is a combination of mats that are glued together
with epoxy resin (Fig. 9.4). Each mat forms a densely woven pattern of strong poly-
meric fibres. The flexibility of the vest (property) can be enlarged in different ways.
The expert was weighing alternative strategies, iterating between options, zooming
in and out, checking consequences like: flexibility must not lead to divergence of
fibres, because then the vest does not absorb enough energy and even the bullet
will go through the vest. The balancing between flexibility and tightly woven fibres,
leads to a new focus on the importance of the strength of separate fibres. The prop-
erty ‘strength’ of the thread is related to the structure of the crystalline parts of the
polymer: a shish-kebab structure1 is strongly related to the strength of single fibres.
Molecular ladder structures of polymer chains in the Kevlar fibres with regular pat-
ters of hydrogen bonds may result in a regular crystalline ordering. This will result
in a higher strength of separate fibres.

The expert did not reason in a straightforward way from macro to micro, but
alternated between different alternative solutions (mats glued together, a single mat,
threads, fibres, other materials) and alternative reasoning for finding solutions by
considering new relations between properties and structures.

Generalisation of the Outcomes on the Three Tasks

Three analogous but theme-specific conceptual schemas have been constructed, with
systems which have several nested sub-systems (Meijer et al., 2005). Relevant mi-
crostructures at different meso-levels can be assigned to appropriate scales. In such
conceptual schemas, ‘structure’ can be defined as the distribution over space of the
components in a system. Physical building blocks of such a system are regions
that are bounded by a closed surface (Walstra, 2003), where at least some of the
properties within such regions are different from those in the rest of the system.

Intermediate meso-structures (and models of these structures) were necessary
when addressing the specific theme-related task. Properties could be assigned to
meso-levels as well, although properties usually are closer to the macro-level.
There appeared to be no fixed number of meso-levels, and experts did not order
their reasoning in a fixed manner of macro → (meso)n → micro or micro →
(meso)n → macro; their reasoning is characterised by reorientation and iteration.
Most structure–property relations bridge a gap of three or four orders of magnitude
of ten, when descending from macroscopic phenomena to meso-structures, and they
mostly do not directly relate to the macro- and micro-level. Such relations between
the highest and lowest level are very rare: In total, three out of the 22 identified
structure–property relations were identified in the experts’ protocols. Usually text-
books, research journals and other relevant papers do not present a system of nested
structures. The separate representations could be found, however, mostly presented

1 Heterogeneous nucleation of polymer crystallization resembling a visualized metaphor: compare
the way meat is prepared in an oriental way: shish – kebab.
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in a non-systematic way and without a clear reference to sizes and scales. These doc-
uments did not systematically reveal different visualisations of (meso- and micro-)
structures within a nested scaled system, and structure–property relations were sel-
dom explicitly mentioned.

Structure–property relations usually have a qualitative character (words, causal
relations) and can be expressed as if–then clauses by ‘if this is an existing property,
then it is caused by this type of structure’ or ‘if this is the existing structure, then
probably this property can be expected’. Structure–property relations at the same
scale (horizontally) were not found: all relations were links between two different
(meso-) levels. Structure–property relations are different for the different tasks, and
even within the same domain (e.g. ceramics) may well be different when the type
of requirements is different (e.g. unbreakable versus resistant to certain chemicals).
The relations will be specific for specific structures and specific properties, e.g. the
strength of a jacket, a set of mats, one mat, a cluster of fibres, or one fibre.

To summarise: in authentic tasks, we have established that structure–property
relations can be described by a dynamic system of structures, properties and their
interrelations. Within the limits of our study we have derived a generalised concep-
tual schema, which we expect to be useful to teach macro–micro problems in which
structure–property relations can be explicitly used (Figs. 9.2, 9.3 and 9.4). The sys-
tem of nested structures, systematically assigned to appropriate scales, and the prop-
erties of the different structural components reveal a conceptual schema necessary
for macro–micro thinking. The system of relevant nested structures and the explicit
relations between structures and properties form the backbone of macro–micro rea-
soning. Depending on the task, a number of different meso-levels are relevant and

Scale

Brown
Bite (bread)

Capture of 
gasses by
dough

Properties

IF … there is a good network of gluten in the dough
THEN … it can capture the gasses (CO2)

Structure property relation

System of 
StructuresScaleScale

Brown
Bite (bread)

Capture of 
gasses by
dough

Properties

Brown
Bite (bread)
Brown
Bite (bread)

Capture of 
gasses by
dough

Capture of 
gasses by
dough

Properties

IF … there is a good network of gluten in the dough
THEN … it can capture the gasses (CO2)

Structure property relation

IF … there is a good network of gluten in the dough
THEN … it can capture the gasses (CO2)

Structure property relation

System of 
Structures

10–1 m

10–2 m

10–4 m

10–5 m

10–7 m

10–8 m

Fig. 9.3 The conceptual schema of micro–macro thinking for the task designing gluten-free corn
bread, with the explicit use of structure–property relations
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Scale Structures

IF … there is shish-kebab structure
THEN … the fibre has a high strength

Structure property relation High Elongation
Strength (E)

Absorption of 
energy by a mat

Properties

Heavy to wear
Stops bullet

10–9 m

10–8 m

10–5 m

10–2 m

10–1 m

10–0 m

10–3 m 10–4 m

Fig. 9.4 Conceptual schema of the design of a bullet-proof jacket derived from the experts’ con-
sultation. An example of a structure–property relation is marked as a line

a certain set of explicit structure–property relations are necessary until sufficient
structures, properties and their interrelations are available in the system to solve the
tasks. Structuring of atoms and or ions at the micro level in a certain pattern should
only be used when this is necessary to complete the task.

The conceptual schemas (Figs. 9.2, 9.3 and 9.4) represent macro to micro think-
ing in a systematic way (Sub). These have resulted from relevant socio-scientific
tasks of social practices related to the chemical and technological domains (Phil).
These conceptual schemas form the core of the substantive curriculum for macro–
micro thinking; the authentic tasks from which these schemas originate define the
type of community of practice in which the students’ learning takes place (Ped).
Both the authentic task as context and the bridging of the large step from macro
to micro by several smaller steps should make the teaching and learning process
meaningful for students. The learning process can start at a concrete, phenomeno-
logical (macro) level. At this level, phenomena or properties are observed and can
be explained with intuitive notions of students. By introducing appropriate scientific
concepts and relations, a more scientific explanation can be given for the observed
phenomena or properties. Structures can be introduced by using visualisation of
the structures at the macro level and the larger-scale meso-levels, and modelling
of the ‘invisible’ structures to derive the necessary structure–property relations and
experiments, using analogies (Treagust, Harrison, & Venville, 1998).

Towards Coherency with the Pedagogical Substructure
of the Curriculum

The new conceptual schemas derived in the first part of this chapter could thus be
used to design context-based units by a design research approach (Van den Akker,
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Gravemeijer, McKenney, & Nieveen, 2006; Bulte et al., 2006). Two of the three
tasks could be used to design such units, because related student experiments in this
field could be developed within the limits of the school laboratory: one unit about
development of gluten-free bread and a second unit about the design of unbreakable
crockery (Meijer, 2007; Pavlin, 2007). In a small-scale enactment of (parts) of the
units, 8–14 students (age 17, pre-university level) were involved. Classroom obser-
vations, students’ materials, video and audio-taped discussions, interviews, and pre-
and post-questionnaires were used as data sources. The outcomes were compared to
the expected outcomes. With these data, the actual learning process was compared
with the learning process that was expected in the theory-based design of the units.

The Design of a First Unit

The first unit, about the development of gluten-free corn bread (cf. Fig. 9.3), is to
facilitate the learning of macro–micro thinking using structure – property relations
in a meaningful teaching and learning sequence. For this, we have maintained the
coherency between the defined (authentic) task (Ped) and the newly derived substan-
tive content (Sub). It is essential to create with students a community of practice that
closely resembles the authentic (community of) practice the authentic task originates
from.

The participation within a community (Ped) was planned as follows. After a short
introduction to the problem, the students have to use their common sense knowledge
to address this task. Students become involved in the task to develop gluten-free
bread. It is anticipated that students became motivated by the socio-scientific issue
that an increasing part of the population has become intolerant to gluten in their
food. In this way, the students were expected to be willing to form a community
in which they design (and thus analyse) a gluten-free bread with their teacher as
a senior member and project leader of the practice. Different teams of students of
this community subdivided the different tasks under supervision of their teacher (as
a project leader). Several plenary sessions were planned to coordinate the work.
Subsequently, the students should discover that they need more knowledge about
the structure of dough prepared from corn to modify the ill-developed properties of
corn-bread. Since the community resembles the authentic community of practice,
this content could be expected to come to the fore, and should provide the relevant
concepts for addressing the task. The students had to look more precisely into the
function and the structure of the gluten, apparently necessary to bake high-quality
bread. Their investigations were directed towards the selection of a replacement
for the gluten. The texts they had to study were translated and modified versions of
authentic research articles. It was expected that students wanted to know more about
the molecular structure of gluten, to come with a well-informed selection of some
hydrocolloids that can replace gluten when baking bread based on corn dough. The
students were not a priori provided with the conceptual schema for the development
of gluten-free bread (cf. Fig. 9.2). The pedagogical approach was that they had to
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gradually (re)construct such a schema during their design task, and that the complete
schema was discussed in a reflection activity at the final phase of the teaching and
learning process.

Evaluation of Implementation in the Classroom

Most of the expected learning and teaching activities proceeded as expected. As
a result of the motivating task, students became involved in the planned social
practice. The students identified that a well-developed dough is essential for baking
bread with the desired texture. They related the rising of bread to the capability of a
matrix of the dough to capture the CO2 gasses. This can be achieved by absorption
of water by the dough which leads to a flexible and strong matrix. The students
could relate this to properties of the walls: these should capture gasses. Such a
dough-matrix should not collapse. Some activities, however, delineated from the
expected outcomes, and led to new questions about the pedagogy of the teaching and
learning process. This particularly involved the concept of ‘structure’ at meso-levels
below the scale of 10−5 m. When more abstract representations of structures were
necessary for reasoning, the meaningful development of the system of structures
came to a hold, and no further development of the structure–property relations took
place.

Adjusting the Pedagogical Substructure of a Unit

An explanation for these findings can be found in the implicit use of and therefore
poor development of the concept ‘structure’. As long as ‘structures’ are related to
visible and imaginable level, intuitive reasoning could take place. However, further
concept development involving more abstract models needed attention. To start with
that, we decided that we had to be more precise about the notion of ‘concept’. As a
starting point, we defined concepts as abstractions, representations of reality in our
minds, not the realities themselves. We define concepts as perceived regularities
in events or objects, or records of events or objects designated by a label (usu-
ally a word; Novak, 2002). The meaning of these perceived regularities is situated
(Van Oers, 1998) and determined by their belief system of existing knowledge and
notions (Vygotsky, 1986; Klaassen & Lijnse, 1996). This belief system should be
viewed as ‘explanatory frameworks’ rather than fully specified theories (Nakhleh
et al., 2005).

The main implication for designing a second unit involved the evoking of stu-
dents’ existing belief system of the concepts ‘structure’ and ‘properties’ by means
of photographs of recognisable ‘structures’ (see for example the photographs of
the packing of the fruit in Fig. 9.5). This step is essential for finding a common
ground that forms a basis for understanding between the teacher and the students
(Klaassen & Lijnse, 1996). For investigating this aspect of the pedagogical structure,
we designed a second unit. The unit about unbreakable ceramics involved a less
complicated task compared to the development of gluten-free bread, and ensured
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1. Shrinking of material 
by sintering (temperature)

2. Porosity and ordening;
space not filled by the fruits

3. Explicit thinking about ‘structure’ & 
negotiating the meaning of ‘structure’

4. Exploring more scientific and 
technological representations and texts

1300ºC1200ºC1100ºC1000ºC

1. Shrinking of material 
by sintering (temperature)

2. Porosity and ordening;
space not filled by the fruits

3. Explicit thinking about ‘structure’ & 
negotiating the meaning of ‘structure’

4. Exploring more scientific and 
technological representations and texts

1300ºC1200ºC1100ºC1000ºC

We can describe the system of fruit with the amount (percentage)of the space which is not filled with 
material. There are pores, canals and holes between the fruits. This is called porosity.

Assignment: Try to describe the sintering process. Make a drawing of the step which has the largest 
influence on the strength.

Assignment: Can you relate the sintering process to the strength of the ceramics?

Assignment: Can you arrange the pictures from chaos to structured? Explain your order of the pictures.

Assignment: Can you find some similarities and differences between the fruit and clay particles?

Assignment: What happens when the material is heated from 1000°C up to 1300°C? Write down in 
your own words.

1

2

4

3 Look at the different pictures.

Assignment: Can you describe what the structures are for each of the photographs?

Assignment: Can you describe what the properties are for each photograph?

Assignment: Define collectively what you consider as ‘structure’and as ‘property’

° °

Fig. 9.5 Sequence of activities to develop the conceptualisation of porosity and structure in the
unit about unbreakable crockery (Example of expanding the meaning of the concepts by activities
that are meaningful for students at every step of the teaching and learning process)

that evaluation outcomes were not too much situated and connected to one of the
tasks. Similarly, as for the unit about gluten-free bread, we also maintained the
coherency of the activity and its contents derived from the related authentic task
(see text above and Fig. 9.2).

With the following example, we illustrate how in a sequence of activities the
students’ intuitive notions about the influence of particle size and the sintering tem-
perature of the clay on the properties of ceramic materials have productively been
used (Klaassen & Lijnse, 1996; Mortimer & Scott, 2003; Duit & Treagust, 2003;
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Vygotsky, 1986; Fig. 9.5, assignment 1). More precisely the sequence of teach-
ing and learning activities needed to start at what we describe as a concrete level
(Davydov, 1975; Roth & Hwang, 2006). Before studying scientific and technolog-
ical representations and texts about the influence of the sintering temperature on
porosity, the photographs of the fruits were to be used to develop the conceptual-
isation of porosity and structure (assignment 2 in Fig. 9.5). Next, representations
of recognizable photographs of different ‘structures’ are presented, and based on
these photographs the meaning of the concept of ‘structure’ and also ‘property’ is
to be negotiated with students (assignment 3 in Fig. 9.5). After collectively defin-
ing the concepts of structure and properties, these concepts can be expanded with
representations like symbols, figures, words and relations to properties, much more
in agreement with the scientific meaning of the concept of structure in this domain
(assignment 4, Fig. 9.5).

This sequence of activities (Fig. 9.5) is justified from the perspective of learn-
ing (Ped) as follows. The activities in which the students expand the meaning of
the concepts should be meaningful for them at every step. Students use their ex-
isting knowledge (including intuition), senses, sources of information and social
aspects like values and norms when constructing new associations and relations to
concepts. These relations and associations which influence their decisions about
truth and meaningfulness (Vygotsky, 1986) are important because they are deci-
sive whether the expansion of the knowledge is indeed accepted for further use or
not (Bartsch, 1998). These considerations originating from rethinking our empirical
findings are an extension of the pedagogical substructure (Ped).

Implementation and Evaluation of the Second Unit

It appeared possible to make intuitive notions about the concepts of ‘structure’ and
‘property’ productive for classifying structure–property relations in structures and
properties. The intuitive notions for structure were: ‘an ordering, arrangement’,
‘how things are connected with each other’, ‘how things are build’. And for prop-
erty the intuitive notion was: ‘what something can or does’, ‘a function’. These
notions appeared to be sufficient for these students to understand the information in
the (authentic scientific) documentation. In the next activities, this way of defining
these key concepts was good enough for the students to arrange the new scientific
and technological terms in structure, property or process variable during sintering
of the ceramic materials as were planned in the unit. Using this arrangement, the
meanings of the concepts ‘structure’ and ‘property’ are expanded to respectively,
‘a construction’, ‘an ordering‘, ‘a pattern’ and ‘a characteristic of a material’.
Subsequently, the group of students collaboratively ascertained these meanings, and
constructed a conceptual schema for this authentic task (cf. Fig. 9.3) in a reflec-
tion activity in the final phase of the teaching and learning process. This learning
activity within the adapted version of the authentic practice (Phil & Ped) conse-
quently led to the students’ own construction of the relevant content within this unit
(Sub & Ped).
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In Retrospect

On reflection, we proposed to use the analysis of authentic socio-scientific tasks as a
route to formulate a new coherent vision on the domain of macro–micro reasoning in
the chemistry curriculum. The proposed conceptual schema of macro–micro think-
ing can significantly address the problems in the learning of micro–macro thinking
of students at secondary school for tasks in biochemistry and inorganic chemistry
(Millar, 1990; De Vos & Verdonk, 1996; Harrison & Treagust, 2002). We think that
the explicit use of structure–property relations as arguments may enhance the public
understanding of science and technology. The use of meso-structures between the
macro- and micro-level and structure–property relations as a tool to iterate between
macro- and micro-level is essential to connect student learning of these chemical
concepts to the contexts of their everyday lives and to contemporary science and
technological issues. The presented conceptual analysis and its exploration with
students have promising features to include contemporary science issues in the
chemistry (science) curriculum, such as genomics and new innovative micro- and
nano-structured materials.

To connect these outcomes to Van Berkel’s analysis of the problematic nature of
micro–macro thinking in chemistry, we have developed an alternative as a way to es-
cape (Van Berkel, 2005). Using Van Berkel’s framework, firstly, we understand what
situation we had to escape from: the rigid combination of predominant substructures
of main-stream chemistry curricula. Secondly, we expect to have found a route to
escape by redefining a philosophy of chemistry based on social practices that at the
same time determines the pedagogical and substantive substructure of learning to
think in terms of macro–micro thinking using explicit structure–property relations.
These levels include meso-levels with a scale ranging from metres to centimetres to
millimetres to a nanometre level.
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Chapter 10
Historical Material in Macro–Micro Thinking:
Conceptual Change in Chemistry Education
and the History of Chemistry

Lars Scheffel, Wiebke Brockmeier and Ilka Parchmann

Abstract In addition to teaching about science and the nature of science, histori-
cal approaches in chemistry education can be used to promote conceptual change
concerning micro–macro relationships. Furthermore, historical approaches provide
a pool of ideas for learning contexts and for storytelling. In this chapter, we present
an overview about the historical development of micro–macro thinking. Parallels
to students’ conceptions are pointed out to give hints for the design of teaching
material. Results of teaching experiments are presented, using historical approaches
to initiate the students’ discussions and reflections about their own concepts.

Introduction

Micro–macro thinking may be the important approach for scientists to explain
and to manipulate the world. However, for students and novices, micro–macro
thinking may be one of the major difficulties in the process of learning the sci-
ences (Ben-Zvi, Silberstein, & Mamlok, 1990; Lijnse & Licht, 1990). What does
micro–macro thinking in chemistry mean? Three main aspects have to be consid-
ered: atomicity, chemical bonding and structure–property relations. Atomicity means
that students have to be aware of the particulate nature of matter, to be able to
discriminate between different particle models and to distinguish between proper-
ties of matter and atoms, molecules or ionic structures. Chemical bonding requires
knowledge about different models, such as covalent, ionic and metallic bonding,
besides the different types of intermolecular force. The aspect of structure–property
relations builds a bridge between the macroscopic and microscopic representation
of matter. In all three aspects, many misconceptions and learning impediments are
known. Important steps in the history of science can be identified which reflect some
of the students’ conceptions in a certain way.
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However, school education in practice has rarely taken such knowledge into con-
sideration. One reason may be teachers’ incomplete knowledge of not only their
students’ ideas but also about pathways and contexts of conceptual developments,
both within students and in the history of science. Another reason could be the lack
of good teaching and learning materials to bring these two perspectives together. In
this chapter, we discuss parallels and differences between historic development and
students’ ideas about micro–macro thinking and offer some ideas of how the use of
historic elements can become fruitful for informing teaching and learning processes.

Theoretical Considerations: The Value of the History
of Chemistry

Parallels between historic developments and the conceptual developments of learn-
ers have often been postulated theoretically (Piaget & Garcia, 1983, but for a con-
tradiction of this view see also Gault, 1991) and described for different concepts
(e.g. van Driel, De Vos, & Verloop, 1998 including that of chemical equilibrium;
Mas et al. (1987) for ideas about gases; Pfundt (1975) for ideas about the smallest
particles of matter and many others). Theoretical analyses and empirical investiga-
tions of aspects of the history and the nature of science have also been discussed
from different points of view (e.g. Gault, 1991; Driver et al., 2000). For science
education in general, Wandersee and Griffard (2003) discuss four main purposes for
the use of historic elements in teaching and learning:

1. Students can learn about the nature of science as a social construction and
activity,

2. Students’ critical thinking can be trained,
3. Historical knowledge can help teachers to embed chemical topics in their curric-

ular and social context, and
4. Parallels between students’ conceptions and historical ideas in science can be

shown.

Other authors have additionally argued that, by the use of historic elements:

5 Rich and various learning opportunities can be constructed from daily-life expe-
rience, historical and scientific problems,

6 Students can be motivated by the telling of historical stories (Herron, 1975;
Kubli, 2005; McKinney & Michalovic, 2004),

7 Students can identify themselves with historical researchers (Matuschek & Jansen,
1985; Janes, 2004),

8 Students learn about chemistry as being a part of intellectual history and its po-
sition in culture (Matuschek & Jansen, 1985) and

9 By dealing with historical controversies, students’ preconceptions can be affected
(Jansen et al., 1995).

Accepting these arguments, it should be a matter of course for teachers to use his-
toric elements in teaching science in general and chemistry in particular. However,
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the application may not be as simple as it appears. The use of historic elements will
only become fruitful if the arguments made by Wandersee and Griffard are indeed
taken into consideration. Telling the students stories about well-known researchers
will present them as people but does not provide students with the background of
the developmental process of a certain idea in a certain period of time. Showing the
students original material like letters and experiments may offer ideas of explana-
tion – but the material on its own does not deliver the theoretical background of
a certain time and it does often not give any information about the general inter-
ests and conditions that researchers followed in a certain period of time. We can
therefore ask critically: why should students in a completely different context with
completely different interests develop similar ideas like those of researchers in the
past? However, we often find such analogies between the two and the following
paragraphs will offer some reasons for such parallel developments.

The idea of correlations between individual cognitive development and the pro-
cess of historical conceptual development is rather old. Matthews (1992) localises
the first mentioning of this idea in Hegel’s The Phenomenology of Mind. Later, in
the end of the nineteenth century, this thought had been picked up by Mach and
Duhem in their thoughts about the nature of physical laws. With Piaget’s Genetic
Epistemology (1970), this idea experienced a powerful renaissance with growing
influence on science education. According to Piaget,

the fundamental hypothesis of genetic epistemology is that there is a parallelism between
the progress made in the logical and rational organisation of knowledge and the correspond-
ing formative psychological process (p. 13).

In the late 1980s, the influence grew again. First, Kuhn (1967) postulated the
idea of ‘scientific revolutions’. Later, in the light of research in conceptual change,
parallels between the history of science and in psychological ontogeny were drawn,
especially by Posner et al. (1982). An overview related to Kuhn’s impact of science
education can be found in Matthews (2004). To illustrate this idea, we will give short
insights into both the theory of conceptual change and into paradigm change in the
history of science. Kuhn’s ideas will be explained rather extensively in order to get
a firm basis for comparison between philogeny and ontogeny.

According to Kuhn’s theory of scientific revolutions, science proceeds in cycles
of ‘normal’ science, crisis, paradigm change, followed by a phase of reconsolida-
tion. ‘Normal’ research means to find problems based on shared scientific principles,
building hypothesis and solving these problems based on the existing paradigm.
Paradigms are

scientific achievements, that some particular scientific community acknowledges for a time
as supplying for its further practice (Kuhn 1976).

These paradigms guide the work of scientists. Furthermore, they serve as a pre-
dicting device for the behaviour of nature (in this case chemistry) in hitherto un-
explored fields. During this ‘normal’ research, anomalies can be observed, which
contradict the predicted behaviour and violate the tenets of the existing paradigm.
Paradigm change occurs when the number of contradicting observations reaches a
critical mass, such that the old paradigm can not longer be defended against the
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contradictions. Certainly, one violation of the paradigm is not sufficient to initiate
paradigm change. Paradigms, as analysed by Kuhn, are defended by scientists with
several techniques. One technique is to ignore the anomaly, for example, by not
publishing it. Another technique is the slight modification of ‘outer regions’ of the
paradigm. For example, some parameters or features of a certain scientific theory
can be changed without touching the ‘hard core’ of the theory.

How does a scientific revolution take place? If the number and seriousness of viola-
tions to theparadigmaccumulates, scienceslips intoacrisis. Inmost cases, researchers
will not renounce the paradigm, but develop numerous ad-hoc modifications of their
theories. A crisis can end in three ways. (1) Researchers find a way to handle the
anomalies with the tools of the existing paradigm, (2) the problem resists solution and
is set aside for future generations or (3) proposals for a new paradigm are discussed
within the scientific community. To judge between two paradigms, it is not sufficient
to compare the new paradigm with nature in order to explore its explaining and pre-
dictive power. It must also be compared with the ‘old’ paradigm. Paradigm change
is, according to Kuhn, not a cumulative process: It is revolutionary in the sense of a
complete reconstruction of a scientific field from new fundamentals (Kuhn, 1976).

These historical implications lead straight back to the theories of conceptual
change. Especially the well-known theory by Posner et al. (1982) is much inspired
by epistemological considerations. Posner et al. themselves characterise their theory
of conceptual change as

based on a cognitive psychology and a Kuhnian (or, more precisely) Lakatosian epistemol-
ogy (p. 106).

As a second source, Piaget’s theory of accommodation has to be mentioned,
which greatly influenced the meaning of the term ‘conceptual change’. How does
conceptual change take place? And what are the similarities to the Kuhnian epis-
temology? We will again quote from the Posner et al. (1982) paper (see also
Table 10.1):

Table 10.1 Similarities between paradigm change in the history of science and in conceptual
change

Paradigm change (Kuhn) Conceptual change (Posner et al.)

Phase of ‘normal’ science: Fruitful application of
paradigms.

Fruitful application of preconception

Crisis: Accumulations of facts contradicting the
paradigms

Learner becomes dissatisfied with his
conception, cognitive conflict results

Debate about new models, new paradigms
become accepted

Acquiring of the new conception, if it is
logical, plausible and fruitful

New phase of ‘normal science’ Replacement of the old conception,
coexistence of multiple conceptions or
restructuring of existing conceptions.

1. There must be dissatisfaction with the existing conceptions. Scientists and students are
unlikely to make major changes in their concepts until they believe that less radical
changes will not work. Thus, before an accommodation can occur it is reasonable to
suppose that individuals must have collected a store of unsolved puzzles or anomalies
and lost faith in the ability of their current concepts to solve these problems.



10 Historical Material in Macro–Micro Thinking 219

2. A new conception must be intelligible. Individuals must be able to grasp how experience
can be structured by a new concept sufficiently to explore the possibilities inherent in
it. [. . .]

3. A new conception must appear plausible. Any new concept adopted must at least appear
to have the capacity to solve the problems generated by its predecessors. Otherwise it
will not appear a plausible choice. [. . .]

4. The new concept should suggest the possibility of a fruitful research program. It should
have the potential to be exceeded, to open up new areas of inquiry (p. 214).

What are the objections to these ideas? The equivalence between students’ ideas
and scientific conceptions had often been doubted. The main argument of many
authors has been that both sides are incommensurable. Students’ conceptions with
limited empirical foundation, often ad hoc formulated or post hoc reconstructed
by researchers, have a completely different ontological status to empirically based
ideas that are carefully formulated and sharpened by debate among scientific peers.
Gault (1991) sketches some crucial differences as follows:

1. Some historical data, meaningful in the experience of early scientists, might not be
meaningful or accessible to modern students. For example, observational data about
planetary motion (or even the nature of planetary motion itself) is not something which
easily connects with the everyday experience of students today.

2. Some of the arguments that were compelling for particular scientists may not be
compelling for particular students today. It is probably true, for example, that many
of the arguments which moved scientists on from the “impetus” view [the ancient
theory on moving bodies] would not be suitable for students because they are too
technical.

3. Most students do not possess the same motivation to work to develop their understanding
that early scientists had. The painstaking and tenacious search through alternative points
of view which led Darwin to the publication of his “The Origin of Species” may not be
a characteristic of many students of any period (p. 138).

What are the conclusions, can we draw from these – rather obscure – fields for
our consideration of micro–macro thinking? Points are that

1. In a constructivist view of teaching and learning, students’ beliefs (conceptions,
previous ideas) do resemble scientific conceptions or paradigms epistemolog-
ically. The observed similarities (not identities!) could be used to enhance
conceptual change in classroom teaching.

2. There are vague parallels between the processes in knowledge development in
science education and in the history of science, although the mental processes
involved are quite unknown.

3. Some semblances can also be found in the content of ideas: Similarities between
students’ conceptions and historical ideas have been described in many fields of
science. These relations can be useful in science teaching, but a closer examina-
tion in each specific situation is certainly necessary.

4. Students are students. Scientists are Scientists. History of science and science
education are different things and cannot be correlated to each other without
keeping in mind educational aims and methods as well as the different contexts
and cultural background of school science and historical science. Still, historic
ideas can be useful to initiate students’ ideas too.
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The Model of Educational Reconstruction

Despite this much-discussed theoretical background, the number of concrete stud-
ies comparing historical ideas and students’ conceptions is fairly low in chemistry
education. Furthermore, most studies cited deal with isolated topics. Systematic
overviews concerning basic ideas like micro–macro thinking, chemical reaction, the
particulate nature of matter, energy conversions etc. are mostly not available, except
for van Driel et al. (1998) and the case of the chemical equilibrium.

The Model of Educational Reconstruction (Kattmann and Gropengießer, 1997)
offers a structure in which ‘microscopic processes’ can be investigated in depth to
explain ‘macroscopic learning outcomes’, and to use this knowledge to design and
to evaluate more teaching and learning approaches in practice. The central approach
of this model is the iterative investigation of historic and modern scientific explana-
tions on the one hand and students’ explanations on the other (Fig. 10.1). Within the
Model of Educational Reconstruction, students’ conceptions are seen as internally
consistent and fruitfully applicable as scientific conceptions. Furthermore, due to the
model’s foundation in constructivism, their ontological and epistemological status
is equivalent to that of scientific conceptions. Thus, the two become comparable.
From the comparison of those two positions, a novel teaching structure can be de-
veloped. For this research three steps in an iterative process are necessary: (1) the
hermeneutic investigation of scientific ideas, (2) the qualitative investigation of stu-
dents’ preconceptions and (3) the formulation of an educational structure. Here, the
iterative investigation is a process of continuous movement back and forth between
both perspectives, which derives deeper questions about the background conditions
and contexts of the observed developmental processes.

The first step is the investigation of recent and historical explanations concerning
the topic. Significant publications, letters etc. of scientists are analysed in order to
find their basic assumptions, hidden epistemological persuasions and the limitations
as well as the inconsistencies of theories. For this step, each scientific work is seen
as the individual view of one (or maybe two) researcher(s) on the topic. The focus of
interest is not (only) the conceptual explanation itself, but the context of the devel-
opment (e.g. the framing theories of that time, the general interests of investigation,
the key observations), the applications and constraints of a concept and the mean-
ing of different terms and concepts in different contexts and times. For the overall

Fig. 10.1 The model of
educational reconstruction
(Kattmann and
Gropengießer, 1997)
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concept of micro–macro thinking, the first interesting question is the direction of
investigation or explanation: Did an explanation start with a macroscopic observa-
tion which led to the development of a microscopic explanation, or was the micro-
scopic idea already there and did this lead to a perception of a phenomenon and
its interpretation? Another important question to ask is for the direction of ‘transfer
processes’: In which cases were macroscopic properties transferred to microscopic
models (e.g. Ben-Zvi et al., 1986) or even vice versa? Last but not least, the framing
theories, both from daily-life and from a current scientific state of discussion, must
be investigated. A well-known example for the influence of framing theories can be
found in the history of chemistry, where the idea of a substance called ‘Phlogiston’
led to many misinterpretations of phenomena from our point of view that were com-
pletely coherent in the eighteenth century (Irwing, 1997; Marino & Kremer, 2002).
Vosniadou (2007) and others have, in parallel, described the influence of framing
theories for the development of students’ conceptual understanding, which leads to
the second corner of the triangle.

The second step is the investigation of students’ conceptions. Here, the model
focuses on the basic conceptions and not on isolated ideas concerning singular phe-
nomena. The main questions here concern (1) the nature of basic conceptions, (2)
the use of scientific language and terminology, (3) students’ ideas about science
and (4) possible correspondences and/or differences between students’ ideas and
scientific conceptions. One of the main ideas of the model is to confront students’
conceptions in a positive way. The crucial point is to consider their explanatory
potential rather than their limitations.

For the third step, the formulation of educational guidelines, Kattmann and
Gropengießer (1997) mention four main questions to be taken into account:

1. What are the most important aspects of the students’ conceptions, which have to be
considered in class?

2. Which previous ideas have to be considered concerning the use of scientific terminol-
ogy?

3. What are the possibilities of science teaching if students’ conceptions are taken into
account?

4. Which daily life conceptions correspond to scientific ideas and how can they be used for
appropriate and fruitful learning? (Kattmann and Gropengießer, 1997, p. 190).

The following pages present an insight into historic developments and students’
explanations of micro–macro thinking, taking into consideration as much back-
ground information as possible, and will describe some examples of teaching and
learning situations derived from that knowledge.

Milestones in the History of Micro–Macro Thinking
and Parallels to Students’ Ideas

Research into students’ conceptions has produced several outcomes. The litera-
ture reviews by Barker (2004), Driver et al. (2000), Garnett and Hackling (1995),
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Özmen (2004, especially for chemical bonding) and Coll und Treagust (2003,
chemistry of metals) can help to develop a first overview. Numerous authors (e.g.
Pfund, 1975; Schlöpke, 1991; Griffith and Preston, 1992; Mas et al., 1987) describe
parallels between students’ conceptions and historical scientific ideas. Schlöpke (1991),
for example, points out similarities between students’ conceptions concerning prop-
erties of matter and ideas in alchemist thinking. Lee, Eichinger, Anderson, Berkheimer,
and Blakeslee (1993) mentions semblances between the ideas of Aristotle and stu-
dents’ conceptions about general aspects of the particulate nature of matter and the
‘horror vacui’.

Of course, a mere mentioning of similarities does not help science education in
any way. In the literature, students’ difficulties in integrating daily-life preconcep-
tions and scientific conceptions are widely documented. Similar problems occur also
in science as the following example demonstrates. August-Ludwig Frankenheim
(1801–1869) was a physicist in Breslau who was especially interested in the funda-
mental questions of matter. With countless series of measurements, he investigated
the physical properties of crystals. Although he started his investigations with a
continuous model of matter in mind, he came to the result that a discontinuous
model would be more appropriate to explain the observed phenomena. Considering
this cognitive conflict he wrote,

I am really unwilling to enter the slippery area of these hypotheses and I am by no means
convinced by the truth of this before mentioned proposition [the discontinuous model of
matter]. A major part of scientists believes in its evidence, and they will, if they act conse-
quently, come to the results which I have indicated. I deeply regret being unable to juxtapose
this theory with another, based on a continuous model of matter, coming to results of the
same importance. (Frankenheim, 1835, 311pp, translated by the authors).

In the next parts of this chapter, we explore similarities between students’ con-
ceptual change and paradigm change in the history of science and draw some initial
conclusions about how to use these similarities in classrooms.

The Particulate Nature of Matter

Historical Development

Most school textbooks write about the ‘invention’ of atomism by Leukipp and
Demokrit (450–360 BC, 460–371 BC). Both philosophers postulated that matter
consists of discrete particles separated by empty space. They described these atoms
as permanently moving, naming these particles ‘atoms’ from the Greek word for
(‘indivisible’). However, from our present day perspective, the Greek philosophers
were talking about the particles that build up a substance, molecules, ionic lattices
etc., not about single atoms. Still, it is interesting to see, which thoughts they had
got purely by observing nature. One idea was that atoms must be separated by abso-
lutely empty space, because otherwise, they would not be able to move. When two
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Fig. 10.2 Conception of
atoms by Demokrit.
(Picture taken from
www.physicsmasterclaases.org)

particles collided, they should form a kind of chemical bonding by putting hooks
into eyes (e.g. Geyer, 1995; Fig. 10.2).

Leukipp and Demokrit introduced two important principles: They explained dif-
ferences in the specific weight of substances with different numbers of atoms in
a definite space. Substances with a lower specific weight should contain fewer
atoms per space unit than substances with a higher specific weight, so they were
packed together more closely. Concerning the question of why some substances
mix (for example wine and water) and others separate from each other (oil and
water) they postulated a model of differently sized spaces between the particles.
If two substances mix, their particles insert into the spaces between the particles
of the other substance, whereas the reaction between two substances is charac-
terised by a ‘bond’ between two or more particles. Leukipp und Demokrit empha-
sised the difference between a macroscopical and a microscopical view on matter.
Even if a substance seems (macroscopically) to be totally homogeneous, it is mi-
croscopically inhomogeneous (Geyer, 1995; Stückelberger, 1979; Mansfeld, 1989).
Their thoughts are particularly interesting as they have been purely philosophical.
While in school education we often start with experiments, the ancient Greeks did
not carry out any investigations, they simply observed nature and started thinking
about how the world could be explained. Their interest was not a scientific interest;
nevertheless they can be counted as the first scientists who developed a particle
model for science.

Their theory can also be regarded as the beginning of micro–macro thinking
in the written history of science: in a philosophical manner, macroscopic proper-
ties are projected, but not transferred on a pure hypothetical microscopic model
(Weißbach, 1971).

Students’ Ideas in Comparison

In this section, we present some parallels to Aristotelian thinking. Aristotle strongly
attacked the idea of atomism. For example, the idea of empty space between
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particles is not easy to grasp for students, as it was neglected by Aristotle. Ac-
cording to Novick (1978) and later on Novick und Nussbaum (1981), students
think that atoms are only one compound of matter. Between atoms, there is ‘dust’,
‘nitrogen and oxygen’, ‘liquids’ or unknown gases. Other students said the atoms
would be packed so closely, that there can be nothing else. If we follow Novick and
Nussbaum (1981) argumentation, these ideas represent a ‘horror vacui’, the idea that
nature always tries to avoid empty space. Aristotle (384–322 BC) also denied the
idea of discrete particles of matter because he denied the idea of a vacuum between
particles. To justify his theory, he relied on an experiment by the Greek philosopher
Anaxagoras (500–428 BC) who took a crucible with black ink and added white
colour in small droplets under constant stirring. He observed that the colour changed
continuously from black to grey. Anaxagoras (and later Leukipp und Demokrit)
concluded that there must be things in nature which are too small for our senses
(Farrington, 1944). Aristotle, however, interpreted the experiment differently and
denied the particulate nature of matter. He argued that the change of colour would
have to proceed in steps if matter consisted of discrete particles.

In summary, for Leukipp and Demokrit, the empty space between the atoms
was a key assumption in their model, because, if particles were closely packed,
they could not move and substances could not be mixed. When asking students
to philosophise about the nature of matter, we indeed find parallels to the ancient
Greek thinking, both to the so-called ‘atomists’ and to the ‘continuous’ ideas of
Aristotle and others. For example, Leukipp’s and Demokrit’s explanation for the
specific weight of substances corresponds to one student conception: younger stu-
dents especially tend to explain differences in the specific weight (but also hardness
of substances) with differences in the closeness of particles (Fig. 10.6). They seldom
take into account that the particles could have a different weight themselves.

This argumentation was strongly attacked by Aristotle who said that water
can also move and flow without observable empty spaces in it. Maybe Aristo-
tle simply overestimated the size of atoms as thought by Leukipp and Demokrit
(Horne, 1975). To justify his denial of empty spaces between atoms, one student
said: ‘Well, you can’t see open spaces in water’ (Lee et al., 1993, p. 257). Such
misleading ideas about the size of atoms and particles are reported for students, too
(e.g. Lee et al., 1993). Hence, learning difficulties can be explained by this frame:
When expecting that particles should be observable but no such particles can be
seen, why should a learner believe in the existence of atoms?

With regard to micro–macro thinking, another explanation could be that Aristotle
could not follow the change in the level of representation from macro to micro level:
his thinking remained on the macroscopical level. Using this example, the necessity
of changing the representational level as well as the levels of explanation must also
be discussed in the classroom. Although Aristotle’s ideas were much more elabo-
rated than students’ conceptions, it could be fruitful to discuss in the classroom not
only Leukipp’s and Demokrit’s ideas, but also Aristotle’s contradictions. This dis-
cussion may pick up some students’ cognitive conflict between their preconceptions
and the models taught at school. Students would have the possibility of discussing
some of their conceptions as a discussion about historical theories.
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Structure–Property Relations

Historical Development

Scientists in the period of alchemy between the eighth and fourteenth century also
developed some interesting theories concerning the particulate nature of matter. A
common alchemistic theory was that matter is built up of substance without any
properties (the ‘prima materia’). Properties, regarded as their own physical enti-
ties, could be added or removed (Schlöpke, 1991). Although alchemists often wrote
about smallest particles, based on this scientific paradigm, the idea of ‘making gold’
did not seem as absurd as it seems for us today: properties could be added to sub-
stances, it would be possible to add the properties of gold to other metals. Using
the Aristotelian idea that all substances were a mixture of the four elements water,
air, soil and fire and their properties, it should also be possible to find the correct
mixture for gold. The thinking of Paracelsus (1493–1511) concerning the properties
of crystals shows this approach. According to Paracelsus’ theory, every crystal is
made of three substances representing some of the properties of the whole crystal.
Sulphur is responsible for combustibility, mercury for elasticity and low melting
point and salt for hardness and the shape of crystals. With sulphur, mercury and salt
Paracelsus did not think of real substances, they were ‘symbols’ for the properties
of matter. According to Paracelsus, every substance has its own salt, sulphur and
mercury (Hiller, 1952).

Students’ Ideas in Comparison

Parallels to historical ideas in students’ thinking have been pointed out by Schlöpke
(1991) who analysed historical sources and compared the arguments with those
in interviews with students. In order to explain chemical or physical phenomena,
numerous students use explanations based on a ‘substantialisation’ of properties
(Sanmarti, 1995). Those students think that properties can be seen as their own
substance; a blue crystal, copper sulphate for example, consists of ‘crystal material’
and ‘blue colour’ (Schlöpke, 1991). Concerning micro–macro thinking, this stu-
dents’ conception is quite problematic. The idea that properties were ‘own physical
entities’ means that there were no relationships between microscopical and macro-
scopical properties. A typical example is the students’ idea about dissolving sugar
in water. The sugar dissolves, and the ‘sweetness’ becomes free. Other examples are
related to properties like colour, magnetism or weight (Steffensky et al., 2005).

In contradiction to these results, Butts and Smith (1987) found out that high
school students are able to interpret physical properties of matter like hardness and
different melting points based on a particulate model of matter. Especially in the
case of melting points they draw reference to the force between particles. In the case
of high melting points (e.g. sodium chloride), the ‘bonding’ between the particles
are suspected of being stronger than in substances with lower melting points (in
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the interviews carried out by Butts and Smith, this substance was sugar). Regarding
the concept of micro–macro thinking, this is another steppingstone for learning:
When properties are not related to substances, they will not be related to structures
either. The researchers of that time, and possibly also many students today, were
not interested in explaining properties, they were only aiming at mixing them to
produce the substance they were aiming for, e.g. gold. To do so, they did not even
need a microscopic level. If this is the same for students, they might also be satisfied
with observing substances without explaining their behaviour. This period of time
can therefore be regarded as a step back in micro–macro thinking, but knowing the
reasons and background theories of alchemists can be very helpful to interpret stu-
dents’ thinking nowadays. However, in respect of the results by Butts and Smith, one
should be careful to underestimate students’ chemical reasoning skills. The ‘sub-
stantialisation’ scheme appears mostly for properties which are difficult to explain.
The taste of artificial sweeteners, for example, needs quite complex explanation via
molecular shape and recognition of the molecule in the receptor sites. Magnetism
is even more difficult to explain. Maybe, not all students’ expressions which sound
like substantialisation are really based on non-atomist thinking. Could some of them
just be a metaphor or a paraphrase to explain something, they just can’t explain?

Ionic Bonding

Historical Development

Within and after the scientific renaissance between 1400 and 1600 two events hap-
pened which were central for the further development of science. Following Petracas
motto ‘ad fontes’, scientists rediscovered on the one hand the material theories of
Greek and Roman philosophers – in 1417 the poem by Lucrez ‘de rerum naturae’
had been rediscovered – the idea of atomism came again into scientific discourse. On
the other hand, scientists began to develop the methods of today’s science. Breaking
with the scholastic thinking of the middle ages, Roger Bacon and others proposed
more empirical ways to develop knowledge and truth including hypothesis, exper-
iments and conclusions (Gloy, 1995). With the development of modern science,
scientists started to build links between micro and macro levels by real models. Their
ideas became more sophisticated including results from physical measurements and
mathematical models of the shape, arrangement and properties of particles.

One of the intensively discussed topics was the question about the shape of
atoms – a question with also high educational relevance, if we think of some stu-
dents’ preconceptions. We can focus on two main positions: One group of chemists
observed that crystals always broke to parts with similar shapes to those of the
original crystal. Therefore, their theory was that the smallest particles of atoms
must have also the same shape as the macroscopic crystal. If we follow Domenico
Guglielmini (1655–1710), the particles of sodium chloride would be cubic, those
of calcspar would be triclinic. Hexagonal-prismatic and trigonal-prismatic crystals
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would contain trigonal particles. Another theory was formulated by Nicolas Lémery
(1645–1715). According to his theory, the smallest particles of acids would have
sharp edges, because the salts of many acids crystallise to needle-shaped crystals
and cause pain like needles in the mouth. René Just Haüy (1743–1822), a French
mineralogist of the eighteenth century, also postulated the idea of cubic or other-
wise shaped particles (the primitive form), but in his theory the sides of octahedral
crystals and other faceted crystal layers were not caused by octahedral particles, but
by diminishing layers of particles (Fig. 10.3).

All those theories have in common that they postulated a continuous model of
matter. Here, continuity does not mean the denial of a particulate model, but the
particles were arranged without gaps between them, so that space was continuously
filled with matter: following the idea of ‘horror vacui’, there was no open space
between the particles. In all three theories, the smallest particles lay close to each
other without leaving a gap between them. The arguments of these theories were
mostly influenced by geometrical reasoning about the shape and splitting of crystals.

Although those theories of cubic particles have great potential to explain the
shape of crystals, they had some problems that were not easily solved: it is not possi-
ble to arrange octahedral particles without gaps, so that it failed to explain the shape
of octahedral crystals like potassium alum. Furthermore, it was difficult to interpret
chemical reactions with such a model. Here, this theory failed. Robert Hooke
(1635–1703), Robert Boyle (1627–1691) and William Hyde Wollaston (1766–1828)
developed a model of ball-shaped particles as smallest particles of matter which can
be arranged in various forms. This theory had, compared with the theory of cubic
particles, two advantages: It was consistent concerning different shapes of crystals
and chemical reaction was easy to interpret as new arrangements of atoms. Processes
like mixing and solving were interpreted as intercalation of solvent molecules in the
gaps between the particles. However, without refined physical data, both theories
were mere philosophy.

At the beginning of the nineteenth century, chemists and physicists started mak-
ing detailed measurements about the physical properties of crystals. Among others,
Moritz-Ludwig Frankenheim (1801–1869) investigated systematically the hardness,
splitting, optical and acoustical properties, and thermal expansion, of different crys-
tals. He concluded from his results that a model of matter with gaps between the
smallest particles would be able to explain his measurements in a better way. Any-
how, the decision between those two models was more a lawsuit of circumstantial

Fig. 10.3 Ideas concerning
crystals: left the continuous
model of Haüy with cubic
particles, right the nowadays
model of ionic lattice
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evidence: Both sides lacked a real positive proof for their theory. This ‘smoking
gun’ was found in 1912 by Max von Laue (1879–1960), who could prove the lattice
theory using x-ray diffraction (Groth, 1979; von Laue, 1912). This proof is a good
example to show the necessity of specific empirical methods for further develop-
ments in or convincing arguments about theories.

The historical progression of ideas was considerably different from that followed
in educational settings. Ludwig August Seeber (1824) concluded from physical data
that the discontinuous model of matter was more appropriate to explain reality than
the continuous model and carefully delimited the properties of a chemical bonding.
He suggested two forces: The particles were hold together by an attractive force. A
repellent force would hold them in a certain distance from each other. He called the
attractive force ‘positive’, the other one ‘negative’. The particles find their place as
both forces are in equilibrium. This model explains a lot of physical properties of
crystals like hardness and elasticity. Also, the different density of minerals is easy to
interpret if we presume different intensity of the opposing forces between different
particles so that the point of equilibrium varies. With the formulation of these out-
line data, Seeber had made an important step in the direction of a ‘microphysical’
model of crystals (Weißbach, 1971). Without any information about the character
of these forces, no real link between macroscopic and microscopic properties would
be possible.

Further efforts have been made to answer the question about the character of
these positive and negative forces. On the one hand, researchers made impor-
tant progress in the field of descriptive crystallography. In 1822, the mineralogist
Friedrich Mohs (1773–1839) developed a system of 32 crystallographic classes.
Two years later, Seeber deduced a system of mathematical space lattices, whose
grid points indicate the place of the smallest particles. In 1850, Auguste Bravais
(1811–1863) deduced the 14 primitive crystal lattices. This was the basis for the
works of Schoenfließ und Fedorov, who derived in 1891 mathematically the sys-
tem of 230 space groups, which explain the geometrical properties of crystals
(Groth, 1979). On the other hand, knowledge about the chemical bond grew steadily.
Michael Faraday (1791–1867) showed that substances disintegrate under the influ-
ence of an electric current. One part was attracted by the positive pole, the other
by the negative pole. From these results, the Swedish chemist Jöns Jacob Berzelius
(1779–1848) concluded that the particles of such substances must be attracted by
electrostatic forces. But still some questions remained: Are the charged particles
free or does the electric current force them to separate? In this time, most chemists
preferred the second idea: Two particles attract each other, and separate only under
the influence of electric current. It was Svante Arrhenius (1859–1927) who could
prove with the help of kryoscopic methods that ions are free (but solvated) in solu-
tions. But was it possible to extrapolate the results to the solid phase? If the theory
of crystal lattices was right, what were the particles on the lattice grids, single ions
or ion pairs?

The German physicist Erwin Madelung (1881–1972) found an answer to this
question in 1909. Madelung investigated the absorption of crystals in the infra-
red spectrum. For many crystals, there were already absorption spectra available.
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Madelung (1909) tried to explain the absorption based on the (still unproven) lattice
model suggesting a vibration of ions. Data about the bonding enthalpies between
the ions were accessible via calorimetry. Madelung used this bonding energy to
calculate the vibrational frequency of the ions around their theoretical rest position
in the lattice. He found out that the observed absorption and the predicted vibra-
tion energy are almost equal. In a second step, he concluded from the vibrational
frequency on the ionic charge which was the same as the already known valencies.
Based on these results, Madelung developed the model of ionic bonding and ionic
lattices. This relationship between the absorption bands and the ionic lattice is – as
Madelung writes – the first proved relationship between microscopic and optical
properties of crystals.

Madelung’s proof of the hypothesis of space lattices was an indirect one. The
direct proof was made in 1912 by Max von Laue, who used two conjectures as a
starting point for his experiment. The first conjecture concerned the newly discov-
ered x-rays, whose wave length was estimated in the range between 12 nm and 5 pm.
The other conjecture concerned the distance between the lattice planes. Based on
these two conjectures he built the hypothesis that the interaction x-rays with crystal
lattices should lead to interference, what he could show in experiments.

Students’ Ideas in Comparison

As the results of Pfundt (1981), Griffith (1987) and Lee et al. (1993) show, students
have problems in dealing with the idea of empty spaces between particles. In her
studies, Pfundt presented students with different representations of atoms. The stu-
dents had to choose the one that represented their ideas at best. Numerous students
chose representations of cubic or hexagonal atoms, because ‘they fit without gaps
between them’ (Pfundt, 1981, p. 87). Griffith and Preston (1992) could explicitly
show that students suppose that the size of a crystal corresponded to the shape of
its atoms. Furthermore, they discuss the parallels between this students’ conception
and the corresponding historical idea of René Haüy.

Until the beginning of the nineteenth century, scientific researchers did not
consider the question of the forces between particles. For students, however, this
question seems to be quite apparent, although a lot of misunderstandings impede
learning about chemical bonding (Taber, 1994; Bello et al., 2007; Özmen, 2004).
In the studies of Butts and Smith (1987), students compared, in an experiment, the
melting points of different crystalline substances like sugar and sodium chloride. As
expected, sodium chloride had a much higher melting point than sugar. Asked for
an explanation for this phenomenon, the students guessed that the chemical bonding
in the salt must be more stable than in sugar. Looking at these ideas, it will be inter-
esting to have a closer look at the genesis of our current knowledge about chemical
bonding in crystals.

In the classroom, ionic bonding is mostly introduced by the example of simple
ionic substances like sodium chloride. Starting from the electronic configuration of
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the atoms, the students conclude that one electron jumped to the other atom, and
both reach a full outer shell of electrons. This (usual) way leads to several misun-
derstandings. Taber (1994) and later on Barke (2006) could show that numerous
students misinterpret the particles of sodium chloride as pairs and not as single ions.
The six rods in the commonly used model of the sodium chloride lattice are seen as
one ‘chemical’ and five less specified ‘physical’ bonds.

What implications for teaching can be drawn from students’ views and these his-
torical considerations? At school we often try to convince students to use a present-
day scientific theory without offering them an insight into the often complicated
methods of investigation and into the two-way interaction between the development
of theories and empirical methods. Consequently, it must not be surprising that we
find many students with concepts in mind that are alternative to those that scientists
and teachers offer them.

With regard to the results of Taber (1991, mentioned above), Barke (2006) sug-
gested that these students’ conceptions could be ‘home made’, a conception caused
by misunderstandings in teaching the ionic bonding. As the view of the history
of science shows, it seems to be possible to learn a lot about the chemistry and
the physical properties of crystals and salts without the model of ionic bonding.
According to Taber’s (1991) results, the model seems to be difficult to under-
stand, so maybe these conceptions may be better introduced later in the students’
curriculum. It could be a convenient approach to follow the historical develop-
ment: In a first step, students could learn about the properties of the ionic lattices
and afterwards explain their nature and genesis. Also, teachers have to consider
the complexity and the interaction of the many different parallel research stud-
ies and outcomes in different fields of chemistry as described above. Only the
linkage of such different interpretations finally may lead to a convincing theory.
Why should we expect an easy development of a parallel conceptual understanding
by students, who often are presented with only one experiment in a short period
of time?

Covalent Bonding and Organic Chemistry

Historical Development

In the early development of organic chemistry, researchers thought that the prop-
erties of substances would mainly be determined by the sort of atoms involved.
After chemists had made progress in the field of elementary analysis, it became
possible, to ‘count’ the particles in organic compounds. It was Justus von Liebig
(1803–1873) in 1832 who found the first hint of the importance of the arrangement
of atoms in determining the properties of matter. Liebig was working at the elemen-
tary analysis of cyanic acid and fulminic acid and found out that they each have
one atom of hydrogen, nitrogen, oxygen and carbon. In other words: Both acids had
exactly the same atomic composition, but completely different properties. Fulminic
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acid is highly explosive, cyanic acid not. After several re-investigations and other
examples of substances with the same atomic composition but different properties,
Berzelius interpreted this phenomenon as meaning that the atoms in the two sub-
stances must ‘combine in such different ways’, so that the resulting substance had
completely different physical and chemical properties. He called the new discovered
phenomenon isomerism (Berzelius, 1832, p. 310). Not only the kind of atoms, but
also their arrangement seemed to be important for the properties of a substance.

The relevance of the arrangement of atoms was confirmed by a discovery by
the French chemist Jean André Dumas (1800–1884). Dumas demonstrated in 1839
for the example of acetic acid, that some hydrogen atoms can be substituted by
chlorine without a change in the main properties of the substance. Acetic acid and
chloroacetic acid are both acids, only the strength is different. His observations were
summarised in the ‘theory of substitution’, where he postulated, that the properties
of matter are mainly influenced by the arrangement and not by the sort of atoms
(Dumas, 1833, p. 288). The ‘arrangement’ of atoms was later renamed as ‘chemical
structure’. Therefore, the discovery of isomerism and the ‘theory of substitutions’
can be regarded as the beginning of organic structural chemistry. Breaking with
Berzelius’ dictum, who said that the properties were mainly based on the properties
of atoms, Dumas wrote with certain acrimony:

It is not necessary to let Mr. Berzelius know, that, according to the views of electrochemistry,
it is mainly the nature of the elementary particles which determine the main properties of
matter. According to the theory of substitutions, however, the properties of matter are mainly
determined by the arrangement of particles (Dumas, 1833, p. 288).

With this idea, a completely new element was introduced in micro–macro think-
ing: the term ‘arrangement of particles’ was later called the chemical structure.

For a real structural determination, further theoretical background was needed.
August Kekulé was the first who thought about this background in 1858. He sug-
gested that the reaction of two organic substances means on the microscopical level a
kind of an exchange of parts of the molecule. The molecules must come in close con-
tact, existing bonds must break and new bonds have to be built. Based on this theory,
Alexander Butlerow (1828–1886) introduced a new principle in organic chemistry
in 1861. According to him, in a chemical reaction the number of atoms changing
their place should be as small as possible. Based on this principle, it should be
theoretically possible to detect a certain chemical structure by the help of specific
reactions. If a chemical reaction was accompanied by a complete rearrangement of
atoms (as mostly in inorganic chemistry), a structural determination with specific
reactions would fail. With these premises in mind, chemists could start to develop
specific reaction to identify reactive groups.

A typical example for Butlerow’s work is his investigation about the structure
and the reactivity of ethanol. The question was in a chemical reaction are the hy-
drogen atoms substituted at the CH3- or at the CH2OH- side of the molecule? To
answer this question, he methylated ethanol. If the substitution would take place at
the CH3-side, propanol would be generated, otherwise isopropanol. Both substances
show different boiling points. The product showed the boiling point of the secondary
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alcohol, which could by proven by oxidation to acetone. This theory was another
milestone in the development of micro–macro thinking: a theory that could make
a link between the reaction of substances (and therefore dynamic properties) and
the arrangement of atoms. Secondly, ideas about structure could now been tested.
In other words: Butlerow invented the first possibilities, not only to speculate about
microscopic structures, but to investigate them.

Although huge efforts had been made in the field of structure determination,
the question about the spatial arrangement of atoms remained. In 1848, Louis
Pasteur (1822–1892) made a discovery that gave the first hints of an answer to
that question. Crystallising tartaric acid, he observed two different types of crys-
tals with identical, but mirrored, shape. He separated the crystals and determined
the rotation of polarised light of the solution, which was different, too. He con-
cluded that the difference was not only a crystallographic effect, it also affected
the molecules themselves: The molecules themselves must be asymmetrical. Pas-
teur speculated about at tetrahedral arrangement of substituents around a cen-
tral carbon atom, but he had no possibility to prove his idea. It was Jacobus
Hendricus van’t Hoff (1852–1911), who combined all those results to an all-
embracing theory. The theory about the ‘arrangement of atoms in space’ was
published in 1908 and explained the most results concerning stereoisomeric sub-
stances. Here, he developed the basis for our nowadays theory about the geometry
of molecules.

So far, results about the shape of molecules had mostly been reported. Chemical
(covalent) bonding, however, was considered much less extensively. A theory of
covalent bonding was developed in 1916 by Gilbert Newton Lewis (1875–1946)
and Walter Kossel (1888–1956). At this time, research about the structure of atoms
had made huge steps forward. Max Planck had developed the quantum theory in
1900, and with the application of the theory on the electronic structure of atoms,
the theory of valences got a theoretical groundwork. Lewis deduced the octet
rule in 1916 and developed (mostly intuitively) the theory of covalent bonding.
Walter Heitler (1904–1981), Fritz London (1900–1954), John Slater (1900–1976)
and Linus Pauling (1901–1994) managed in 1927 to confirm Lewis’ conjecture by
quantum physical calculations.

The knowledge about the mechanism of chemical bonding is essential for under-
standing the chemistry of molecules, but it does not explain much of their physical
properties. Or, expressed in another way: Much was known about microscopic prop-
erties of atoms and molecules. Much was known as well about the properties of
molecules. What was still missing was a real linking theory between macroscopic
and microscopic properties. Physical properties are mostly dependent on special
forces, the van-der-Waals forces, and the hydrogen bonds between them. Johannes
Diderik van-der-Waals mostly investigated the change between the different states
of aggregation. He postulated the theory that all states of aggregates can be described
using the same forces. In his theory, states of aggregation are only points in a con-
tinuous spectrum of interaction between the movement of molecules and the forces
between them. Furthermore, he was able to explain other physical phenomena like
viscosity or adhesion and cohesion of liquids – all dependent from intramolecular
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forces. But what was exactly the nature of these forces? Which chemical struc-
tures were responsible for the macroscopic behaviour of molecular substances?
Van-der-Waals-forces can be differentiated in Keesom-forces between two dipoles,
the Debye-forces between a dipole and an ion and the London-forces between two
apolar molecules. Furthermore, hydrogen bonding influence the physical properties
of matter dramatically.

One important structure in molecules are polar bonds and, as a result, po-
lar molecules. The polarity of molecules had been first formulated by the Dutch
physicist Peter Debye (1884–1966) in 1912, as he tried to build a microphysical
model to explain dielectricity (the behaviour of an electric field in a substance).
Later, he related the polarity of molecules to the interaction between molecules and
ions. Together with Erich Hückel he succeeded in formulating a complete theory
about the behaviour of electrolytes (Hoffmann, 2006). The discovery of the dipole
moment caused high efforts in the research on physical chemistry. On the one hand,
methods for determining the dipole moment were developed. On the other hand, the
correlation between the shape of the molecule and its dipole moment was investi-
gated (Estermann, 1929; Errera & Sherrill, 1929).

Based on these results, the attraction between polar molecules was quite easy
to explain. Willem Hendrik Keesom (1879–1956) presented a mathematical de-
scription of these forces in 1921. The so-called Keesom-forces are often used to
explain the boiling points and the viscosity of polar substances without hydrogen
bridges. Apolar regions in molecules also are able to interact physically and are
another important structure to judge the properties of substances. In the history of
science, these interactions caused great difficulties when researchers tried to explain
these rather weak, but significantly measurable forces. Although it was already pos-
sible to liquify noble gases, the weak forces between them stayed quite obscure,
until Fritz London and Walter Heitler (1904–1981) found an explanation in 1927.
Based on quantum physical calculations they found that attracting forces are not
caused by electrostatic attractions, but by quantum mechanical floating (Heitler &
London, 1927).

The third important structures are polar O–H- or N–H-groups in molecules, pre-
destined to build hydrogen bonds which are important for the explanation of the
properties of a substance. The concept of hydrogen bonding was postulated by
Maurice Huggins (1897–1982) in 1919 in his dissertation. In 1936, he successfully
developed and applied this concept to explain the crystal structure of ice and the
melting and boiling trends of several organic substances (Huggins, 1936).

With these theories, the theoretical gap in the explanation of physical properties
was closed and scientific micro–macro thinking was set on a firm empirical basis.
Further investigations refined the theories, but the main guidelines were laid.

Students’ Ideas in Comparison

This explanation of states of aggregation was much later in the history of science
than it is in most curricula. In science education, it is usually a topic of the first year
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of learning chemistry (age groups 12–13). The shape of molecules has a vast influ-
ence on their polarity and therefore on the forces between them. However, students
of this age and experience have great problems in estimating the influence of differ-
ent parameters on the polarity. In a study by Peterson, Treagust, and Garnett (1989),
only 13% of the students in 11th grade managed to predict the shape of NBr3 cor-
rectly and only 38% in the 12th grade. Regarding influential parameters on the shape
of molecules, students suggested three factors: Some mentioned the polarity of the
bond, others mentioned double bonds and 22% referred to the repulsion of binding
electron pairs, but ignored the influence of the non-binding electron pairs. Others did
not take into account the different values of electronegativity. The students’ ability
to predict the polarity of molecules based on their shape is fairly low.

We also find students’ conceptual ideas documented for other physical properties,
such as viscosity. In their study, Peterson et al. (1989) asked students to give reasons
for the viscosity of Vaseline. Twenty-seven percent of the students argued about the
covalent network in the substance. They thought that the change of shape correlated
with the breaking of bonds between atoms (which, of course, would mean that a
chemical reaction would have taken place). Soft substances were given weak bonds
so that these substances were able to adapt their shape. Another 37% gave the correct
answer of weak intermolecular forces between the particles, so that the shape of the
substances could easily been changed.

Schmidt’s (1992) investigation of students’ conceptions (12th grade) concerning
isomerism showed that students mostly regard substances from the same material
type (acids, ethers) as isomers; n-propanol and isopropanol, for example, are re-
garded as isomers, whereas propanol and ethyl-methylether are not considered to be
isomers. In contrast to Schmidt’s hypotheses, the shape (rod-like, cross-shaped) of
the molecules was not so important for their choice.

Peterson, Treagust, und Garnett (1989) and Furio et al. (2000) investigated the
conceptions of 12th graders concerning chemical bonding and polarity, intermolec-
ular forces and the octet rule. Some students suggested the number of possible bonds
of atoms is the same as the number of its valence electrons. According to this theory,
nitrogen atoms would have five bonds. Here, a chronological view on the theories
could help to delimit their ‘omnipotence’ and to prevent such misunderstandings.

The connections between historical ideas and students conceptions or learn-
ing difficulties are less close for this than for other topics. Three points may be
mentioned as possible causes. Firstly, the context and problems that lead to the
development of these theories are mostly ‘scientific’ problems. Dielectricity and the
coherence of apolar molecules are phenomena which are only a problem in a spe-
cific scientific context. Secondly, the knowledge base, where such scientific theories
are founded, grows exponentially and gets canonised in the university as a central
institution of knowledge storage, development and transfer. Thirdly, the methods of
investigations (apparatus, infrastructure and scientific language) got more and more
complicated. Therefore, the ideas of scientists are less based on primary experience
or observations, but more on scientifically lead and filtered observations. Thus, if
compared to ancient scientists, the gap between students and scientists widens.
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Macromolecular Chemistry

Historical Development

Even though the historic development of macromolecular chemistry parallels that
of the history of organic chemistry in general, the teaching and learning of this area
at school generally starts after an introduction into the basic principles of general
organic chemistry. Macromolecular substances produced by living organism have
always played an important role in the life of human beings. Some substances were
used to build houses, others to produce clothes and again others were used as food.
However, the microscopic structure was undetected for a long time due to the ab-
sence of suitable experimental methods of analysis (Simon, 1950). One of the first
ideas to explain the elasticity of substances came from Nicolas Lémery who thought
that the particles of elastic substances had a structure like springs and were thereby
elastic. So again, Lémery transferred the properties of substances onto particles, as
many students do.

Another area of research with potential industrial purposes began with the idea
of using the juice of the rubber tree in Europe. As this liquid coagulated during
lengthy travel, a suitable solvent had to be found, namely, naphtha, a light frac-
tion of oil (Elias, 1985). However, this process seemed to be incomplete as the
liquid stayed milky. Similar observations were made with other substances, like
starch, which are now known to be polymers. People at the end of the nineteenth
century explained this phenomenon by small aggregates of molecules that scatter
the light. These aggregates were called micells. Substances that were not solved
completely were called colloid substances (glue-like substances). The chemists of
that time did not have the idea that these ‘micells’ could be huge molecules be-
cause the theory of micells was sufficient to explain different properties, such as
the swelling of substances. The biologist Nägeli (1817–1891) for example thought
that water gets between the micells so that they would get pressed away from each
other. For fibrous substances he postulated micells arranged in rows. Other devel-
oping theories and methods in chemistry also did not change the theory of micells.
One important method was the analysis of the number of particles in a solution
with cyroscopic methods, which were again regarded as micelles. Hermann Mark
(1895–1992) and Kurt Meyer (1893–1952) analysed cellulose and caoutchouk by
x-ray diffraction. The spectra of cellulose showed a large number of elementary
cells. They interpreted this result with the idea of aggregates of molecules and
proposed ‘secondary valences’ as bonding. ‘Secondary valences’ were regarded
as weaker bonds compared to the main bonds of the carbon-chains. But even
100 years after Nägeli, macromolecular substances were regarded as built by mi-
cells. However, chemists tried to analyse and to interpret such micells in more
detail.

In the case of caoutchouk, it was suggested that the short chains were attributed
to the presence of many double bonds. Under mechanical forces, they are stretched
like a spring that causes the mechanical properties of caoutchouk. This theory was
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supported by results from x-ray diffraction: stretched, caoutchouk showed sharp
diffractions, which instantly disappeared under relaxation. Changes in the physical
properties of synthetic substances were explained by changes in the bonding be-
tween the micells. The process of vulcanisation, for example, was explained by the
formation of disulphide bridges between the micells, which leads to higher mechan-
ical stability (Priesner, 1980).

Only one theory was proposed in opposition to the theory of micells: Hermann
Staudinger (1881–1956) developed his theory of macromolecules in the 1920s.
Staudinger’s theory was somehow revolutionary as it broke with the former idea
of molecules as small particles of exactly definable size. He explained the scat-
tering of light in colloid solutions by huge molecules instead of aggregates of
smaller molecules. One important method to prove his theory was the reaction of
adding hydrogen to double bonds, for example of isoprene in caoutchouk. In case
of micells, there should be no bonds and valences between the micells left after
adding hydrogen in excess. The solution should become clear as the micells should
drift away from each other. However, the experiments showed something different:
the solution stayed colloid and milky. These results were one important step for-
ward to the theory of macromolecules. In his further research, Staudinger (1961)
investigated the influence of side chains on the melting points of polymers and
the viscosity of their solutions. Through syntheses of polymers, he could show
that fibrous substances were also built by macromolecules and not by strings
of micells.

The same observations at the macroscopic level can lead to different interpre-
tations of the microscopic level. Why was the (more complicated) micellar theory
so successful? The reasons for the final success of the macromolecular theory are
still unclear. Staudinger broke with the former definition of the term ‘molecule’
as a limited aggregation of definite size. Staudinger’s molecules showed changing
molecular weights and were bigger than anyone could imagine a molecule could
be. All other methods of investigation like x-ray diffraction, swelling of polymers,
scattering of light in solutions etc. showed results which could be interpreted both
in the sense of macromolecular and micellar theory (Table 10.2).

Table 10.2 Comparison of properties of small molecules, colloids and polymers by
Staudinger (1961)

Properties Small molecules Linear polymers Eucolloids

Solubility Without swelling Compared by swelling Compared by swelling
Dissolved particles

are . . .

Monomers Polymers Polymers

Viscosity of a 1%
solution

Low High High

If the colloid
properties of the
solution change . . .

No change in
molecules

Degradation of
macromolecules

No change in
molecules, but the
size of the micelles
change
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This leads us to a crucial point in thinking about micro–macro relations: The
closeness of the linkage between the microscopic and the macroscopic view of the
world. As the example of the macromolecular theory shows, the same observations
can be explained by different theories. In other words, the connection between phe-
nomena and scientific theories is not an unambiguous one. Although one theory fits
better with the observed facts than the other, the construction of the model always re-
mains a theoretical construction to explain phenomena. On the other hand, theories
can influence the macroscopic ‘reality’ as well. The polymer theory, for example,
can be used to design polymers.

The discussion between these two theories of micelles and macromolecules
seems to be interesting for educational purposes. Students can see that a change
of theory is often a long drawn out process which is not only fought by scientific
arguments but also by polemic statements and disputes. In this way, students have
an insight into the discourse of science. Additionally, the students can realise that
experimental results can be interpreted differently but consistently with different
theories, as neither of the two theories enabled significant explanatory clues from
the macro-level onto the micro-level. They can also see, in the further development
of polymer science, that science and technology, theory and phenomena are closely
interrelated and influence each other.

Students’ Ideas in Comparison

No studies have apparently been published yet into students’ ideas about poly-
mers. Our study presented later gives some first hints; for the sake of complete-
ness the main results are sketched here. Younger students without knowledge about
molecules tend to explain hardness and density of polymers by different densi-
ties of atomic packings. Students from 12th grade who already had learned about
polymers used the denseness of covalent network in polymers to explain their me-
chanical properties. Other studies (Bigalski, 2005) showed that the ‘denseness of
a covalent network’ seems to be a plausible concept for students. Here, students
from 9th grade were asked to relate different materials (rubber, hard plastics etc.)
to structural representations. Even though the students had no knowledge about
polymers, most students selected the right structural formula. These students’ con-
ceptions show no relation to historical ideas: Possible reasons had already been
outlined.

Investigating the Educational Effects of Historical Ideas

Despite these hopes and ideas, the amount of concrete teaching material available
is fairly low. Some synoptic and carefully commented presentations of historical
debates (e.g. Minssen & Walgenbach, 1985) and some teaching units are available
(for example Jansen et al., 1995; Matuschek & Jansen, 1985; Masson & Vazquez-
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Abad, 2006; Craft & Miller, 2007). Nevertheless, there is a great lack of tested
and evaluated material and teaching experience, especially concerning conceptual
change and the debates about the nature of science (NOS) in science education
where little attention had been paid to the development and evaluation of sophisti-
cated teaching
units.

Furthermore, Wehlen (2006) showed that the representation of the history of sci-
ence in schoolbooks is rather poor and the books seldom take into account the above
mentioned theoretical positions. However, a representation of scientific debate is the
basis for the social constructivist view of science (e.g. Jansen & Matuschek, 1985;
Lederman, 2004; Höttecke, 2004). Other representations of single scientists may
lead to a glorification of a single scientist, again leading to an authoritative view
on science in general. According to Höttecke (2004), only a few students know
about the discursive character of science, involving the possibility for students to
participate as responsible citizens, which is a conditio sine qua non for developing
critical thinking in classroom.

How can students articulate their preconceptions in the classroom freely? Sev-
eral techniques are known like drawings, mapping techniques and open discussions.
Another idea is the use of concept cartoons. In this approach, persons with different
opinions (which maybe show similarities to students’ conceptions) are depicted. The
students can use these opinions as a starting point to discuss their own opinions in
classroom (Keogh & Naylor, 1999). Such cartoons can also be designed by using
historical ideas as impulses to initiate students to think about their own conceptual
explanations.

How can the similarities we described above be used in classroom teaching? We
would propose the following, quite pragmatic model:

1. The teacher hands out historical, but for educational purposes reduced, material
to the students that presumably will pick up students conceptions and actual
scientific positions. This material could be short texts, graphics, extracts from
letters or compendious worksheets presenting several contradictory positions of
different researchers.

2. The students discuss these ideas and propose experiments to verify or falsify one
of the presented theories. From a methodical point of view, several approaches
from discussions, poster presentations up to actual role-plays are possible. The
students have the possibility to choose one of the scientists as an advocate for
their preconceptions. Using this technique, it will be easier for the students to
express and defend their conception in classroom.

3. Based on the experiments and if necessary on additional material, the pros and
cons for either of the theory shall be collected and discussed. If possible, a deci-
sion should be formulated and explained.

Arguments against this rather simple way of proceeding can be based on the fact
that the history of chemistry is simplified too far in order to produce suitable teach-
ing material. Scientific developments are ripped out of their historical context and
sometimes rudely simplified. Other concepts, like the historical problem-centred
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concept (Jansen et al., 1995; Jansen & Matuschek, 1985) or the historical-genetic
concept according to Pukies (1979) are far more interested in a ‘realistic’ under-
standing of the historical gain of knowledge or in learning about the nature of sci-
ence. Rudge and Howe (2004) present a proceeding of four steps: (1) Identifying an
prioritising the objectives of the teaching unit based on curricula and national stan-
dards, (2) selecting an episode, (3) preparing teaching material (4) implementation
in the classroom. The helpful (though not quite sophisticated) scheme by Rudge
and Howe pays no attention to students’ conceptions. Also the more elaborated
conceptions by Jansen et al. (1995) and Pukies (1979) make nearly no reference
to this important point – the identification with historical researchers is here a more
affective and less seen under a conceptual change perspective.

Through this chapter we would like to express our appreciation of all these ed-
ucational concepts. Besides (not in contrast) the conceptions mentioned above, our
intention is to initialise a process of reflection and maybe of conceptual change for
the learners. Learning about the history of science into more detail can be a desired
‘by-product’, but it is not the main focus of the approach described above. There-
fore, it is our aim to promote learning about basic processes in chemical enquiry,
whereas the other projects mainly focused on learning about single topic or phase
in the history of chemistry.

Following the analyses described above and the guidelines of the Model of Ed-
ucational Reconstruction, we have designed an exploratory, qualitative, study to
investigate students’ ideas and discussions working with exemplary historic ma-
terial. We carried out 15 teaching experiments with students aged 14–18 years.
The younger ones, who had just started their chemistry courses, were given ma-
terial on crystals. The older students were working on material about polymers.
Of course, the students’ answers cannot be compared directly because of the dif-
ferent topics, and an analysis of the students’ conceptual explanations was not
the key focus of the study. We rather wanted to investigate whether and how his-
torical ideas could provoke the students to discuss their own ideas, to compare
pros and cons of different theories and to take different reasons and perspec-
tives into consideration. To do so, we needed a topic that the students had not
already dealt with at school, therefore we chose different topics for different age
groups.

Salts and polymers were chosen because of their daily-life applications and
presence and because of their interesting and diverse historical background. The
structured interviews each lasted about 40 minutes and were carried out with pairs
of students to encourage discussion. Every interview began with a demonstration of
a certain property of the material or with an experiment (Table 10.3). The students
were asked to explain the phenomena on the particle level. Although the 7th graders
were not taught about the particulate concept of matter in school, they did not hes-
itate to argue based on their ideas about smallest particles. After this introduction,
the students were given historic explanations through texts and drawings (Fig. 10.2).
They were asked to discuss the different positions, to evaluate them and, if possible,
to suggest experiments which might be helpful to find out which theory might be
more suitable (Figs. 10.4, 10.5 and 10.6).
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Table 10.3 Experiments and historical episodes used in the teaching experiments

Topic and age group Experiments and phenomena Historic theories as impulses

14-year-olds: crystals Observation of different
crystals (Copper sulphate,
calcspar)

Theory of hooks and eyes by
Leukipp and Demokrit
(drawing)

Splitting of crystals Theory of Haüy (original
picture)

Shape of crystals (sodium
chloride and calcspar)

Theory of Hooke (original
piture)

Nowadays model of an ionic
lattice

16–18-year-olds: polymers Observation of different
polymers (phenolic resin,
polyethylene, polystyrene)

Theory of micells by Mark
and Meyer

Tyndall’s effect Theory of polymers by
Staudinger

Physical properties of
polymers

Swelling of starch and SAP

Fig. 10.4 Drawings of
students (7th grade) about
their ideas of atoms in
crystals. Left, angled particles
with ‘bondings’ between
them, right ball-shaped
particles in closest
arrangement. The line in the
middle indicated a possible
breaking edge

Fig. 10.5 Theories about the constitution of ‘polymer materials’. Left the theory of micells by
Mark and Meyer (1928) at the example of cellulose, right Herrmann Staudinger with a model of a
polymer chain

Interviews on the Particle Structure of Crystals

All interviews were audio-taped and transcribed. Following a simplified scheme of
Mayring (2000), the answers and discussions were then analysed and categorised.
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Fig. 10.6 Drawings of students about their ideas of hard and soft polymer materials. Left, a student
(7th grade) argues with the closeness of the arrangement of particles. On the right a student from
12th grade. The difference is caused in the closeness of the covalent network

When asked to describe and to explain the properties of crystals, all the students
immediately used ideas of particles, even though they had not been taught these
ideas at school before. In contrast to the historical researchers, who set their focus
on the shape of crystals, the students mainly described and explained properties
such as the hardness or the colour of crystals. The concept most used by students
was the density of package of the particles. According to the students’ explanations,
the lighter and the less stable a material was, the smaller was its density,.

Regarding the historic explanations, the students were neither convinced by the
idea of hooks and eyes (Leukipp, Demokrit), nor by the idea of cubic particles (Haüy).
However, the historic arguments were used by the students to discuss their own ideas
of bonds between the particles and to discuss the cubic shape of some crystals.

To enhance the discussion even further, we showed them pictures of cleaving a
crystal. Such experiments played an important part in the history of theory devel-
opment in the area of crystal chemistry (see above). The students were able to draw
the conclusion that splitting must be correlated to a separation of particles, but they
did not draw any conclusions about the shape and order of the particles before and
after the splitting.

In general, this explorative study confirmed the usefulness of historical ap-
proaches to enhance students’ discussions and reflections about their own ideas. The
pairs often came into a dialogue about suitable and unsuitable theories and tried to
find arguments pro or against the one or the other. Typical preconceptions like the
brick-like arrangement of atoms were not found.

Interviews on the Structures of Polymers

Polymers are not only an important topic of chemistry because of their many appli-
cations in everybody’s daily-life, they are also interesting because of the theories that
can be applied to explain and to design polymers and their properties. However, the
teaching experiments and interviews gave hints that the historical development of
theories to explain polymers and the students’ explanations are not as coherent as for
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other topics.Onereasonmightbe thefact that students, especiallyyoungerstudents,do
not separate between different classes of substances systematically. They tend to use
the same explanations of all phenomena and might not see the special properties and
the need for a special explanation for polymers. This had been the case for researchers
in the past, who had the challenge of explaining properties: this was not easy using the
accepted theory of molecules only having a limited number of atoms.

The younger students, who had not been taught organic chemistry before, mainly
used the idea of the density of particles again to explain the hardness of polymers.
The concept of density seems to be a ‘general explanation’ for almost all phenom-
ena, as other studies have found. The upper secondary students, who had been taught
aspects of organic chemistry, used the grade of density of the covalent network to
explain the different properties of the given polymers. The hardness of polymers
was explained by more covalent bonding.

Given the two theories of Mark and Meyer, and of Staudinger, the students eval-
uated both theories as being convincing and could not really see the differences be-
tween the two. Again for these students, the revolutionary idea of Staudinger, which
changed the general idea of molecules at that time, was not unusual, even though
they had also learned at school that molecules have a certain number of atoms and
build a unit. Still, the students were obviously not used to discussing theories and
different concepts of explanation. Some students also had no problems in using both
theories at the same time, one to explain soft polymers (the theory of micells with
weak forces between the micells) and the other one to explain hard polymers (the
theory of molecules with stronger bonding). The parallel use of different concepts
has been found in other studies too (Nieswandt, Schmidt, & Parchmann, 2001).
However, the students were able to connect and to change between the macroscopic
level and sub-microscopic explanations and to draw conclusions and hypotheses
from one level to the other.

After these first explanations and discussions, the students were shown some
experiments. The explanations were diverse: Some students explained the swelling
of SAP as a chemical reaction, not as an uptake of water between the polymer struc-
tures. The demonstration of the Tyndall effect was also not helpful to evaluate the
two theories in a better way, as both were used again as explanations.

In summary, the historical material about polymers was not as fruitful in the way we
used it. Both theories seemed to be useful and convincing for the students. Obviously,
both theories are complex and could indeed explain the observed phenomena. The
need for modern techniques of analyses becomes obvious, which have also been the
important step in the history of polymer theories. Additionally, these results might
also show that students are not used to evaluating and comparing different theories.

Summary and Conclusions: Design of Educational Materials

This chapter has given reasons and examples for the detailed and comparative anal-
ysis of both historical developments of basic concepts and ideas in science and
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corresponding students’ ideas and explanations. The use of historic material to ini-
tiate students’ thinking and discussions has also been shown by different studies.

In this last part of the chapter we present – as far as possible – a summarising
overview about the development of micro–macro thinking in the history of chem-
istry. Where no investigations concerning students’ development of micro-macro-
thinking over the time in school were available, we have formulated possible links
to historic developments. Further studies, e.g. in the manner of learning process
studies would be helpful.

Students
Historical development conceptions/difficulties Use in classroom

Atomism
Leukipp (450–360 BC)

and Demokrit (460–371
BC) postulate the idea
of atoms. They correlate
physical properties like
hardness and density to
the density of packing
of atoms.

Many students have a
simple atomistic model
in mind and are able to
make similar
micro–macro
correlations as the
Greece philosophers.
Additionally, students
bring in new terms like
chemical bonding
(though not in a
chemical sense!)

Leukipp’s and
Demokrit’s ideas
seem to be a good
start in micro–macro
thinking. A deeper
insight into their
ideas than in the most
schoolbooks could
pick up students’
ideas successfully.

Aristotle (384–322 BC)
denies the existence of
vacuum, one of the key
assumptions in
Leukipps and
Demokrits model.

Students have difficulties
to grasp the idea of
empty space between
particles (Novick &
Nussbaum, 1978; Lee
et al., 1993).

Discussing Aristotle’s
ideas and arguments
against them can
pick up students
conceptions
concerning the
particulate nature of
matter.

Paracelsus (1493–1511)
had a more symbolic
idea of properties. He
treated them as if they
were own physical
substances.

This kind of non-atomic
thinking is also found in
8/9th grade, especially
concerning properties
like taste, colour or
smell (Schlöpke, 1991;
Sanmarti, 1995;
Steffensky et al., 2005).
But students are also
able to explain other
properties like hardness
and melting points with
particulate models and
cohesive forces (Butts
and Smith, 1987).

The idea of
substantialisation
appears mostly in the
case of properties
which are extremely
difficult to explain.
Maybe not all
‘metaphors’
concerning
properties are based
on non-atomic
thinking.
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Students
Historical development conceptions/difficulties Use in classroom

Inorganic chemistry and
ionic bonding

Renaissance and after:
debate about the shape
of particles and the
correlation to crystal
shape. Haüy
(1743–1822) and others
propose models with
edgy particles, whereas
Hooke (1635–1703)
and many others
discuss models with
ball-shaped ones.

Both ideas find
semblances in students’
thinking (Pfundt, 1981;
Griffith, 1987).

Both historical theories are
easy to grasp for students
and can be used to
elucidate and discuss
students’ conceptions in
class.

Debate about the question
if crystals and solutions
consist of single ions or
ion pairs.

Taber (1994) and
Barke (2006) could
show that numerous
students misinterpreted
the particles of sodium
chloride as pairs and
not as single ions.

Picking up this debate (as a
roleplay etc.) could help,
to discuss (and cure) these
misunderstandings.

Organic chemistry and
covalent bonding

Liebig (1803–1873)
discovered isomerism
and concluded the
importance of the
arrangement of atoms
regarding the properties
of matter in 1832.

Schmidt (1992)
discovered students’
difficulties with the
concept of isomerism
which are not similar to
historical ideas.

The importance of isomerism
in the history of science
does not correspond to the
importance of isomerism
in school.

Butlerow (1828–1886)
relates chemical change
to chemical structure
and develops the first
molecular mechanisms.

Butlerow’s analyses are clear
and simple examples for
chemical structure
determination. They could
be useful in class to
demonstrate the beginning
of organic chemistry as
science of molecular
structures.

Lewis (1875–1946)
develops the octet rule
and theory of covalent
bonding

Some misunderstandings
concerning the octet
rule are known, which
are not related to the
historical ideas.
(Peterson et al., 1989;
Furio et al., 2000)
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Students
Historical development conceptions/difficulties Use in classroom

Debye (1884–1966)
formulates the theory of
polar molecules to explain
the dielectricity of some
substances.

Students have difficulties to
determining the shape and
polarity of a molecule.
(Peterson et al. (1989) resp.
Furio et al. (2000))

The connections between
students’ ideas and scientific
conceptions are less tight
than above. Especially in the
case of intermolecular forces,
the contexts that lead to the
development of the theory are
extremely complex and too
complicated for school.
Nevertheless, a historical
embedding could help
students to recognize the
focus and the limitations of
the theories.

Keesom (1879–1956) used
the polarity of molecules
to explain the viscosity of
substances.

Based on quantum
mechanical calculations,
London and Heitler
(1904–1981) explain the
cohesion of apolar
molecules, later called
London forces.

Students mix up inter- and
intramolecular forces, e.g. to
explain the viscosity of
substances. (Peterson
et al., 1989)

Huggins (1897–1982)
develops the theory of
hydrogen bonding.

Students can explain hydrogen
bondings correctly, but have
difficulties, to predict them
from chemical formula and to
draw conclusions concerning
the physical properties of the
substance. (Peterson
et al., 1989; Özmen, 2004)

Macromolecular chemistry
Mark (1895–1992) and

Meyer (1893–1952)
suggest that materials like
caoutchouk or cellulose
are made of small
molecules aggregated to
micells.

Both theories seem logical to
students. They are able to
draw conclusion concerning
the properties of materials
out of the theories.

The importance of scientific
debate can be shown.
However, the success of the
macromolecular theory
seems not to be
understandable without
further material.

Staudinger (1881–1956)
develops the theory of
polymers.
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The literature analyses have shown similarities between historic concepts and
students’ pre-concepts. Our own studies again have given interesting hints about
the usefulness of historical ideas to enhance students’ discussions and reflections
of different theories. However, the demand for further information has also be-
come obvious e.g. in the case of the polymer discussion: without any background
information about the revolutionary idea of Staudinger, which was in contrast to
the general idea of molecules at that time, and without information from mod-
ern analytical techniques, the students were not able to distinguish between the
two historical ideas. However, this result might lead to the demand of such in-
formation in class, too, and could therefore be very fruitful to teach the Nature
and History of Science, too, connected with the theories about polymers. The idea
of incorporating historical material, as Jansen et al. (1995) and others have sug-
gested, could be fruitful if the demands given in the introductory section of this
chapter were taken into consideration: the historic ideas as such can not give the
students an idea of how scientific explanations arise and why one theory might
be more convincing than another. Only the discussion of the background and
the context of investigations and scientific discussions offer an insight into the
Nature and History of science and can thereby lead to a better and more con-
vincing understanding about central concepts, such as the one on micro–macro
thinking.
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Chapter 11
The Roles of Multimedia in the Teaching
and Learning of the Triplet Relationship
in Chemistry

Mei-Hung Chiu and Hsin-Kai Wu

Abstract Ever since Johnstone (1993) addressed the three levels of chemistry
(symbolic, macro, and microscopic or so called submicro currently), many studies
investigate how multimedia could support constructing, developing, and evaluat-
ing students’ mental representations of chemistry at the three levels. This chapter
focuses on how multimedia could enhance chemistry learning of the triplet relation-
ship and discusses theories and empirical studies from the following perspectives:
(1) multimedia as a modeling tool (discussing multiple representations and mental
models in learning and teaching chemistry), (2) multimedia as a learning tool (in-
troducing tools such as 4M:Chem, eChem, and ChemSence), (3) multimedia as an
assessment tool (such as presenting computerized two-tier diagnostic instruments),
and (4) multimedia as an instructional tool (linking findings of students’ mental
representations to the development of teachers’ pedagogical content knowledge in
chemistry). Implications for chemical education are discussed in terms of theoretical
and practical approaches.

Introduction

Ever since Johnstone (1993) addressed the three levels of chemistry (symbolic,
macro, and microscopic, called submicro currently), many studies have investigated
how multimedia could support the construction, development, and evaluation of
students’ mental representations of chemistry at the three levels. The studies in the
previous chapters mention that the representations of the macro–submicro–symbolic
relationship play important roles in chemical concept learning.

This chapter draws attention to the role of multimedia in learning, teaching,
and assessing chemical education. In particular, this chapter focuses on how mul-
timedia can enhance chemistry learning of the relationship between the symbolic,
macro, submicro levels of chemistry and discusses theories and empirical studies
from the following perspectives: (1) multimedia as a representational modeling tool
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(discussing multiple representations and mental models in learning and teaching
chemistry), (2) multimedia as a learning tool (introducing tools such as 4M:Chem,
ChemSense, Molecular Workbench, and Connected Chemistry), (3) multimedia as
an assessment tool (for example, presenting computerized two-tier diagnostic in-
struments), and (4) multimedia as an instructional tool (linking findings of students’
mental representations to the development of teachers’ pedagogical content knowl-
edge in chemistry). It concludes with a discussion of the implications for chemical
education, which are considered in terms of theoretical and practical approaches.

Multimedia as a Modeling Tool

Representations are ways to express phenomena, objects, events, abstract concepts,
ideas, processes, mechanisms, and even systems. They have various or alternative
purposes to re-present the real, hypothetical, or imaginative entity, regardless of its
nature. Along with the different purposes of representations are different formats
for depicting an entity. For instance, ethanol can be expressed as C2H5OH to show
its nature, C2H6O to show its components, or its structure. However, things become
more complex when we investigate the molecular structures in 3D to form an in-
ternal representation and then manipulate it mentally (such as deciding C2H5OH is
an organic compound, stereo-isomers). In addition, the nature of scientific concepts
per se (having a dynamic, abstract, complicated, and nonobservable nature) makes
learning chemistry conceptually difficult (Wandersee, Mintzes, & Novak, 1994).

Craik (1943), the pioneer of mental models, depicts a mental model as a kind
of dynamic representation or simulation of the world from which one can make
inferences, generate actions, or relate symbols to the world. Johnson-Laird (1983,
p. 470) commented that a primary source of mental representations is perception.
Internal representations may encode relatively superficial features of the world. Hu-
man’s phenomenological experience of the world is a result of natural selection.
The vast range of mental models must be constructed by finite means—using prim-
itive symbols and the basic processes that operate on the symbols. Vosniadou and
Brewer (1992) consider that mental models are dynamic structures that are formed
while answering questions or solving problems or when confronted by some situ-
ation. Gilbert, Boutler, and Elmer (2000) point out that the construction of mental
models and the presentation of expressed models of scientific phenomena are central
to understanding any phenomenon or body of information. Grosslight, Unger, and
Jay (1991) state that students need more experience using models as intellectual
tools and more time to reflect on the experience.

In science classrooms, it is essential to emphasize the role and purpose of scien-
tific models and then provide examples of or opportunities to construct model-based
cognitive tools for learning science (Treagust, Chittleborough, & Mamiala, 2002).
Buckley and Boulter (2000) propose a framework that explains the interactive na-
ture of the relationships among expressed models, mental models, and phenom-
ena. In this way, the purpose of modeling and models in science education can be
categorized and regarded as helping with understanding scientific contents, thinking
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logically and creatively, constructing a knowledge structure, communicating, culti-
vating problem-solving skills, and making evaluations in the course of scientific
learning.

Going one step further with the interactive nature of mental models, model-
ing and models should be capable of forming a bridge between science educa-
tion and technology in many ways (Gilbert et al., 2000). Hennessy, Deaney, and
Ruthven (2006) advocate that multimedia simulation is considered one of the most
powerful applications of information and communication technologies to science at
present. Simulations are perceived to add value to learning activities, overcoming
some of the constraints of regular classes. Gilbert (2007) claims that visualization,
via multimedia, incorporates mental imagery, which is produced in the process of
perceiving an object that is seen or touched, into a phenomenon. Model-based teach-
ing and learning facilitate the construction of mental models through a recursive
process of formation, use, version, and elaboration (Buckley, 1995; Buckley and
Boulter, 2000). Therefore, multimedia is one of the tools that is considered to be
effective in learning scientific concepts.

A study (Chan, 2002) conducted in the first author’s research lab shows how one
under discussion in this paper was designed to elaborate on the role of multime-
dia and multiple representations in learning scientific concepts and to investigate
the effectiveness of dynamic representations on students’ learning. Chan (2002)
developed a computer-based set of dynamic analogies. The research investigated
53 eighth graders who were learning chemical equilibrium. The students were ran-
domly assigned to three groups: control group (C); analogy and instruction group
(A); and analogy, instruction, and animation with dynamic analogy group (D). Six
target students were chosen from each group to be interviewed for their conceptual
change via learning with model-based animation and dynamic analogy instruction.
The design of the experiment is shown below (Fig. 11.1).

Text IInnssttrruuccttiioonn

AAnnaallooggyy
InsstruucctioonIn tr ti n

Text 

AAnnaallooggyy
InstructionInstruction

Text AAnniimmaattiioonn

Comparison (C)

Group (18 students)

Analogy (A)

Group (19 students)

Dynamic analogy (D)

Group (16 students)

TThhee eeffffeecctt ooff
aannaallooggyy

TThhee eeffffeecctt ooff
ddyynnaammiicc

representation

Fig. 11.1 The design of the experiment (Chan, 2002)
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The target concept to be learned in the study was chemical equilibrium. The
context is adding SCN− into Fe3+ solution to show how the color changes over
a period of time. The analogy used in the simulation was a ballroom contain-
ing some boys and then inviting girls to the stage. Over a period of time, there
are a constant number of boys and girls. Which person is on the stage might
be different over time but the platform keeps a maximum number of persons on
the stage. In this analogy, it is implied that the girls represent the Fe3+ and the
boys represent the SCN− particles. At saturation situation point, the total amount
of ions (Fe3+, SCN−, and FeSCN2+) of the solution was kept the same. The
students saw the animated dancing couples as well as observed how the anal-
ogy was matched with the representation of a chemical reaction, as shown in
Fig. 11.2.

The results show that the students’ performance in the three groups was not sig-
nificantly different at the pretest (Fig. 11.3). However, the posttest revealed both
analogy group A and dynamic analogy group D outperformed the control group
C and that D group performed better than A group on the gained scores. The two
groups did better than the control group on the posttest as well as on on the retaining
test. Between analogy group A and dynamic analogy group D, there were significant
differences on the pretest and the posttest.

From the qualitative analysis, Chan found that students’ mental models could
be categorized into three types: initial, synthetic, and scientific mental models
(Fig. 11.4). The initial model refers to the static model, which had only solute
dissolved into the solution and then stopped at the saturation point. The syn-
thetic model refers to the coexistence of two models: the unidirectional model and

Fig. 11.2 The analogy representation in the study
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Fig. 11.3 The quantitative result of the study

Fig. 11.4 The qualitative analyses of the students’ mental models of chemical equilibrium

the unidirectional–bidirectional model. Finally, the scientific model refers to the
bi-directional movement of the particles model before and at the saturation situation
point. From the analysis, we found that the students benefited from the multiple
representations activities that helped them construct correct mental models via the
simulation activities presented to them.
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Summary

The difficulty of learning science can be attributed to the nature of scientific con-
cepts, which are complex and unobservable. The use of multimedia—dynamic, sim-
ulated, or analogical representations that depict the essence of the concepts in an
attempt to match the scientific concepts with expressed or external models to help
learners develop concepts or ideas about phenomenon—could play a role in ex-
plaining phenomena. It helps the imagination extend a repertoire of abstract knowl-
edge that makes science meaningful to learners. In the example discussed above, we
found that the students connected chains of the multiple representations of chemical
equilibrium and a mix of their personal conceptions and analogies. The involvement
of the multiple representations from personal experiences with the submicroscopic
interactions among particles suggests that the dynamic analogies used in this study
provide a channel for students to construct a model to be manipulated while expand-
ing their conceptual repertoire of chemical equilibrium. In addition, we also found
that not only did the multimedia allows the learners to see each individual particle
motion but it also displays a collective motion of particles. This is an essential nature
of particle motion. This also implies that students need even more opportunities
and active scaffolding to make connections between their experiences and formal
science concepts introduced at school.

Multimedia as a Learning Tool

This section focuses on how multimedia tools could support students’ learning of
the triplet symbolic–macro–submicro relationship. It has been well documented that
students at the secondary school level have difficulty comprehending and translat-
ing submicro and symbolic representations (Keig & Rubba, 1993). Most of them
are unable to represent chemical concepts at the submicro and symbolic levels
(Krajcik, 1991), to visualize the interactive and dynamic nature of chemical process
by viewing symbols and equations (Ben-Zvi, Eylon, & Silberstein, 1988), and to
form three-dimensional (3D) images by visualizing two-dimensional (2D) struc-
tures (Tuckey, Selvaratnam, & Bradley, 1991). To ease students’ difficulties, vari-
ous multimedia tools have been designed to help students visualize imperceptible
chemical entities (e.g., atoms and molecules) represented by chemical symbols and
to develop their understanding of the triplet relationship (Ardac & Akaygun, 2004;
Ealy, 2004; Pallant and Tinker, 2004; Stieff and Wilensky, 2003; Wu, Krajcik, &
Soloway, 2001).

In this section, multimedia tools refer to computer-based systems that integrate
multiple symbol systems (Salomon, 1979), such as text, audio, video, graph, and an-
imation, to demonstrate chemical entities and/or processes at the macro, submicro,
or symbolic levels. In the following, we review four multimedia tools—4M: Chem,
ChemSense, Molecular Workbench, and Connected Chemistry—and use the design
principles suggested by Wu and Shah (2004) to summarize how these tools support
students in learning chemistry.
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4M:Chem

MultiMedia and Mental Models (4M:Chem) developed by Kozma and Russell
(Kozma & Russell, 1997; Kozma, Russell, Jones, Marx, & Davis, 1996) was de-
signed to help students recognize relationships among chemical entities at differ-
ent levels and comprehend representations by underlying concepts instead of sur-
face features. For example, to present a chemical equilibrium process, 2NO2(g)
(brown)↔ N2O4(g) (colorless), 4M:Chem uses a fourfold divided screen that dis-
plays a video segment showing the change of color within a enclosed tube under dif-
ferent temperatures, an equation with chemical formulas and symbols, an animation
showing the interaction and movement of molecules at the microscopic level, and a
graph showing how the concentrations of two gases changed over time. These four
representations are shown simultaneously and linked to each other. A newer version
of 4M:Chem, SMV:Chem (Synchronized Multiple Visualization of Chemistry), is
distributed by John & Wiley.

When using 4M:Chem, students are encouraged to identify the referential
links among the four representations. Kozma (2000) found that to make sense of
these representations, students engaged in thoughtful discussions about
concepts and established relationships among the macro, submicro, and symbolic
levels. Additionally, this multimedia tool encourages students to construct a dy-
namic model of chemical processes, and their understanding of a phenomenon
is shaped by the unique characteristics of a symbol system (Kozma, 2000; Sa-
lomon, 1979). For example, the animation-only group performed significantly bet-
ter than the graph-only group on test items that involved the dynamic nature of
chemical equilibrium. However, Kozma (2000) also showed that the group
receiving all three media and the video-only group did not score significantly
higher than the other groups. Processing multiple representations simultaneously
may be highly demanding of cognitive resources (Cook, 2006). Reducing cog-
nitive load by making visual and verbal information explicit and integrated is
particularly critical for students who have low visualization skills
(Wu and Shah, 2004).

ChemSense

To provide students with opportunities to practice various representational skills
(e.g., translating and interpreting chemical representations) and help them repre-
sent chemical concepts at the submicro level, ChemSense (http://chemsense.org/),
developed by SRI International, integrates features of modeling and multimedia
tools (Fig. 11.5). This learning environment offers a set of tools such as a notepad,
a spreadsheet, a graphing tool, and an animation tool (animator) to support stu-
dents’ hands-on investigations with Probeware (Novak & Gleason, 2000). Different
from 4M:Chem, in which the videos, graphs, and animations are prebuilt and stu-
dents cannot alter and create visual representations to meet their learning needs,
ChemSense allows students to construct models, collect data, make graphs, and
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Fig. 11.5 The ChemSense environment contains a set of tools

create animations (Schank and Kozma, 2002). Through generating models and
illustrations of their understanding about submicro scale interactions, students fo-
cus their attention on molecular motions and move back and forth among the three
levels. Additionally, while students can use most multimedia tools only individually,
ChemSense provides a sharing tool that encourages students to construct represen-
tations collaboratively in a social context and to review each other’s work by way of
commentary.

Schank and Kozma (2002) found that with ChemSense, high school students
demonstrated more representational skills such as creating drawings and using an-
imations to externalize their thinking. They also developed a deeper understanding
of the structure of a molecule and the interactive aspect of a chemical reaction. Ad-
ditionally, through creating animations and models on ChemSense, students seemed
more focused on the dynamic process of a chemical reaction and demonstrated sig-
nificantly better performance when representing scientific phenomena at the submi-
cro level (Schank and Kozma, 2002).

Molecular Workbench

Molecular Workbench (MW) is a two-dimensional molecular dynamics application
written in Java and created by Concord Consortium (http://workbench.concord.org/).
It provides multiple representations and molecular dynamic simulations that allow
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students to manipulate parameters, such as atomic/molecular mass, position, diame-
ter, attractive force, and initial velocity of particles. Additionally, while the tools and
interfaces embedded in 4M:Chem and ChemSense cannot be changed by teachers,
MW provides teachers and curriculum developers with an easy-to-use authoring
tool for designing user interfaces, creating guided activities, and revising and ex-
panding the existing topics and learning activities on MW. This authoring capability
that provides flexibility for teachers to create new simulations and activities can be
viewed as an important characteristic of the second generation of multimedia and
computer-based tools, which can also be seen in the TELS learning environment
(http://www.telscenter.org/) and Connected Chemistry.

With MW, students can interact with the interface (Fig. 11.6) and visualize what
happens to collections of interacting atoms and molecules under different conditions
and rules (Xie & Tinker, 2006). MW can also help increase students’ understand-
ing of submicro scale phenomena through developing more scientifically accurate
mental models of atoms and molecules (Pallant and Tinker, 2004). These models, in
turn, could support students to effectively predict or explain chemical phenomena at
different representational levels.

Fig. 11.6 Molecular Workbench simulation of chemical equilibrium
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In their initial studies, Pallant and Tinker (2004) found that after learning with
the molecular dynamic models, 8th and 11th grade students were able to relate the
difference in the state of matter to the motion and the arrangement of particles. They
also used atomic or molecular interactions to describe or explain what they observed
at the macroscopic level. Additionally, students’ interview responses included fewer
misconceptions, and they were able to transfer their understanding of phases of mat-
ter to new contexts. Therefore, Pallant and Tinker (2004) concluded that MW and
its guided exploration activities could help students develop robust mental models
of the states of matter and reason about atomic and molecular interactions at the
submicro level.

Connected Chemistry

Connected Chemistry (CC) is a modeling and simulation package implemented in-
side the NetLogo modeling environment (http://ccl.northwestern.edu/netlogo/ mod-
els/). Similar to Molecular Workbench, CC is created to present how a macroscopic
event in chemistry results from molecular interactions at the submicro level. It al-
lows students to explicitly observe the connections between the submicro, macro,
and symbolic levels of chemistry and to explore the interactions by setting vari-
ous parameters such as concentration, Ka/Kb value, temperature, and number of
particles (Fig. 11.7). Taking a “glass box” approach (Wilensky, 1999), CC allows
students not only to explore the behavior of prebuilt simulations designed to focus
on some target concepts, but also to test and change the underlying rules that control
the individual elements of a simulation. With CC, students can add and remove vari-
ables from the interface window, alter the NetLogo programming code to change the
molecular behavior, and have “virtually unlimited opportunities to interact with and
to manipulate a simulated molecular world to gain a deeper understanding of core
chemistry concepts and phenomena” (Stieff and Wilensky, 2003, p. 285).

In Stieff and Wilensky (2003), six college students majoring in science were
interviewed regarding concepts of chemical equilibrium. The study showed that dur-
ing the interview, with the use of CC simulations, students demonstrated a dramatic
change in conceptions, articulation, and problem solving. Their understanding of the
dynamic nature of chemical equilibrium improved and they were able to explicitly
link multiple representations and levels in order to gain a deeper understanding when
using Connected Chemistry.

Summary

Based on a comprehensive review of chemistry education literature, Wu and Shah
(2004) suggest five principles for designing multimedia tools that help students
understand concepts and develop their representational skills (e.g., making trans-
lations among representations, creating representations to externalize thinking, and
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Fig. 11.7 Connected Chemistry simulation of a buffer solution

visualizing the interactive and dynamic nature of chemical reactions): (1) provide
multiple representations and descriptions, (2) make linked referential connections
visible, (3) present the dynamic and interactive nature of chemistry, (4) promote
the transformation between 2D and 3D, and (5) reduce cognitive load by making
information explicit and integrating information for students.

All of the four multimedia tools reviewed in this section have features to support
the first three principles; all of them include multiple and linked representations at
the macro, submicro, and symbolic levels, such as texts, graphs, chemical symbols,
animations, and videos. Not only do they present the dynamic and interactive nature
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of chemical phenomena, but they also allow students to explore and manipulate
various parameters and to answer “what if” questions. The empirical studies also
showed that all the tools can support students in understanding the triplet relation-
ship through interactions with the tools. Yet, only Connected Chemistry offers a 3D
view to promote the transformation between 2D and 3D representations, and not all
tools address the issue of cognitive load. As the use of multimedia tools increases,
students with limited spatial ability may be disadvantaged in learning chemistry,
especially if the multimedia tools add another burden to their cognitive capabilities
(Cook, 2006).

Multimedia as an Assessment Tool

Learning is a complex cognitive activity, where the construction of knowledge re-
quires integrating information from past experiences with the current context and
instruction. In order for assessments to provide valid and reliable information for im-
proving the teaching of science, the creators of multimedia tools must align learning
trajectories with teaching. The increase in the use of information and communica-
tion technologies (ICT) allows educators to change their assessments of learning
from those that are based on a traditional approach to ones based on an innova-
tive approach.

Most of the cases we have looked at involve the use of multimedia for teaching
and learning purposes. This section introduces two cases that use a similar format:
a two-tier multiple-choice diagnostic instrument with multimedia to investigate the
characteristics of students’ conceptions about matter and particles. It also looks at
the reasons for their responses to a particular problem.

Case 1

Chiu, Chiu, and Ho (2003) employed a two-tier testing technique proposed by Trea-
gust (1988, 1995), extending this approach to a computerized simulation to obtain
the knowledge structure of solid, liquid, and gas held by 39 10th graders (15–
16-year-olds). The study involved two parts: first, they conducted open-ended and
several semi-structured interviews. This part also involved drawing and the use of
Styrofoam, followed by a paper-and-pencil test covering the arrangements and be-
haviors of particles in three states (solid, liquid, and gas). They gathered 40 students’
explanations for each open-ended question in order to develop multiple-choice test
items based on the learners’ understanding of chemistry.

Second, using the results from the first stage, they designed a software program
with dynamic representations (each choice was analyzed from the students’ verbal
or written explanations) to help them investigate what representative knowledge the
learners had of chemistry concepts and how they explained the concepts. For in-
stance, three types of students’ conceptions about the motion of particles in solid
state were found as shown in Fig. 11.8. To show the dynamic movements and
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Fig. 11.8 Question 1-1 in the test
Note: Although these three pictorial representations look exactly the same, the particles actually
acted differently in still motion than when vibrating.

Fig. 11.9 Question 2-1 in the test
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Fig. 11.10 Question 3-1 in the test

structures of particles, they used FLASH, a computer application tool, to present
particles’ motions in the three states. The students, who did not learn the concepts
and never saw these types of dynamic test items before, were tested individually in
a computer lab. In total, there were 12 test items validated by the chemists. Three
sets of questions were designed as shown in Figs. 11.8, 11.9, and 11.10. Each set of
questions focused on factual knowledge first and then prompted for the reason for
the chosen item.

Set 1:
(1-1-1) Which of the following graphs best represents the motion of particles in

solid state at a particular temperature? Please click one.
(1-1-2) The one you have chosen is shown below. Please explain your answer.

(1-2) Is there anything between the atoms? Why?
(1-3) If there is another solid metal that consists of the same materials at the

same temperature, would the atoms be arranged in the same way? Why
or why not?

Set 2:
(2-1-1) Which of the following graphs shows the atomic arrangement of a solid

melting to form a liquid (assuming that the volume remains constant)? Why?
(2-1-2) Your choice is shown below. Please explain your answer.
(2-2-1) Which of the following graphs best represents the movement of particles

in a liquid?
(2-2-2) Your choice is shown below. Please explain your answer.
Set 3:
(3-1-1) Which of the following graphs shows the atomic arrangement of a liquid

vaporizing to form a gas in a closed container?



11 The Roles of Multimedia in the Teaching and Learning 265

(3-1-2) Your choice is shown below. Please explain your answer.
(3-2-1) Which of the following graphs best represents the movement of particles

in a gas?
(3-2-2) Your choice is shown below. Please explain your answer.

The main findings were,

(1) The majority of students were able to provide correct answers to their choices
about the atomic arrangement of solid and liquid.

(2) Six students thought that the particles stayed still at the solid state and 13 stu-
dents thought that there was no space between the atoms. This result is consis-
tent with Griffith & Preston (1992) study.

(3) Six students claimed that the attractive force decreases to allow the particles to
fill in the entire container.

(4) Few students believed that the size of the particles increases when the tempera-
ture increases.

(5) Some students thought that atoms sink to the bottom of a container (choice A)
when something changes from the solid to the liquid state, or some float on the
surface (choice B).

(6) The students who chose the same figure that best represented their conception
of particulates in gas often offered different explanations for their choices.

With the design of a two-tier test format, we served three purposes: First, we
interviewed the students to obtain their explanations of the phenomena that were
presented to them in a dynamic representational form. Second, we were able to
transform their explanations into graphical representations in order to conduct a
relatively large sample size of students. Third, the outcomes of their performance
on the diagnostic items revealed their internal representation of knowledge about
particles in three states. More importantly, we were able to make inferences about
how the students linked their understanding of a macroscopic phenomenon in a con-
text to a microscopic representation that they could hardly grasp using a traditional
assessment instrument.

Based on this experience, a computerized program was further developed on re-
lated topics to examine how students solved problems in particle distribution with
a different orientation of the apparatus and pressures of gas particles. Case 2 below
states the major design and findings of this follow-up study.

Case 2

Liang and Chiu (2003) investigated what junior high (8th and 9th) students’ mental
models were when they confronted distribution problems with different amounts
of pressure of gases and a different orientation of the apparatus. Participating in
this study were 102 9th graders and 93 8th graders in Taipei. They were normally
distributed into classes based on their academic ability. Each student was allotted
one computer and 25 minutes for completing the test work. Six test items were
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Fig. 11.11 The first tier of Question 1

Fig. 11.12 The second tier of Question 1

developed and categorized into two sets based on the horizontal and vertical config-
uration of the apparatus (Figs. 11.11, 11.12, 11.13, 11.14, 11.15, 11.16, and 11.17).
Students were asked to decide what would happen to the gases when the faucet
connecting the two round containers was open and to provide the reasons for their
choices.
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Fig. 11.13 The first tier of Question 2

Fig. 11.14 The first tier of Question 3

The results revealed that only 26% of the ninth grade students answered all six
questions correctly, whereas 20% of eighth graders answered all six questions cor-
rectly (Table 11.1). On average, the students performed better when the amount of
gas pressure, regardless of whether the apparatus was set horizontally or vertically,
was equal to the gases at different pressure situations. Concerning the effect of ori-
entation of the apparatus, the result did not show salient differences in eighth and
ninth grade students.
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Fig. 11.15 The first tier of Question 4

Fig. 11.16 The first tier of Question 5
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Fig. 11.17 The first tier of Question 6

Table 11.1 The correct percentage of students’ performance in all questions

The same pressure Different pressure

situation Q1 Q2 Q3 Q4 Q5 Q6 Q1–Q6

grade H V V H V V
8th 26 15 23 13 14 26 20
9th 40 23 30 17 20 27 26

H: Horizontal, V: Vertical

In addition, Liang and Chiu found that the students held four mental models:
weight model (WM), size model (SM), pressure model (PM), and scientific model
(SCM). Students who held WM thought that the way gas particles were distributed
depended on their weight. For instance, in the horizontal situation, students thought
that the lighter gas particles (H2) would float in the top part of the container and
the heavier gas particles (O2) would sink to the bottom of the container. In the
vertical situation, students thought that the lighter gas particles would stay in the
top part of the container and the heavier gas particles would stay in the lower con-
tainer. Students who held SM thought that the larger gas particles would push their
way toward the smaller gas particles. Students who held PM thought that the gas
particles would move from a higher pressure to a lower pressure. Finally, students
holding SCM believed that the gas particles would become randomly distributed in
the container regardless of their weight or pressure. Students who held WM thought
that the way gas particles were distributed depended on their weight. For instance,
in the horizontal situation, students thought that the lighter gas particles would float
on the upper part of the container and the heavier gas particles would sink to the
bottom of the container. In the vertical situation, students thought that the lighter
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gas particles would stay in the upper container and the heavier gas particles would
stay in the lower container. Given this result, it was easy to conjecture why the
students considered the weight of the gas particles attributed to their distribution
in the container. Students who held SM thought that the larger gas particles (O2)
would push their way toward the smaller gas particles (H2). Students who held PM
thought that the gas particles would move from a higher pressure to a lower pres-
sure. Finally, students holding SCM believed that the gas particles would become
randomly distributed in the container regardless of their weight or pressure. These
models were also represented as choices for each question and validated by more
students from the empirical study.

In summary, we found that the students received lower scores on items that were
at different pressures than on items with the same amount of pressure. Also, we
found that although the students learned the concept of diffusion in their seventh
grade biology class, they did not generate the conception of diffusion in a submicro-
scopic manner. Instead, they tended to conceptualize the diffusion of the particles in
a more intuitive way (the heavier object sinking to the bottom of the container) than
in a scientific model that was designed to delineate the random nature of the particle
motion.

Detailed analyses of each student’s responses were conducted in order to un-
derstand how consistently students used their mental representations with differ-
ent types of questions that shared similar concepts. For instance, questions 1 (Q1)
and 4 (Q4) showed an identical horizontal apparatus, the only difference being
the pressure of the oxygen gases. The analysis revealed that given the change
of pressure, 80% of the students who held the correct model in Q1 switched to
the wrong models (WM or PM) in Q4. In addition, Q2 and Q5 showed identi-
cal vertical apparatuses, again the only difference being the pressure of the oxy-
gen. The same transformations resulted. Therefore, the change of pressure played
a major role in influencing students’ decisions about the distribution of gas par-
ticles, regardless of the orientation of the containers. We also found that the stu-
dents changed their mental models according to the situation that was presented
to them. Therefore, this assessment method uncovered students’ internal repre-
sentations of particles in an explicit way and allowed us to diagnose how con-
sistently the students used their internal representations to solve similar
problems.

How well did our teachers know their students’ conceptions about the distribution
of the particles? In order to answer this question, 31 physical science teachers in ju-
nior high schools were asked to predict student performance on the same six items
discussed above (Liang & Chiu, 2004). The results revealed that 12% of science
teachers believed that students would choose correct answers in the same-pressure
situation (Q1–Q3), and 10% of science teachers believed that students would choose
correct answers in a different-pressure situation (Q4–Q6). They fully understood the
difficulty of generating submicroscopic points of view about particle movement be-
cause of the format of the test items were quite unique to them to test submicroscopic
nature of the concepts. However, they were not able to predict which items the stu-
dents preferred. Accordingly, science teachers seem to think that the orientation of
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the apparatus is more of a factor than the change of pressure. However, researchers
found that the effect of pressure is more difficult for students.

With regard to science teachers’ predictions in Q1 and Q4, 48% of science teach-
ers thought that students would choose WM in Q1. Fifty-three percent of teachers
believed that students would still choose WM in Q4, and 33% believed that students
would choose PM in Q4. Researchers found that students’ performance is quite
similar, regardless of whether it is a horizontal or vertical situation. It seems that
science teachers underestimate the effect of the change of the pressure in a horizon-
tal situation for students. As for the consistency prediction by the teachers, one-third
of science teachers thought that students should have a consistent mental model in
a similar problem situation, whereas only 8–13% of students could use a consistent
model (PM) when they faced questions involving the change of pressure. The most
striking result was that science teachers are over-optimistic in thinking that students
would use a consistent model for solving questions.

Case 3

Chi (2007) and Chiu and Chung (2007) further developed a set of computerized
diagnostic items to examine students’ conceptions about the movement and dis-
tribution of gas particles. All the test items were categorized into contextualized
or non-contextualized as well as macroscopic or microscopic levels of questions.
An entire class with 33 11th graders was involved in a multiple modeling activ-
ities situation (including dynamic models for particle motion, needle and balloon
experiment, computer simulation experiment, role play, animation instruction, and
formula introduction for integration) as a treatment group, whereas 26 11th grade
students were treated as a comparative group with normal multiple modeling activ-
ities in chemistry class.

Comparing the treatment group to the control group, the ANCOVA statistics
show that there was no significant difference between the two groups in the pretest;
however, there exists a significant difference between the treatment and control
group in the gained scores between the posttest and the pretest. The results show
that in terms of the three facets, both groups significantly improved after multiple
modeling activities. Also, the treatment group significantly outperformed the control
group in the correctness and completeness perspectives. The results also reveal a
significant difference between the two groups in the consistency perspective. From
the data analysis, we also found that students’ mental models of mixed gases were
categorized into six models: scientific, molecular weight, volume, attractive force,
kinetic, and activity models. Among them, 10 submodels were also identified. The
result shows that close to 50% of the students in the treatment group changed to
a scientific model after multiple modeling activities; however, 42.3% of the stu-
dents in the control group still believed that the diffusion of gas particles was due
to their kinetic energy rather than random movement in a container at a constant
temperature.
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Summary

Ravitz (2002) claims that technology in assessment practice could enhance our
knowledge of students’ performance in various ways that are needed for the twenty-
first century, including thinking skills, teamwork skills, communication skills, and
collaborative skills. Quellmalz and Kozma (2003) propose an ICT assessment
framework that incorporates the explicit examination of technologies in support-
ing, extending, and transforming students’ learning. This research-based model, the
Coordinated ICT Assessment Framework, covers the consideration of subject mat-
ter domain (content knowledge and problem-solving demands) and ICT tools and
strategies. In particular, using technology to support a formative assessment could
be seriously considered.

In the cases we discussed above, students revealed their lack of knowledge of the
random distribution of particles, which was consistent with much previous research.
This study not only revealed the mis-representation of the diffusion of gases, but
also showed the inconsistent mental models that the students held while solving
the problems. The result provided some evidence in favor of research that attributes
students’ learning in relation to the context while facing various types of questions.
However, this result does not support Vosniadou’s framework theory (1994), which
implies a consistent mental model used by learners in her study.

Accordingly, descriptive or pictorial representations in current textbooks may
not explain the dynamic and random nature of particles accurately or sufficiently
or may introduce more alternative concepts about the distribution of particles. In
addition, these studies suggest that the gap between students’ performance and
teachers’ predictions should be appropriately filled in. For instance, the studies dis-
cussed above reveal that teachers have over-estimated students’ performance on the
submicroscopic conceptions that were rarely stated explicitly in science teaching.
Science teaching at the lower secondary schools still emphasizes the macroscopic
level of understanding rather than the interaction between symbols, phenomenon,
and submicroscopic representations. How we could link these triplet representations
via multimedia activities is a challenge to science educators as well as to science
researchers. In the future, it is necessary to let teachers know via various chan-
nels about students’ possible misconceptions. In this way, teachers may avoid some
inappropriate teaching strategies and analogies. Besides the examples we presented
above for assessing students’ conceptual understanding of particles, there exist more
cases that apply ICT in assessing students’ learning in science.

Multimedia as an Instructional Tool

As many researchers have pointed out, models provide some means of visual rep-
resentation (Woody, 1995), development of historical models in science (Oversby,
2000; Justi, 2000), and linkage between phenomena, expressed models, and mental
models (Buckley and Boulter, 2000). Models and modeling play central roles for
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chemists in their mental activities as well as in their laboratory work. However,
the role of models in chemistry has been underestimated in school teaching. Given
the way models are used in science classrooms, it is not surprising that students
lack experience developing, using, revising, and evaluating their modeling ability.
It is also understandable that students have difficulties with models in chemistry
learning (Gilbert & Rutherford, 1998). Therefore, multimedia could serve as an
instructional tool to help students develop their conceptions of models, to access
the models they construct in their minds, and to appreciate the roles of models
in chemistry learning both in the classroom and in the laboratory. The following
introduces some researchers’ work for creating an environment with multimedia for
instructional purposes.

Jones (1999) claims that learning chemistry requires not only reading about
but also designing and constructing the world of fundamental principles and com-
plex phenomena. She suggests that the use of The Exploring Chemistry lessons,
multimedia computer-based simulated laboratory experiments, can provide stu-
dents with the opportunity to design and carry out many experiments in chem-
istry in order to enhance their learning of concepts and laboratory techniques
in a short period of time. Jones and Persichitte (2001) question whether or not
all students benefit equally from the use of a multimedia Goal-Based Scenario
(GBSs, Schoenfeld-Tacher, Persichitte, & Jones, 2001) lesson that supports a con-
structivist approach to learning by matching needs and preexisting knowledge
through the use of a realistic context within which the concepts can be assim-
ilated. Agapove, Jones, Ushakov, Ratcliffe, and Martin (2002) further encourage
that secondary school students learn chemistry through ChemDiscovery, design ac-
tivities offered in a technology-based and inquiry-oriented learning environment.
The curriculum provides a structured learning environment that allows students to
work together in pairs or in cooperative learning groups to conduct inquiry ac-
tivities. Study results show that students not only work independently, but they
become more successful learners with active learning strategies, organizing and
reviewing their knowledge and monitoring their understanding when using this
curriculum.

Multimedia-Based Instruction Environment

Ardac & Akaygun (2005) designed a multimedia-based instruction environment
(films, pictures, drawings, video, and molecular animations), incorporating addi-
tional dimensions (visual elaboration and presentation mode), to investigate how
instructional conditions could facilitate students’ understanding of properties of
matter (its nature as well as physical and chemical changes and the relationship
among macro, submicro, and symbolic representations. The most prominent feature
of the instructional software was based on visual elements that enabled students to
relate changes at macro and submicro levels. Three instructional conditions were
itemized as follows:
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� Condition 1: Dynamic visuals (multimedia) depicting macro-(sub)micro-symbolic
representations are presented on an individual basis.

� Condition 2: Dynamic visuals (multimedia) depicting macro-(sub)micro-symbolic
representations are presented through whole class instruction.

� Condition 3: Static visuals (multimedia) depicting macro-(sub)micro-symbolic
representations are presented through whole class instruction.

The result of ANCOVA using pretest scores as a covariate indicates a significant
main effect for instruction. The students who worked under condition 1 and con-
dition 2 significantly outperformed the students in condition 3. In other words, the
students who worked with the dynamic representations showed significantly higher
gains than the students who worked with the static visuals. However, as long as the
dynamic visual displays were used, no significant difference was found. In addition,
the majority of students (75%, 12 students) in condition 1 were consistent in their
use of particulate drawings in representing matter at the molecular level, whereas
less than one-half of the students in condition 2 (44%, seven students) and condition
3 (47%, eight students) were able to make consistent use of particulate drawings in
their work. Furthermore, and most inspiring for both dynamic groups, the frequency
of the responses was highest for “congruent (if all presentations were correct and
in agreement with each other)” responses for conditions 1 and 2 compared with
the other two perspectives, contradictory and incomplete–incorrect. The students
under condition 3 showed a high frequency for choosing “incomplete–incorrect”
responses. Students who used dynamic visuals on an individual basis (condition 1)
produced fewer “contradictory” responses compared with the students who received
whole class instruction (condition 2). This study, then, revealed two major contribu-
tions of the multimedia environment that was designed: it promoted students’ con-
ceptual understanding at both the macro and submicro levels and it helped students
develop a consistent and correct structure of matter mentally.

Hypermedia

Multimedia and hypertext have been around for a while now. The combination of
multimedia and hypertext for the purpose of creating a meaningful hypermedia en-
vironment in chemical education might be of some value. Ebenezer (2001) elab-
orates on the features and values of a hypermedia environment to elicit students’
understanding of the solution process of table salt. The environment Ebenezer de-
signed allows students to use a drawing program to show their own visual repre-
sentations of dissolving and to link three levels of chemical knowledge, including:
“macroscopic” aspects, such as table salt dissolving in water; “submicroscopic,”
theoretical concepts and models like the chemical structure of sodium chloride and
water (the dissolution process at the particulate level); and the “symbolic system,”
NaCl(s) + H2O− → Na+

(aq) + Cl−(aq). In addition, the students were given a book-
let called “Personal Chemistry Journal” in which to record their answers, under-
standings, and feelings. The design of the hypermedia environment also enabled
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the students to go forward and backward to see connections among different types
of knowledge in chemistry: macroscopic, submicroscopic, symbolic, and solution
process. The results showed that the hypermedia environment allowed the students
to express and represent their conceptions about dissolving with the assistance of
animation—to visualize how melting is different from dissolving, how ions are
formed, and how hydration takes place. The use of limited-text hypercards pro-
vided students with the opportunity to learn from the text as well as to become
active learners by generating personal links of the content knowledge. In particular,
in subsequent lessons, students were successful in translating their understanding
of table salt dissolving in water to the dissolution of other ionic solids in water.
In summary, the students indicated a conceptual change in their learning with the
hypermedia environment, the use of chemical terms in their written explanations,
and the relationship among models and symbols. Nevertheless, there were still three
areas of difficulties that the students encountered within the environment: (a) the ion
formation, (b) the polar nature of water molecules, and (c) the hydration process.

Other researchers draw more general attention to the possible development of in-
quiry skills using a multimedia instructional environment. For instance, Lin (2000)
claims that the general science curriculum fails to promote learning in science in
many countries in part because it is not designed to promote inquiry but, rather,
is decreed. Based on the previous studies from the Computer as Learning Partner
project (Linn & Hsi, 2000), Linn developed Knowledge Integration Environment
(KIE) activities to provide a scaffolding environment to improve students’ inquiry
skills and to promote lifelong learning that could elicit scientific understanding. The
KIE partnership wanted to use the growing wealth of Internet resources to promote
an integrated understanding of science. Linn criticized the typical science materi-
als for often ignoring or contradicting the ideas of students and textbook writers
and focusing, instead, on providing the right answers. KIE allows students to link,
connect, distinguish, organize, and structure their models of scientific phenomena.

Linn further extended her KIE model to the Scaffolded Knowledge Integration
(SKI) approach, which offers guidelines to help designers create materials that pro-
mote integration. The four guidelines of knowledge integration for the SKI frame-
work are: make science accessible, make thinking visible, help students learn from
each other, and promote lifelong science learning. Each feature aims to bring person-
ally relevant materials to one’s learning, to make thinking explicit, to enhance one’s
contribution via online interaction, to promote autonomy, and to link personally
relevant problems to class topics using an inquiry process in various contexts. In
her series of studies (Linn, Shear, Bell, & Slotta, 1999; Linn, Clark, & Slotta, 2003;
Hoadley & Linn, 2000), the use of multimedia materials extend students’ scientific
literacy to technology literacy and also serve to facilitate the integration of vari-
ous disciplines, the generation of explanations or arguments relating to evidence in
science learning, and the promotion of the collaborative exchange of ideas among
learners.

Monaghan & Slotta (2001) notice that despite the amount of literature on the
understanding of students’ preconceptions as well as on the pedagogy for assisting
students’ conceptual change, the majority of middle school and high school science
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teachers still employ more traditional approaches to teaching science. Monaghan
and Slotta used the Web-based Integrated Science Environment (WISE) to design an
online community for teachers to actively discuss issues concerning constructivist
pedagogy and the use of WISE and other technologies as well as to offer support
for the use of WISE activities.

In Europe, the Practical Experimentation by Accessible Remote Learning
(PEARL) project aims to develop a system to enable students to conduct real-world
experiments as an extension of computer-based learning. To use the PEARL system,
teachers must be familiar with how to provide tutor–student and student–student
interactions for discussion, reflection, and experiment activities. This distance learn-
ing with technology also opens an avenue for learning lab work in science.

Technology Pedagogical Content Knowledge (TPCK)

Shulman (1986), a pioneer, introduced the notion of pedagogical content knowledge
(PCK)—a teacher’s knowledge of how to integrate and transform complex knowl-
edge of learning activities to generate specific knowledge in teaching. Many other
researchers have extended his concept of PCK to diverse domains, including sub-
ject matter knowledge, contextual knowledge, learners’ prior knowledge, and other
knowledge related to pedagogical instruction (e.g., Grossman, 1990). Although
PCK is well studied in teacher education (Fenstermacher, 1994), it has received
relatively little attention in the area of educational technology (Margerum-Leys and
Marx, 2004).

Koehler and Mishra (2005) introduce technological pedagogical content knowl-
edge (TPCK) as a way of improving teachers’ professional expertise—to help
teachers become aware of the complex web of relationships between technologies,
content, and pedagogy. They claim that the development of TPCK is necessary to
teach technology in contexts that honor the rich connections between technology,
the subject matter, and the ways of teaching with technology.

Crawford, Zemba-Saul, Munford, and Friedrichsen (2005) find that prospective
teachers hold unaccepted ideas initially. After the use of technology, they are able to
acknowledge their own alternative conceptions and become aware of the critical im-
portance of developing a deep, scientifically aligned understanding of their own sci-
ence content. Margerum-Leys and Marx (2004) investigated how a student-teacher
and an in-service teacher, acting as a mentor, developed their professional expertise
through constant access to technology. The results revealed that the student-teacher
introduced technologically infused activities, which gave the in-service teacher an
increased ability to interact with her students electronically during nonschool hours.
Hennessy et al.’s (2006) observation of teachers using simulations when they teach
found that although the students enjoyed “hands-on” use of the simulation and val-
ued being able to replay experiments and to manipulate variables of an experiment,
the students’ contribution was limited, and highly structured tasks played a central
scaffolding role in the lesson.
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As discussed above, there are many ways to make good use of multimedia ma-
terials in science teaching. However, teachers did not access resources as we would
have expected. Also, the use of high-level technology is still surprisingly low (Ert-
mer, 2005). In order to teach effectively, a teacher has to know things about the
power of technology—not technological content knowledge per se but, rather, a
special understanding of technology that provides different functions and channels
for meaningful learning.

Summary

Learning chemistry is a complex cognitive activity that requires imagination—a
mental effort of constructing and manipulating symbols and models internally in
order to link phenomena to abstract concepts. Many studies have made evident the
power of multimedia in learning these abstract and complex concepts in chemistry
as well as in empowering teachers’ instruction. The instructional environments dis-
cussed above have features and values covering many perspectives, for instance,
animation of the chemistry concepts to depict the submicroscopic nature of particles,
dynamic visuals to bridge a phenomenon and the submicroscopic behavior of parti-
cles, and hypertext and visuals to relate different representations of a chemistry con-
cept. With these characteristics and values, the instructional environment provided
various opportunities for students, for example, to incorporate a substantive amount
of information in multimedia that requires students to extract, analyze, manipulate,
conceptualize, modify, and evaluate their internal structure of the knowledge. The
studies reviewed above indicated that well-designed instruction can foster students’
understanding through the use of visual displays that depict representations of chem-
ical phenomena. However, it is not limited only to engaging students in a cognitive
activity: well-designed instruction also helps teachers to act as facilitators, helping
students to extract and process information more efficiently and meaningfully.

Concluding Remarks and Implications

In the twenty-first century, knowing about and using technology is a universal chal-
lenge for all citizens in all parts of the world. School science teachers have the
responsibility to cultivate students’ literacy in science as well as in technology. Sci-
ence teachers’ knowledge about the role of multimedia in learning, assessment, and
instruction should be addressed and emphasized in preservice and in-service pro-
fessional development. The multimedia studies discussed in this paper have shown
evidence of their successful innovation in school science teaching, in particular in
chemistry, when they were introduced into schools. The authors intend again to draw
readers’ attention to the four roles that multimedia effectively play in chemistry
education: as a modeling tool, as a learning tool, as an assessment tool, and as an
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instructional tool to improve school chemistry learning and teaching. Implications
for these four areas are elaborated below.

Implications for Multimedia as a Modeling Tool

Many researchers have claimed the importance of models for chemists to de-
velop scientific theories and design laboratory work (e.g., Greca & Moreira, 2000).
Schwarts and White (2005) claim that knowledge of modeling includes knowledge
of the following: the nature of models, the nature or process of modeling, the evalu-
ation of models, and the purpose or utility of models. One characteristic of modeling
ability is that a learner begins to think like a chemist. Developing such a competency
takes a long time—and there is no guarantee of success. So, besides traditional
methods of teaching, what else can we do to promote mental representations that
facilitate learners’ understanding of complex phenomena?

To promote understanding, and then act as a scaffolding/modeling tool for learn-
ers to construct mental representations, we recommend a well-designed multimedia
environment that takes into account theories in cognitive psychology and episte-
mology, such as the nature of models, mental models, multiple representations,
and visualization. Taking students’ existing knowledge into account is also crucial
for designing multimedia as a modeling tool. Providing multiple representations as
one of the advantages of multimedia is important and necessary in order to meet
different individuals’ needs in learning. Besides these considerations, deep analy-
sis of students’ internal representations is also required to improve the quality of
learning outcomes while using multimedia. Furthermore, we have to be aware that
the multimedia is not going to replace teachers in classrooms, instead it acts as
a modeling tool to assist teachers as well as students to construct a coherent and
interwoven form in classroom. It has to pinpoint the relationship among different
kinds of representations—that is the triplet relationship in chemistry education. It
is not a simple job: To construct a relevant context for fundamental and advanced
learning in chemistry in a multimedia environment is filled with challenges.

Implications for Multimedia as a Learning Tool

Multimedia technologies have the capability to enhance chemistry learning and sup-
port students’ understanding of the triplet relationship. Yet, several issues need to
be considered when using multimedia tools in chemistry classrooms.

First, each medium uses different symbol systems to convey information. For ex-
ample, animations can easily show the interactive and submicro nature of chemical
changes, and videos allow students to observe macroscopic phenomena that cannot
be reproduced in classrooms. Thus, designers and educations need to appreciate the
advantages of different media and carefully select them when developing multime-
dia tools to better support students’ learning.



11 The Roles of Multimedia in the Teaching and Learning 279

Second, there are student characteristics involved in multimedia learning. Wu
et al. (2001) indicate that students prefer to represent chemical entities in certain
ways. Additionally, visuospatial abilities play an important role in chemistry learn-
ing, and many multimedia tools are highly demanding of cognitive resources (Wu
and Shah, 2004). The design of multimedia tools should take students’ preferences
and visuospatial abilities into consideration so that the tools support all students in
learning about the triplet relationship.

Third, teaching practices might also be a factor that affects the effectiveness
of multimedia tools. When using technological tools, students could benefit more
from teachers who provide timely feedback, articulate expectations, model desired
activities, and solve technical problems (Hoffman, Wu, Krajcik, & Soloway, 2003).

Implications for Multimedia as an Assessment Tool

Over 7,700 articles in science education are devoted to examining students of differ-
ent ages and genders and at different levels with numerous alternative conceptions
in science (Duit, 2007). Many types of formats of assessment were developed and
utilized, such as traditional methods of multiple choices, open-ended, short answers,
and essay, in order to understand how students think, what their structures look like,
and what the nature of knowledge is. More recently, Treagust (1988, 1995) proposed
two-tier test diagnostic items to push the design of assessment one step further: to
collect students’ understanding in science. We believe that multimedia is ideal for
collecting data as well as individual differences in knowledge structure. Multimedia
allowed us to diagnose the components and structure of students’ content knowledge
and to further analyze students’ responses in a more holistic manner. With the merits
of multimedia, we were able to design more sophisticated question formats for each
individual, accounting for different competencies in learning science. Accordingly,
we are able to promote positive outcomes of learning and direct teachers to sup-
port science learning. However, it is not easy to capture students’ thinking without
careful items designed for assessing purposes in science domain. Without knowing
the patterns of students’ conceptions and flawness of their understanding, even with
the flexibility and other advantages of multimedia environment, one still could not
create good quality of test items for assessing students’ conceptions in science!

Implications for Multimedia as an Instructional Tool

Multimedia has shown its power and value for modeling, learning, and assessment
perspectives because of its nature of visualization, multiple links, and multiple
and dynamic representations. These characteristics foster conceptual understand-
ing and connections between symbolic representation and problem solving (Kozma
et al., 1996). Unfortunately, not many teachers are willing to take this possibility for
making their teaching style changed because of their fear or reluctance for changes
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in classroom (Dori & Barnea, 1997), particularly in technology, which frequently
and rapidly changes over a short period of time. We urge teachers to pay more
attention to the technology which could serve as a modeling tool, a learning tool,
an assessment tool, of course, and as an instructional tool to enhance school science
teaching. In addition, teachers must be aware of the ways to adopt multimedia in
their teaching. For instance, navigating or surfing around a program’s materials
might cause students to lose focus. Teachers should be acquainted with the pros
and cons of using multimedia as a teaching aid. In particular, teachers should make
explicit connections between macroscopic, submicroscopic, and symbolic represen-
tations while using multimedia as an instructional tool.
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Chapter 12
The Application of a ‘Model of Modelling’
to Illustrate the Importance of Metavisualisation
in Respect of the Three Types of Representation

Rosária Justi, John K.Gilbert and Poliana F.M. Ferreira

Abstract The value of models, modelling and visualisation as a basis for developing
an understanding of the nature of and the relations between the three levels of rep-
resentation is discussed. The requirement for and problems in the development of
metavisualisation (a fluent capability in visualisation) are presented. Student prac-
tical work, closely associated with teacher questioning, is advocated as a way of
developing these skills. A ‘Model of Modelling’ is presented. In order to validate
this model, it was applied to the teaching of ‘chemical equilibrium’, this being a
very important topic for which student misconceptions are well documented. Data
were collected from six lessons in which the model was applied excessively with re-
spect to the nitrogen dioxide/dinitrogen tetroxide and chromate/dichromate systems.
Students developed a good understanding of chemical equilibrium, as shown by the
absence of common misconceptions in an end-of-course attainment test. Students
acquired an appreciation of the relationship between the three levels of representa-
tion. The value of the model of modelling, with its associated pedagogy as a support
for the acquisition and use of metavisual capability, was established.

Introduction

Being able to readily switch the focus of thinking between the macro, the sub-micro
and the symbolic levels of representation is a core capability for any competent
chemist. This status derives from the fact that chemistry is concerned with the trans-
formation of matter at the atomic level. Chemists start their work by either selecting
or creating an apparently simple example of the phenomenon in which they are
interested. What they can see and manipulate constitutes the macro level of the
phenomenon. As chemistry (like all the sciences) is concerned with the production
of explanations for observed phenomena, they then try to imagine why the phe-
nomenon behaves as it does. The products of this imagination, tested for validity by
the making and testing of predictions about the behaviour of the phenomenon under
different circumstances, are at the sub-micro level. Chemistry, again like all the
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sciences, advances by progressively producing ever-more convincing explanations
for broader sweeps of phenomena. This advance always includes attempts to quan-
tify what exists or is taking place: this leads to the symbolic level. In short, know-
ing about the three levels enables the bulk properties, the qualitative explanation
of those properties, and the quantitative explanation of them, all to be understood.
Moving between these levels enables them to be readily related to each other. It also
exemplifies scientific methodology.

Students all too often find this capacity difficult to acquire (Johnstone, 1982). For
example, Hinton & Nakhleh (1999) found that a sample of undergraduate students
in the USA were able to mentally operate at the macro and symbolic levels, yet
had difficulty linking these to the equivalent representations at the sub-micro level.
Another study (Treagust, Chittleborough, & Mamiala, 2003) investigated the way
that Australian students use sub-microscopic and symbolic representations when
providing explanations for chemical phenomena. According to the authors, students’
explanations of a given phenomenon were influenced by their ability to recognise
different representation forms of that phenomenon and to transfer from one level
of representation to another. Kozma & Russell (1997), when investigating expert
chemists’ and novice students’ understanding of various forms of representation,
showed that the experts were much better than novices in transforming one mode
of representation into another. This facility is a major contribution to the notion of
‘expertise’ in chemistry.

Studies like the ones briefly commented on above provide evidence that, in order
to develop their chemical knowledge, students must know how to use the three levels
of representation, how to express such knowledge in different modes of representa-
tion, and how to transfer one representation into another when this were necessary
to the understanding of particular aspects of a phenomenon. We suggest that if an
efficient, effective and economical, general approach to the development of ‘three-
level fluency’ is to be established, it must be based on a cognitive model embedded
within a sound view of the nature of science. Such an approach might therefore be
based on the notions of models, modelling and visualisation.

A model is one of the main outcomes of any scientific enquiry and hence is a
major contributor to philosophy of science. A model may be defined as a simplified
representation of a phenomenon (an object, system, event, process) or idea produced
for the specific purpose of providing an explanation of that entity, the most important
outcomes of which are the production of successful predictions of how it will behave
under a range of circumstances (Gilbert, Boulter, & Elmer, 2000). Entities can be
modelled at the three levels: at the macroscopic, by representing some of the aspects
of the entity that can be seen; at the sub-microscopic, by representing the ideas
produced to explain the constitution and behaviour of the particles that constitute
the entity; and at the symbolic, by representing the symbols created to simplify
the reference to such particles (as, for instance, chemical formulae and chemical
equations).

A model is always initially produced in a person’s mind – being then called
a mental model. For communications purposes, it must be expressed in different
modes of representation: concrete, verbal, mathematical, visual, gestural or mixtures
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of these – some of them being static and others dynamic (Boulter & Buckley, 2000).
There is not a restricted correspondence between the level of the entity that is being
modelled and the mode of representation used to model it. Aspects of the macro
and sub-micro levels can be expressed in all the modes of representation, whilst as-
pects of the symbolic level are generally expressed as in the verbal or mathematical
modes. This indicates the importance of the use of the modes of representation in
a comprehensive understanding of the three levels in which a given entity can be
modelled.

The understanding that a mental model makes possible is a visualisation of its
structure and behaviour. For instance, a mental model of a phenomenon makes it
possible to predict, by means of visualisation, how it might behave in different cir-
cumstances. When a scientist places a mental model in the public arena by means of
one or more of several modes of representation, s/he is providing an external repre-
sentation of that model. The internal representation that another person forms from
this is the mental model for that person. One great ambition of science education
is that all students’ internal representations of a given model will be very nearly
the same as the corresponding external representation. This corroborates the special
attention given to how students express their models for entities at different levels.
In chemistry teaching, in particular, this issue assumes a major relevance because,
as most models represent abstract entities, their visualisation must be an essential
part of students’ understanding. One of the ways to support the exercise of such
visualisations is to provide students with opportunities to create and express their
own models, namely to involve them in a modelling-based approaches to teaching.

Modelling, defined as the dynamic process of producing, testing, and revising a
model, is a core skill in scientific enquiry. Authentic science education, that which
is based as closely as possible on scientific practice as educational circumstances
will allow, must therefore include the development of the skills of modelling. We
suggest that, by facilitating the development by students of personal mental models
of each of the three levels of representation and by encouraging them to mentally
‘move’ between these, they will acquire the core skill mentioned above. This flu-
ent performance in visualisation has been described as requiring and demonstrating
metavisualisation, namely the ability to acquire, monitor, integrate and extend learn-
ing that involves both internal and external representations (Gilbert, 2005). More
specifically, metavisualisation involves the demonstration of five capabilities in a
wide range of contexts. These are:

1. Understanding of the ‘conventions of representation’ for all the modes and sub-
modes of representation involving all three dimensions that are commonly used
in science: One dimension, the use of chemical and mathematical symbols (for
these can be regarded as point objects); two dimensions, the use of pictures,
graphs and diagrams of all types; three dimensions, the use of material or con-
crete forms. That is, how these relate to the model being represented and to the
representational scope and limitations that ensue;

2. The capacity to mentally ‘translate’ a given model between the modes and sub-
modes and between the levels of representation in which it can be depicted. In so
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doing, they will be able to move between the three levels of representation. For
example, being able to relate representations of the bulk properties (the macro
level), the physical behaviour of individual particles (the sub-micro level), and
the statistical behaviour of the properties of these entities as a whole (the sym-
bolic level), of the ‘particulate nature of matter’ to each other, especially in the
gas phase;

3. The capacity to construct a representation in any appropriate mode and sub-
mode for a given purpose. For example, being able to represent the working of an
oil refinery in terms of a diagram of its component parts to an explanation of what
takes place in terms of molecular transformations and the chemical equations for
these;

4. The capacity to use visualisation as the basis for the construction of predictions
of behaviour in respect of a given model. For example, being able to visualize the
sub-microscopic structure of an ionic crystal so as to predict how it will cleave
when subjected to an external force;

5. The capacity to solve novel problems by constructing analogies to already-used
visualisations. (Gilbert, 2008). For example, using Kepler’s model of the Solar
System to explain the electronic structure of an atom, in the manner of Bohr, and
hence being able to predict, very approximately, the absorption spectrum that it
will produce.

In an overview of existing research (Ainsworth, 2008), it has been shown that stu-
dents have a wide variety of problems in generating and using representations con-
sistently and coherently, particularly when several have to be retrieved/constructed
in a given context. Thus, they do not: understand all the nuances of many of
the major conventions of representation, let alone the sub-conventions which exist
within each of these; grasp the relationship between any given representation and
the phenomenon to which it applies; have criteria by means of which to select a
representation that is appropriate for a given purpose; understand how to construct
an appropriate representation; readily relate different representations of a given
phenomenon to each other. In short, research has shown that, for many students,
metavisual capability is a difficult skill to acquire.

The nature of these challenges suggests that practical work, allied to a suitable
use of cognitive theory and philosophy of science, may be helpful in meeting them.
Although practical work by students may have many purposes (Bennett, 2003),
its educational value in general is too often hindered by confusion, in respect of
any specific practical activity, about which of these purposes is being addressed
(Hodson, 1990). Inevitably, the development of the skills of visualisation would be
hindered, rather than helped, by practical work for which the purpose was not clear
to the students.

Consequently, practical work that may be more successful in supporting the de-
velopment of metavisual capability would pay explicit attention to

� focusing on those aspects of a phenomenon under study that require explanation
provided through sub-microscopic and symbolic representations;
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� showing how science provides explanations of progressively increasing insight
that apply to ever-more complex examples of a phenomenon;

� appreciating that external representations at the macro level have a distinct and
probably only partial relationship to the world-as-experienced;

� showing students that macro-level representations provide them with an entry
point to the exploration of the world-as-experienced;

� helping students to generate questions, based on external representations at the
macro-level, such that their perceptions of the world-as-experienced are en-
hanced.

In this chapter, we present an attempt to put these ideas into practice that has three
components. First, we use a ‘Model of Modelling’, an external representation of the
mental processes that we postulate to be undergone as a person forms a model.
Second, this model is exemplified by its application to the design of a teaching
sequence about a key topic in chemistry, the understanding of which requires flu-
ency of mental movement between the three levels of representation. Lastly, this
application is implemented in such a way that the processes of students’ thought
taking place can be monitored.

A Model of Modelling

Several researchers (for instance, Morgan & Morrison, 1999) have recognised that
there is no such thing as a unique way to produce models. However, other re-
searchers have discussed the general steps by which they are produced (Clement,
1990; Halloun, 2004). Justi & Gilbert (2002) have produced a ‘Model of Modelling’
framework (Fig. 12.1).

Modelling is represented within this framework as a non-linear process compris-
ing multiple stages, as follows: Stage 1 (‘Decide on purpose’ and ‘Have experi-
ence’): after the definition of the aim(s) of the model (i.e. what it is to explain), it
is necessary to acquire information about the entity that is being modelled (from
empirical observations and/or from previous knowledge). Stage 2 (‘Produce a men-
tal model’): a mental model is constructed from the information acquired by the
selection of an adequate source for the model (something from which an anal-
ogy could be proposed) and the use of creativity and reasoning. Stage 3 (‘Express
in mode(s) of representation’): this involves the selection of an appropriate mode
of representation with which to produce the expressed model. Stage 4 (‘Conduct
thought experiments’): with the mental model created and suitably expressed, the
initial testing stage always has a mental phase (known as thought experimentation)
which may prove decisive in the evaluation of the model. Stage 5 (‘Design and
perform empirical tests’): where the processes involved in Stage 4 are successful,
empirical experimentation is designed and carried out, provided that the entities in-
volved are amenable to such treatment and if suitable resources exist. Then follows
either Stage 6 (‘Fulfil purpose’): if the model proved to be successful (in terms of
its defined purpose), its ‘scope and limitations can then be considered. If Stage 4
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Fig. 12.1 The ‘Model of Modelling’ framework (Justi & Gilbert, 2002, p. 371)
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or Stage 5 are unsuccessful, due to the incapability of the model either to explain
a given aspect of the phenomenon or to the inadequacy of a prediction made, then
Stage 7 (‘modify or reject mental model’) follows: the model must be altered or a
completely new model proposed.

The ‘Model of Modelling’ framework has been used in science teaching in the
production of modelling-based teaching activities (for more details, see, for in-
stance Ferreira & Justi, 2005; Justi, 2006; Justi & Mendonça, 2007; Mendonça &
Justi, 2005). Essentially, modelling-based teaching consists of lessons framed by the
‘Model of Modelling’ and consisting of activities to support an address to each of the
Stages in that model. Such teaching includes the following pedagogical elements:
gaining empirical evidence; asking, provoking and answering questions; identifying
students’ previous ideas; encouraging the expression of models in suitable modes of
representation; facilitating discussions about the models and their modes and levels
of representation. Our studies have shown that the engagement of students in this
kind of activity contributes to more meaningful and participative learning, partic-
ularly manifest in an improved ability to comprehend and mentally move between
the three levels of representation. This mental process takes place because, in the
contexts of these teaching activities, students have the opportunity to experience the
interest and excitement of the stages in the production of scientific knowledge, to
think about the purposes of science, to create explanations and predictions, to anal-
yse different situations that may result in a need for modifying their initial model.
This model has been applied to the topic of ‘chemical equilibrium’. First we present
some background about this topic.

Learning About Chemical Equilibrium

The notion of ‘chemical equilibrium’ is central to an understanding of the nature of
chemical reactions. An understanding of it involves an appreciation that

� all reactions must be viewed, at least in theory, as being ‘incomplete’, with an
equilibrium existing between the concentrations of the reactants and the prod-
ucts;

� when started, the rate of the forward reaction is high but decreases with time as
the concentration of the reactants decreases whilst, over the same period of time,
the rate of the reverse reaction increases as the concentration of the products
increases. At equilibrium, the two are equal;

� changing the conditions of either the forward or reverse reaction causes the extent
of the reactions to change until the equilibrium is re-established.

In terms of levels, understanding the notion of ‘chemical equilibrium’ involves
being able to mentally ‘translate’ between: the macro level, conceived in terms of
the observable properties (e.g. colour); the sub-micro level, conceived as being iden-
tities of the specific species involved and their associated behaviour; the symbolic
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level, this involving being able to both manipulate and understand the ‘equilibrium
equation’, as well as other representations of the process (e.g. graphics).

An excellent overview of the problems that students experience in learning the
notions underlying ‘chemical equilibrium’ is available (van Driel & Graber, 2002).
Research shows that conceptual problems arose when students, who had been in-
troduced to chemical reactions through examples that evidently go ‘to completion’,
first met examples of ‘incomplete reactions’. In this situation, they

� were often unable to discriminate between reactions that ‘go to completion’ and
those that do not;

� believed that the forward reaction goes to completion before the reverse reaction
commences;

� failed to discriminate between the rate and extent of a reaction;
� believed that the rates of both the forward and reverse reaction increase with time

until equilibrium is reached.

At a later stage in their science education, presumably after they had been taught
about ‘chemical equilibrium’, older students

� either did not understand the dynamic nature of the equilibrated state or perceived
it to be an oscillation between the existence of only reactants and only products;

� had a compartmentalised view, seeing the forward and reverse reactions as acting
independently of each other;

� believed that ‘mass’ and ‘concentration’ mean the same thing for substances in
equilibrium systems;

� believed that the concentrations of the reactants and products were always equal
at equilibrium.

In our view, such students’ difficulties as described above originate, mainly, from
a failure to recognise and teach chemical equilibrium as a process. These problems
are the outcome of a quantitative approach being taken to the theme to the detriment
of understanding chemical equilibrium qualitatively. As a consequence, students
have difficulty understanding these and other issues in terms of Le Chatelier’s Prin-
ciple, which demands knowledge about how the processes occur.

Using the ‘Model of Modelling’ in the Teaching
of Chemical Equilibrium

From the ‘Model of Modelling’ framework and knowledge of students’ difficul-
ties in learning chemical equilibrium, we developed a modelling-based teaching se-
quence for this theme (Ferreira & Justi, 2005). The sequence provides students with
opportunities to build, test and rebuild models in order to explain: the occurrence of
a given chemical reaction, the reversibility of that chemical reaction, the establish-
ment of a chemical equilibrium in the system under study and the behaviour of the
system when the equilibrium is changed. The students were not directly introduced
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to the modelling framework, but were provided with conditions for developing each
of the above-mentioned stages. These stages involved identifying students’ previ-
ous knowledge – about both models and modelling and how chemical reactions
occurs (in terms of the kinetic particle model) – and the establishment of relation-
ships between such knowledge and the new empirical and theoretical data acquired
through the activities provided. In brief, students were involved in the following
activities:

Activity 1: Discussing what was to be done (including the fact that the sequence
of lessons formed part of a research project), discussing the nature and pur-
poses of models, identifying and developing students’ ideas about modelling.
In terms of the ‘Model of Modelling’ this involved ‘having experience’ in
everyday life (Stage 1).

Activity 2: Identifying students’ previous ideas about the nature of chemical
reaction, building a model for how the transformation of one system in equi-
librium – dinitrogen tetroxide (N2O4) and nitrogen dioxide (NO2) – takes
place from empirical observations of the system, building a model for how
the reverse transformation occurs from these observations, building a model
for the system at room temperature. The main aims were to support the de-
velopment of students’ ideas about the reversibility of chemical reactions –
an aspect that was not part of their previous knowledge – and to support
the creation of a first model for the equilibrium situation by considering the
co-existence of the two species and the dynamics involved. In terms of the
‘Model of Modelling’, this involved ‘having experience’ (Stage 1), ‘selecting
a source for the model’, ‘producing a mental model’ (Stage 2) and ‘express-
ing that model in a suitable mode of representation’ (Stage 3).

Activity 3: Conducting an empirical experiment to observe the transformation
of CrO2−

4 (chromate ion) into Cr2O2−
7 (dichromate ion), collecting evidence

of the presence of both chemical species in the system at any time, building a
model to explain the behaviour of the system. In terms of the ‘Model of Mod-
elling’, this involved ‘conducting thought experiments’ (Stage 4), ‘modifying
mental model’ (Stage 7), and ‘expressing the new model in a suitable mode
of representation’ (Stage 3) for those students who had been able to produce
a model including the reversibility in the previous activity. For the other stu-
dents, this activity involved ‘having experience’ (Stage 1) of another specific
reaction, ‘producing a mental model’ (Stage 2) and ‘expressing it in a suit-
able mode of representation’ (Stage 3). In both cases, in doing so, students
extended their ideas about the processes occurring in and the reversibility of
a chemical reaction.

Activity 4: Conducting an empirical experiment to observe both what happened
when the equilibrium between CrO2−

4 and Cr2O2−
7 was modified by adding

acid or basic solutions, thus collecting evidence of the presence of both
chemical species in the system at any time. This activity led to the use of the
previous model to explain what happens when the equilibrium was changed.
In terms of the ‘Model of Modelling’, this involved ‘considering scope and
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limitations of model’ (for students who had thought about reversibility since
Activity 2; Stage 6), or ‘modifying mental model’ (Stage 7), and ‘expressing
the new model in a suitable mode of representation’ (for students who had
not included the reversibility idea in their models in the previous activity;
Stages 2 and 3).

Activity 5: Discussing the relationships between the two systems studied, build-
ing a class consensus model for chemical equilibrium, discussing charac-
teristics of such a model, evaluating the teaching approach that had been
adopted. Methodologically, the main aim of this activity was to organise all
the ideas that students had developed about chemical equilibrium (in essence,
to address Stages 1–6 at the same time).

Activity 6: Identifying students’ ideas about chemical equilibrium at the end
of the above sequence of activities. This task was accomplished through a
questionnaire.

Investigating Students’ Understanding of the Types
of Representation

Aims and Research Questions

The above six teaching activities, used in an ordinary educational context, were
investigated in order to probe the influence of the modelling activities on students’
learning (Ferreira, 2006). Two research questions guide the current discussion:

1. How did the pedagogical elements provided in support of the modelling-based
teaching activities contribute to the development of understanding about the lev-
els of representation, thus to the learning of the nature of chemical equilibrium?

2. What capability did the students have both to visualize the three levels of repre-
sentation and to move between them, during this modelling-based teaching?

Data Gathering

The use of the modelling-based strategy above described was investigated from
an action research perspective by one of us (PF) who was the chemistry teacher
of a first grade medium level school class of 26 students (14–15 years old)
in Brazil.

Data were gathered during activities described in the six lessons of 100 min-
utes. In Activities 1–5 (in consecutive lessons) students worked in groups (4–6 stu-
dents), while in Activity 6 (some weeks later) students worked individually. This
teaching approach was adopted to promote students’ understanding of how a chem-
ical equilibrium process occurs by supporting the use of empirical observation and
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discussion (guided by relevant generative questions1) of aspects related to the dy-
namic nature of a chemically equilibrated state – something that is not apparently
common in traditional teaching approaches.

Data were gathered from written material produced by the students during the
whole process (including the final questionnaire, the video recording of all lessons,
and audio recording of the discussions of each group of students).

Data Analysis

Data gathered in the lessons were used to produce case studies for each of the groups
of students because such case studies yield rich descriptions of events that are pre-
sented in a chronological narrative that incorporates the researcher’s observations.
Due to the possible inclusion of such an interpretation of the data, case studies go
beyond simple descriptions of the situation and support the analysis of the phe-
nomenon being studied (Cohen, Manion, & Morrison, 2000). In order to discuss the
research questions, we browsed the original case studies to identify evidence of how
the students dealt with the levels of representation. Whenever it is appropriate, such
evidence is included in the later sections of this chapter.

In order to assure the internal validity of the data analysis, two of the authors
(RJ and PF) analysed the original case studies (that are written in Portuguese) in-
dependently. The results were compared and any disagreement was discussed and
resolved. Then all the relevant evidence was translated into English to be discussed
with the third author (JG).

Results

The analysis of the case studies showed how students constructed their representa-
tions, as well as identified the specific contributions that these representations made
to the production of students’ knowledge. Representative examples of both aspects
were selected from the case studies.

The Research Questions

In order to organise our discussion, the results are presented separately for each
of the research questions. However, due to the emphases being adopted here, we

1 According to Vosniadou (2002), generative questions are those that “cannot be answered on
the basis of stored information but require the genuine solution of a new problem.” Therefore, in
order to answer a generative question, the subject “must create a mental representation or a mental
model” of the entity “and explore it in order to derive from it a relevant answer” (Vosniadou, 2002,
p. 358).
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decided to include specific aspects of the discussion, and actual examples of stu-
dents’ thoughts and drawings in the context of the second research question.
Research Question 1: How did the pedagogical elements provided in support of the
modelling-based teaching activities contribute to the development of understanding
about the levels of representation, thus to the learning of the nature of chemical
equilibrium?

In order to address this research question, we browsed the original case studies to
identify evidence of how the students dealt with the levels of representation and of
any possible relationship between such students’ activities and any of the elements
of the modelling-based teaching. In the following discussion, the most relevant ele-
ments of this teaching are emphasised.

We found that the motivation for students’ participation in the process of develop-
ing their understanding arose from the empirical evidence they acquired (from the
two initial Activities and those related to the transformation NO2/N2O4) and from
the initial challenge to model how the transformation occurred under different tem-
perature conditions. Such models were simple ones because they could be produced
only from their interpretations of the empirical evidence together with their previ-
ous knowledge. In principle, students could have produced models to represent the
process by using the three levels of representation (macroscopic, sub-microscopic
and symbolic) in the abstract. However, they had been asked to produce a model
that could explain how the process occurs, which means that they should propose
a sub-microscopic representation. As this question could not be answered with the
use of students’ prior knowledge, the role of experimental evidence was, mainly, to
challenge the students to build new knowledge.

The system NO2/N2O4 was used to provide a gradual presentation of new el-
ements that should be incorporated into their models. As students analysed the
macroscopic changes of the system, they proposed a series of changes to their pre-
vious representations. The observation of the system for the second time (when
it was warmed) was crucial for thinking about the possibility of the occurrence of
reversibility in the system (since until then the students had dealt only with chemical
reactions that occurred in one direction). During the discussion, the equations for
both transformations (2NO2 → N2O4 and N2O4 → 2NO2) were written at the
board by the teacher. This means that students also had access to representations at
the symbolic level (at an appropriate moment), which they could integrate into their
observations of the empirical systems in producing and representing their models.

The observation of the system NO2/N2O4 provided essential empirical evidence
to support the idea that the reactant and product could coexist. According to the
questions posed in the activity, this evidence could not only be made explicit in the
representation of their models but also be explained by the models. The students
who were able to establish relationships between the movement of molecules and
the occurrence of a chemical reaction (according to the kinetic particle model that
had been studied earlier), were also able to include dynamic components in their
models. Those who were not able to do so had the opportunity to think about this
from the general discussion of the models – when all groups presented and justified
their ideas – or from other empirical evidence that was obtained next.
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The system CrO2−
4 / Cr2O2−

7 provided students with a new context within which
to use the model previously created for the system NO2/N2O4. From this second
system students (i) acquired additional evidence about the coexistence of reactants
and products in a chemical reaction and (ii) could observe what happened when
the equilibrium was changed. This last set of empirical evidence was included
in the teaching activities specifically to support the testing of students’ previous
models.

One of the differences between the two empirical systems was the complex-
ity of the particles involved in the reactions. As in the previous case, the teacher
provided students with the formulae of the species involved and, at an appro-
priate moment during the discussion of this system, she also wrote the equation
2CrO2−

4 + 2H+ → Cr2O2−
7 + H2O on the board. When students tried to use

their previous models to explain this system, they found that they had to repre-
sent more complex structures. However, this change did not present a difficulty to
most of them. On the contrary, the students used the information that the species
participating in the second system had more atoms than in the first one to pro-
pose interesting mechanisms for the occurrence of the reaction. (More details are
presented in the discussion of the second research question.) The concrete repre-
sentation of the species had an essential role in the production and testing of their
models.

In sum, the empirical evidence presented new information about the systems
under study, prompting the creation of new expectations concerning the models
previously built, and encouraging students to think about the applicability of both
the model itself and its modes of representation. These considerations often resulted
in a changing of the models in a way as to widen their scope of application to new
contexts.

Another element of the modelling-based teaching that was relevant for the de-
velopment of students’ ideas was the teacher’s questioning. Most of the time, this
occurred during a discussion between the teacher and a specific group of students.
In these cases, the teacher tried to take into account those students’ previous knowl-
edge, models and doubts. At other times, the teacher’s questions were posed to the
whole class as she tried to motivate them to think about different explanations – or
more complete ones – in order to support the testing of their models. Very frequently,
these questions facilitated students’ expression of the codes that were used in their
representations, thus allowing for a more comprehensive understanding of both the
modelling process in general and the process of building a given representation in
particular.

The way that the teacher conducted the lessons contributed to making some de-
tails of the systems explicit and helped students in interpreting (i) the empirical
evidence, (ii) the questions to be answered by the models, and (iii) the symbolic
representations she presented for each system. Moreover, the teacher’s questions
supported the students as they tried to remember previous ideas and/or models, to
identify the limitations of their models, to propose new models or new explanations
for the use of their models in new contexts. Finally, the teachers’ questions were
very helpful for increasing students’ confidence in their models.
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One of the important elements of the ‘Model of Modelling’ framework is the
consideration of the subject’s previous ideas as one of the ‘experiences’ needed to
support the proposition of the mental model. In this teaching situation, students’
previous ideas, mainly those related to the kinetic particle model, were essential to
the inclusion of fundamental attributes in their models (e.g., the dynamicity of the
chemical transformation).

The expression of the models in different modes of representation occurred
during the whole process and, as has been previously commented upon, exerted
an essential role in the development of students’ knowledge. This was particularly
relevant for those students who could understand the relevance of the choice of a
given code and level of representation in order to better express the mental model
previously produced. In several activities, students were asked to propose a concrete
model for a specific system. This was shown to be essential for the development of
students’ ideas because, from the concrete models, they could produce simulations
of the chemical process and think about details related to the mechanism of the
chemical reactions (such as the directions of the necessary collisions between the
molecules, something that they had not studied before).

The discussion of the models by the whole class was another element of the
teaching process that contributed to students’ learning. During and/or from the gen-
eral discussion of the models, students could (i) think more deeply about their own
models in order to be able to answer the teacher’s and their colleagues’ questions,
(ii) share some doubts, (iii) integrate some of their colleagues’ ideas into their mod-
els and (iv) appreciate the limitations of their own concrete representations as ways
of expressing their mental models.

The aspects previously discussed support the assertion that specific Stages of the
modelling-based teaching and the pedagogical elements of support for those Stages
both influenced the students’ learning. Alas, inevitably not all students were found
to have a clear understanding about all the attributes of the qualitative curricular
model they were expected to acquire in the lessons. The models produced by the
different groups of students presented particularities that differentiated one from
another and which were apparently constructed using different reasoning processes.
But we have evidence that, for most of the students, the engagement in the process
of producing, expressing, testing, changing their own models, and applying them
in different contexts, contributed to a good understanding about how the process
of chemical equilibrium occurs in a system. Thus, from their answers to the final
questionnaire, we realised that all students understood that a chemical equilibrium
is a dynamic process that is established when the velocity of the forward and of
the reverse reactions become equal, thus resulting in a coexistence of reactant and
product species in the system. No student expressed any of the alternative concep-
tions related to these elements of the model described in the literature and reviewed
earlier in this chapter. The only difficulty some of the students found was in explain-
ing what happens in a chemically equilibrated system when one of the conditions
(temperature or concentration of one of the species) is changed. In our view, this
could have been the result of two factors (or a combination of them): this specific
issue is a complex one and was discussed only in the last class, there perhaps being
too little time available; the level of participation of the students in the discussions
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(with their colleagues in group and with the whole class) was not homogeneous –
some did not participate verbally.

In sum, the analysis of the students’ learning process showed how each of the
elements of the modelling-based teaching (previous ideas, empirical evidence, ex-
pression of models, questions, discussions about the models and their modes and
levels of representation, etc) contributed to a meaningful learning of the main at-
tributes of a qualitative model for chemical equilibrium. This allowed students to
understand the process at the sub-microscopic level and for this to be associated
with both the interpretation of the macroscopic evidence and with the use and under-
standing of adequate symbolic representations. The analysis also provides evidence
that each of the Stages and Elements in the modelling-based teaching influenced the
development of specific ideas in an idiosyncratic way for each group of students.
This corroborates our belief that the dynamic and non-linear process of learning
science (particularly chemistry) can be viewed – and fostered – as a process of the
successive building and rebuilding of models by the students.
Research Question 2: What capability did the students have both to visualise the
three levels of representation and to move between them during this modelling-
based teaching?

The data provided the following evidence for the acquisition / deployment of
metavisual skills in trans-level migration:

(i) Mental modelling preceded external representation: The students were all
initially concerned with the building of a mental model. Some groups spent
a lot of time discussing their ideas without writing anything or using any
concrete materials. However, in all groups, as soon as one student started to
make his/her ideas visible, all the other members either continued using that
mode of representation or sought a different, better, one. When building the
models for the latter system studied, some groups paid special attention to
producing an adequate expression of their mental models. During the process
of communicating and discussing their models, students realised that the way
a model is expressed may change its meaning.

(ii) External representations were not assumed to be copies of the macro sys-
tem: None of the students tried to produce their concrete models for the
sub-micro level by using visual characteristics of the macro system. In par-
ticular, they used play-dough of colours that were different to those of the
macro systems to represent their molecules. In one of the student groups,
their written responses emphasised that ‘the colour of the system is a conse-
quence of the interactions between molecules; there is no colour for a single
molecule’.

(iii) Different components of various levels of representation were introduced into
their models to justify changes occurring at the macro level and explained
at the sub-micro level: Changes in the system observed when the tempera-
ture of the NO2/N2O4 system varied were justified in terms of kinetic energy
of the molecules. One of the groups used ‘movement’ symbols to empha-
sise such differences when they drew their concrete model in the worksheet
(Fig. 12.2).
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Fig. 12.2 Drawing of the
model for explaining the
occurrence of the
transformation of N2O4

into NO2

Such students explain their model by saying that

At the beginning of the reaction, molecules have a small kinetic energy that is not
enough to break the nitrogen bonds. When the system receives energy, the molecules
became more agitated and the bonds between the nitrogen atoms are broken, thus
producing NO2.

(iv) The role of the symbolic level in the modelling process varied for different
students and at different times of the process: When the data were collected,
the students had not yet studied chemical bonding. But they knew the general
meaning of symbols and formulas. Therefore, they had no problems in un-
derstanding the meaning of N2O4 and NO2 when the teacher wrote them on
the board. However, the way the students translated this symbolic represen-
tation into other levels changed at different stages of the modelling process.
Initially all of them used balls to represent atoms in the correct proportions.
Only some of them used sticks to represent bonds. In both cases, they found it
very helpful to produce their models from the information obtained from the
symbolic model because it made it easier for them to ‘see’ what was necessary
to happen in order to transform one substance into another. Later on, when
they were asked to model the system CrO2−

4 / Cr2O2−
7 , and were faced with

the complexity of the structures, one of the groups decided to use only one
ball to represent the CrO2−

4 ion and a different one to represent the Cr2O2−
7

ion. Being supported by their knowledge about the purposes of models, they
justified their choice:

We produced a single model because here what we want to make evident is the
coexistence of the species, nor how one was transformed into another.

When they were challenged by another group to really explain the occurrence of
the transformation, they constructed more than one ball and stick representations for
each species in order to support the production of their model. Moreover, the stu-
dents discussed their colleagues’ models, making it evident that they had understood
other models of representation.
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(v) Explanations were developed by moving between the macro and the sub-micro
levels: In Activity 2, when asked to produce a model for the NO2 / N2O4

initial transformation, all students produced concrete representations of the
sub-micro level. However, whilst discussing in groups, some students pro-
duced iconic depictions of the phenomena itself, i.e. they drew the initial and
the final macro systems showing their different colours. When arguing about
the systems with their colleagues, such students pointed to their drawings
(rather than to the macro system). However, their discussions were focused
on the particles in those systems. Apparently, the students used such drawings
as a way to organise the data that they were thinking about. This action shows
the importance of empirical evidence in the modelling process.
It should be noted that this kind of drawing (representing the macro level) was
done only for the N2O4 / NO2 system. Moreover, it was only used to represent
the macro level in the situation above described.

(vi) Explanations were produced simultaneously at the macro and sub-micro lev-
els: Later in Activity 2, when the students had observed both the transforma-
tions (N2O4 into NO2 and NO2 into N2O4), as well as the system at room
temperature, and were asked to produce a model to explain the intermediate
colour of the latter system, one group drew beakers with hot and of cold wa-
ter, both holding a tube containing the gases. They also produced concrete
models for the particles of both substances using play-dough (that were put
into transparent boxes). During the presentation of their model, they showed
(and moved) their concrete representations keeping sheets of paper at the back
of the transparent boxes, i.e. they used the representation of both macro and
sub-micro elements of the system. The value of translation between the macro
and sub-micro levels was shown by these students who, during their presen-
tation, emphasised the role of the temperature changes in the process, the
relationship between the temperature of the system and the movement of the
molecules, and how specific details of their concrete models were essential in
producing and expressing all their written ideas:

The initial idea was to show that in the hot system the movement of the molecules
is more intense than in the cold one. We intend to show that when we shake the
molecules from the cold system they would separate: one molecule of N2O4 would
form two of NO2. Because of this, we fix the balls representing the nitrogen and the
oxygen atoms with sticks – which made the N–O bond stronger in the NO2 model –
and we fix two NO2 molecules to each other only using play-dough – which would
result in a weak N–N bond (thus producing the model for the N2O4). We expected
that when the system was shaken, the weak bond (between N–N) would easily break
whilst the stronger ones (between N–O) would continue existing. Then we would be
showing that one molecule of N2O4 would form two of NO2. This explains why the
colour of the system is changed.

Students in this group always worked simultaneously with the macro, sub-micro
and symbolic levels. They did so trying to make the representation in one level be a
support for the development of both a representation in another level and a plausible
model that could explain the systems they observed. In Activity 3, when building
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Fig. 12.3 Simulation produced by students to the ‘resonance’ model for the CrO2−
4 / Cr2O2−

7
system

their concrete representation for the CrO2−
4 / Cr2O2−

7 system, the students realised
the importance of focusing on both the dynamic aspect of chemical reactions and the
formulae of each ion. Thus, they proposed an original model for the equilibrium that
was interpreted as a kind of resonance between those ions and a species that they
created (CrO3). When presenting their model to the class, they made the concrete
models produce the ‘resonance’ (as shown in Fig. 12.3) and explained that

Hydrogen ions (H+) get one oxygen atom from the dichromate ion (CrO2−
4 ) producing water

and the species CrO3. As the CrO3 needs to become stable, it joins a chromate and produces
a dichromate (Cr2O2−

7 ). The system would still contain chromate due to this ‘movement’
of the oxygen atom between two chrome atoms. In the dichromate, the chromate will share
an oxygen atom with another chromate that is missing an oxygen atom. So, sometimes the
oxygen atom will be forming a chromate, sometimes it will be forming a dichromate. Either
one or the other!

This resonance model was a completely different idea that was understood by the
class and the teacher only because they enacted a simulation with concrete models.
This simulation explained some other details that could not readily be represented
(such as the need for stability of the species) for they were always trying to establish
relationships with the actual system that they had observed.

(vii) Predictions were produced from the simultaneous production of explanations
at macro and sub-micro levels: When the students mentioned above shook
the boxes containing their models (something that was done only when they
presented their model to the whole class) and provided the above explanation,
they observed that each of their models for the N2O4 molecules could really
be split into the models of two NO2 molecules. In so doing, they realised that
the breaking of the bonds did not occur at the same time. Thus, they asserted
that the dynamic feature of their model made them think that

The reaction should occur as time goes by. That is why the change in the system
colour was not an instantaneous one.

(viii) When fluent in understanding, students could rely only on the symbolic level:
In the last activity, when students were asked to produce a model to explain
what happened when the equilibrium between CrO2−

4 and Cr2O2−
7 was modi-

fied, most of them did not construct concrete models. When the teacher asked
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why they had preferred to only draw their models and to use the symbolic
level, they answered:

Now we can visualize the dynamic system from the drawings. So, we are able to
perfectly explain our ideas from the drawings and by using the formulae.

(viii) When fluent in understanding, students could move freely between the three
levels of representation: In the final questionnaire, students were challenged
to explain a new model for chemical equilibrium in general. They were pre-
sented with a graphical representation for an equilibrium (the HI / H2, I2

system) and had to interpret it in order to answer some questions. In their
answers, they were able to interpret the graphical information into both the
macro and the sub-micro level. For instance, all the students expressed a
clear and correct understanding that the equilibrium is reached when the con-
centration of all the species are constant (as a result of the occurrence of
both reactions with the same velocity). This constant state explained the fact
that, when a system is in equilibrium, it is not possible to observe a visible
change. Moreover, they emphasised that the colour of the system would show
us the coexistence of the particles of all species. For instance, the question
involved the equilibrium between a violet gas (I2) and two other colourless
gases (H2 and HI). A typical comment of the students was

It (the system) is not completely colourless because there will always be I2 particles
in the system and it is a violet gas.

The students were also able to explain some of that information by using the
symbolic level of representation (the equation that was presented together with the
graph). This was observed when they made references to the line on the graph,
making clear how they were interpreting it in order to reach their conclusions.

Conclusions and Implications

The teaching strategy adopted here led to students acquiring a good level of un-
derstanding of ‘chemical equilibrium’, as shown by the absence of common mis-
conceptions in the assessment administered in Activity 6. The sequence of lessons
showed that a progressive focus on each of the elements of ‘Model of Modelling’
and on aspects of the notion of ‘chemical equilibrium’ led to that success. This suc-
cess has qualitatively validated the ‘Model of Modelling’ as the basis for teaching
multi-faceted chemical models.

The role of the teacher has been shown to be vital. As students had to express
their models for the sub-micro level in a concrete mode of representation, the teacher
could identify aspects of their concrete representation (related to the codes of rep-
resentation or to the ideas they wished to represent) that students did not express
verbally. She questioned them, checking what they had really thought at different
levels. The concrete expression of the models also allowed students to think about
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some questions that were not necessarily part of their initial mental models (e.g.
the structure of the molecules, the direction of the collisions) – as their attempts to
answer the teachers’ questions made evident.

From the point of view of the focus of this book, the most important outcome
was the demonstration that the use of the ‘Model of Modelling’ as a basis for pro-
ducing and conducting teaching activities enabled the students to demonstrate their
capability within and between the three levels of representation. Taking each of the
five aspects of metavisual capability, given earlier, in turn:

1. Understanding of the ‘conventions of representation’: From the outset, the stu-
dents did not assume that their external representations were copies of the ob-
served phenomenon. They progressively employed a range of components in
their production of representations at the three levels. Moreover, they were al-
ways able to explain the codes of representation they decided to use, and to
recognise the scope and limitations of their representations. Progress was made
in respect of this aspect; further progress could be expected in situations where
the use of a broader range of modes and sub-modes was called for.

2. The capacity to ‘translate’ between the levels: The role of the symbolic level
in the production of explanations changed as the sequence of activities was fol-
lowed, becoming suitably dominant in the later lessons. At the same time, mental
‘switching’ between the macro and sub-micro levels became ever more fluent.
Moreover, during the process, students progressively increase their capacity to
decide which level would be more adequate in a given situation.

3. The capacity to construct a representation for a given purpose: This was shown.
Concrete (material) models were initially used, becoming progressively more so-
phisticated as the sequence of classes went on. Visual representations (diagrams)
were readily employed. Most interestingly, symbolic representations were intro-
duced and coherently used by the students despite the fact that they had not been
systematically introduced to the conventions involved.

4. The use of visualisation to make predictions: This was done and the predictions
tested both empirically and from thought experiments, sometimes with the help
of the concrete models previously produced.

5. The capacity to solve problems by analogy: In the final questionnaire, the stu-
dents showed themselves able to apply their understanding of chemical equilib-
rium to a novel context.

The practical work – the acquisition of empirical data – proved central to the
demonstration of these capabilities. In respect of each desirable aspect of practical
work, given earlier:

� The choice of specific systems where readily perceived changes of properties
were associated with changes in the controlling chemical equilibrium enabled
explanation in general and prediction in particular to be linked to behavioural
changes.

� The students were able to produce progressively more sophisticated explanations
as they experienced ever-more complex systems.
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� The choice of systems studied was made so as to allow the ready perception of
changes in properties.

� Representing the macro systems being studied evidently gave them a consider-
able start in producing representations of what was going on at the sub-micro
level.

� The role of questions concerning the macro systems generated by the teacher, by
individual students, and by groups of students, was a vital part of the processes
of producing explanations and successful predictions.

Our conclusion is that a teaching sequence based on the ‘Model of Modelling’ is
a valuable basis on which to lead students to a sound understanding of the complex
ideas of chemistry and to the demonstration of metavisual capability. A series of
conditions are necessary for success. First, opportunity to pose and respond to ques-
tions is central. Second, questions posed to and by students at different stages of the
process should challenge them and support their creative thinking. Third, practical
work that has a clear function in the learning process is vital. Fourth, the systems
studied must show perceptible behavioural changes. Fifth, a sequence of carefully
chosen systems is necessary.

This study suggests that much more research is needed into aspects of metacog-
nitive capability and into the use of the ‘Model of Modelling’ if we are to provide
fuller explanations of the processes involved in ‘understanding the three levels of
representation in chemistry’. For example:

� What are the ‘codes of interpretation’ of the modes and sub-modes of represen-
tation most commonly used in chemistry? These have never been codified.

� Are there differences between such ‘codes of representation’ used in chemistry
and those used by chemistry teachers and textbook authors in producing teaching
models? This seems to be a relevant factor influencing the success of teaching
models in helping students to understand chemistry curricular models.

� How the understanding of the ‘codes of representation’ influence and are influ-
enced by students’ ability to use virtual models in informal educational contexts
(e.g., museums, the internet)? Assuming both the role of virtual models today
and the attraction they have for students, a comprehensive understanding of their
codes of representation may contribute to increase students’ motivation in learn-
ing science.

� How do individual students perceive the process of mentally moving between
levels of representation and between modes of representation? Whilst tests of
capability to operate within specific modes exist, there is little understanding of
the processes involved in ‘mentally moving’ between them.

� What is the relationship between the way students use the three levels of rep-
resentation and their capability to test their models? As testing models (from
thought experiments and/or empirical ways) is an essential stage of the modelling
process, their expertise in dealing with the three levels of representation seems
to be vital for their learning in modelling-based contexts.
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Kozma, R. B., & Russell, J. (1997). Multimedia and understanding: Expert and novice responses
to different representations of chemical phenomena. Journal of Research in Science Teaching,
34(9), 949–968.



12 The Application of a ‘Model of Modelling’ 307

Mendonça, P. C. C., & Justi, R. (2005). Construção de Modelos no Ensino de Ligação Iônica.
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Chapter 13
Action Research to Promote the Formation
of Linkages by Chemistry Students Between
the Macro, Submicro, and Symbolic
Representational Levels

Vesna Ferk Savec, Irena Sajovic and Katarina S. Wissiak Grm

Abstract This chapter presents findings from an action research project to improve
Slovenian primary-school (13–14 years) students’ understanding of the role of
chemical reactions in everyday life and the meaning of representations at the submi-
cro and symbolic levels. In the investigation, a teaching approach entitled Life – Ob-
servations – Notations (LON) was developed, tested out and evaluated. The action
research was conducted in collaboration with primary school chemistry teachers,
the adviser for chemistry of the National Board of Education for Slovenia, and re-
searchers in chemical education from the University of Ljubljana. The main findings
suggest that as a consequence of the application of the LON approach in class-
room teaching (1) students improved their interest in learning about chemical re-
actions, (2) students gained a more holistic understanding of chemical reactions,
(3) students’ ability to connect observations at the macroscopic level with their un-
derstanding of the submicro and symbolic levels improved, whereby models were
used to bridge the gap between macroscopic observations and symbolic notations of
chemical equations and (4) action research contributed to the successful develop-
ment and implementation of the LON approach.

Introduction

The problems confronting chemistry education in recent decades have been de-
scribed by different authors (Gilbert, De Jong, Justi, Treagust, & Van Driel, 2002;
Pilot & Bulte, 2006). As a consequence of these problems, enrolments in chem-
istry are in decline in the upper years of school, with serious implications for social
and economic development. Gilbert (2006) summarised some of the most pressing
problems currently facing chemical education throughout the world as being: over-
load of content, the presentation of isolated facts, the lack of transfer of facts and
ideas to everyday life, lack of relevance to everyday life, an inadequate basis both
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for the more advanced study of chemistry and also for the chemical education of
the majority of students who will not continue to study it. Each of these prob-
lems poses a series of challenges. One type of address to these challenges has
been through the use of ‘context’ as the basis for curriculum design and classroom
teaching.

The context-based approach directly targets students’ experience of chemistry
curriculum as being abstract, difficult to learn, and unrelated to the world in which
they live (Bennett & Lubben, 2006; Bulte, Westbroek, De Jong, & Pilot, 2006;
Parchmann et al., 2006; Pilot & Bulte, 2006; Belt, Leisvik, Hyde, & Overton, 2005;
Schwartz, 2006). The context-based approach is considered a way to avoid the
unsatisfactory outcomes of conventional school chemistry and is based upon the
assumption that recognisable contexts appeal to students and provide a ‘need-to-
know’ basis for the chemical concepts to be learned. The argument is that through a
context, students can give meaning to the chemical concepts that they learn (Bulte
et al., 2006). Curriculum development based on the context-based approach gener-
ally aims at a more in-depth understanding of a few key ideas instead of the more
conventional coverage of scientific content (Pilot & Bulte, 2006). The ‘context idea’
also became a crucial part of a large number of other, more specific, teaching ap-
proaches such as project-based, activity-based or inquiry-based science education
(Abd-El-Khalick et al., 2004).

Johnstone (2000) believes that the claim that chemistry is difficult to learn
and is often not understood by students is connected with students’ incapabil-
ity to connect the three ‘representational levels’ which originate from the nature
of chemistry itself. He believes that the nature of chemical explanation involves
three forms of representation which can be thought of as corners of a triangle,
whereby no form of representation is superior to another, but each one com-
plements the other. These forms of the subject are (a) the macro and tangible:
what can be seen, touched and smelt; (b) the submicro: atoms, molecules, ions
and structures; and (c) the symbolic: formulae, equations, molarity, mathematical
manipulation and graphs. Gabel (1999) further suggested that the primary bar-
rier to understanding chemistry, however, is not just the existence of the three
forms of representation, but is that chemistry instruction relies predominantly on
the most abstract, the symbolic, type. As a strategy to overcome that problem,
Barke (1997) proposed that in the learning process the three corners should be
taught one after the other: macro type first, structural models on submicro type
afterwards, and finally chemical symbols on the symbolic type. Later on Barke
and Wirbs (2002) proposed that students can develop not only knowledge but
also images by handling and discussing structural models of matter. Other authors
(Chittleborough, Treagust, & Mocerino, 2002; Devetak, 2005; Juriševič, Glažar,
Razdevšek-Pučko & Devetak, 2008; Mahaffy, 2004) have developed different mod-
els derived from a ‘chemical triangle’. For example, The ‘Interdependence of Three
Levels of Science Concepts’ (ITLS) model by Juriševič et al. (2008) shows dif-
ferent levels of interdependence of chemical concepts associated with the visuali-
sation method used in the science classroom and with mental models of chemical
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phenomena that this approach helps students to develop. Mahaffy’s model (2004)
claims that understanding chemistry depends on the diverse influences of the so-
ciety and living environment that shape the teaching and learning of chemistry.
His tetrahedron model weaves conceptual knowledge of chemistry with its appli-
cations.

Most chemists would agree that the practical experiment is one of the crucial
visualisation tools in chemistry teaching and learning at the macro level (Gott &
Duggan, 1996; Hodson, 1990, 1996; Thulstrup & Thulstrup, 1996; White, 1996).
However, from a students’ comprehension point of view, researchers (Johnson, 2000;
Meheut, Saltiel, & Tiberghien, 1985; Pfundt, 1982) have found that some students
do not consider chemical reactions as complete transformations of the matter itself,
but only as a change in its appearance or physical state. Consequently, students
are not able to make clear distinctions between physical and chemical changes
(BouJaoude, 1991). As an answer to these concerns, it was reported (Gabel, 1993,
1998; Russell et al., 1997; Sanger & Greenbowe, 2000; Williamson & Abraham,
1995) that pupils who were taught about physical and chemical changes by imple-
menting particle-based schemes achieved a better understanding of the particulate
nature of matter, in particular with regard to the distinction between physical and
chemical changes, than their peers who were taught the same topics only with
the use of textual materials. Another concern, reported by Meheut et al. (1985)
and Ebenezer & Erickson (1996), was that chemical reactions can be wrongly
perceived as a process of ‘mixing’ the initial substances, such that the products
of chemical reactions are understood as mixtures of the initial substances and
their properties as a combination of the properties of the initial substances. Ac-
cording to Johnstone (1991) and Johnson (2002) such misunderstandings occur
as the consequence of the relationship between the macroscopic world and the
particulate model of matter not being clearly understood. To reduce misunder-
standings in the particulate interpretation of chemical changes, Hesse and Ander-
son (1992) suggested that an understanding of chemical reactions must be intro-
duced as a change in the constituent discrete particles of the initial substances.
This strategy promises to foster better understanding of the distinctions between
chemical reactions and physical changes. Taber (2001) argued that it would be
more productive to start thinking in terms of discrete particles in chemistry ed-
ucation rather than at the level of atoms, provided of course that changes in the
discrete particles are not neglected. Another dilemma, that students see the sym-
bolical notations of chemical equations as being independent of chemical reac-
tions taking place, indicating that students do not link the symbolic and macro-
scopic types of chemical representations, was targeted by Barke (1982). He at-
tempted to provide empirical support for the practical usage of models when in-
troducing the symbolical type into teaching about structure and chemical reac-
tions.

In summary, according to the recommendations of researchers (Hinton &
Nakhleh, 1999; Russell et al., 1997; Tasker, Chia, Bucat, & Sleet, 1996), it is crucial
to teach about chemical reactions by helping students to draw links between the
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types of representation. Despite the remarkable value of these research findings,
the general impression given is that their implementation in the practice of teach-
ing has not been complete. de Jong (2005) points to a need to bridge the gap be-
tween research findings and the practice of teaching. One of the suggested ways to
improve the situation is through the use of action research (Gilbert et al., 2002),
which is a process in which participants examine their own educational prac-
tice systematically and carefully, using the techniques of research (Watts, 1985,
p. 118).

The original idea of using research in a natural setting can be traced back to Kurt
Lewin in the 1940s, who coined the term ‘action research’ to describe ‘work that did
not separate the investigation from the action needed to solve the problem’ (McFar-
land & Stansell, 1993). The described process was cyclical, involving a ‘non-linear
pattern of planning, acting, observing, and reflecting on the changes in the social sit-
uations’ (Noffke & Stevenson, 1995). Over the years, numerous articles and books
have been written about action research in which the authors developed various clas-
sification schemes to compare, contrast and trace the development of the different
types of action research in various fields (Calhoun, 1993; Cochran-Smith & Ly-
tle, 1993; McKernan, 1988; McTaggart, 1993; Reason, 1994). In the field of educa-
tion, Stephen Corey in the mid-1950s was among the first to use action research. He
believed that the scientific method in education would bring about change because
educators would be involved in both the research and the application of information,
so he saw the need for collaboration between teachers and researchers (McFarland
& Stansell, 1993). With regard to the aims of action research, in a review study by
Kochendorfer (1997), classroom action research was classified into seven groups:
seeking quantifiable answers, determining results of change in classroom practice,
exploring effects of programme restructuring, discovering whether students can
learn to use a process, establishing new professional relationships, developing new
understandings in students, and understanding oneself as a teacher. On the other
hand, Ferrance (2000) has taken a more technical stance and has classified action
research by the number of practitioners involved and the unit of analysis to define:
individual, collaborative, school-wide and district-wide action research. A plan of
research can involve a single teacher investigating an issue in his or her classroom,
a group of teachers working on a common problem, or a team of teachers and others
focusing on a school- or district-wide issue. Ferrance (2000) also tried to summarise
basic themes within various definitions of educational action research and concluded
that the following four can be found in all of them: empowerment of participants,
collaboration through participation, acquisition of knowledge and social change.
Her representation of the action research cycle involves the following five phases:
(1) Identification of problem area, (2) Collection and organisation of data, (3) Inter-
pretation of data, (4) Action based on data, (5) Reflection and evaluation of results
and finally the results being used in a new cycle of research. For the purpose of
our investigation, Ferrance’s classification and understanding of action research was
adopted.
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Scope and Context of the Study

Like other countries, the gap between findings from science education research and
their implementation in teaching practice has been observed in Slovenia. As an at-
tempt to address that issue an action research project entitled Partnership between
faculties and schools 2006 to 2007: Development of a model of classroom action
research for effective teaching of science subjects was launched. The main aims of
the project were the (a) improvement of school practice in teaching science through
action research and (b) establishment of efficient action research collaboration be-
tween university faculties, school teachers and National Board of Education. Based
on the initial analysis of actual problems in school practice from teachers’ point of
view (Ferk Savec et al., 2007), five main research areas were selected to be inves-
tigated and members of the large project team divided to build up certain smaller
groups according to their own interest:

� Group 1: Periodic table – a source of information for efficient learning of
chemistry,

� Group 2: Development of students’ ideas about notations for chemical reactions,
� Group 3: Seaside – understanding the seaside ecosystem with interdisciplinary

approach,
� Group 4: Symbolic notations and the mole,
� Group 5: Reactivity of organic molecules.

This chapter deals with the second research area – Development of students’
ideas about notations for chemical reactions – which aimed to develop and evaluate
a teaching approach, entitled Life – Observations – Notations (LON). In contrast
to the traditional approach, our intention in developing the LON approach was to
start learning about chemical reactions from discussions about selected everyday
life situations, where students would learn to recognise reactants and products and
develop observational skills to follow the changes that occur during chemical reac-
tions in everyday life situations as well as in similar examples of chemical reactions
in laboratory environment (macro). Then we wanted to lead students to write down
reactants and products in the form of word equations and further on to present chem-
ical reactions with the use of static models and animations of chemical reactions
(submicro) towards the use of symbolic notations for chemical reactions and their
balancing (symbolic). We also aimed to consolidate the knowledge that the students
thereby gained. According to the opinion of the LON project team, the teaching
of the topic of chemical reactions in Class Eight of primary school (students aged
13–14 years) was a good opportunity to start with such an approach, because at
that point students are confronted with the notations for chemical changes for the
first time. With regard to Kochendorfer’s classification of classroom action research
(1997), the above listed aims of our investigation can be classified in two groups:
‘assessing the results of change in classroom practice’ and ‘developing new under-
standings in students’.
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The following research questions were addressed in the investigation:

1. Does the LON teaching approach facilitate students’ interest in learning chem-
istry?

2. Does the LON teaching approach contribute to students’ more holistic under-
standing of chemical reactions?

3. Does the LON teaching approach improve students’ ability to connect observa-
tions from the macroscopic type of representation with their descriptions using
the particle and symbolic types?

4. Does the action research approach taken contribute to the development and im-
plementation of the LON approach?

Our investigation, within Ferrance’s (2000) classification of action research, was
collaborative action research. The LON project team existed from three groups of
partners: Seven teachers from primary schools, six of whom conducted interventions
in their schools; the adviser for chemistry from the National Board of Education for
Slovenia; and three chemical education researchers from the Department of Chem-
ical Education and Informatics, University of Ljubljana.

Although, the project group worked in close collaboration throughout, each of
the groups of partners had specific role in the project:

� Teachers provided a description of current school practice; a collaborative defi-
nition of specific problems in teaching about chemical reactions; the actual de-
velopment of the teaching unit on chemical reactions; collaboration in the devel-
opment of the Preknowledge Test and the Test of Gained Knowledge; and the
conduct of the actual intervention in school practice. In this intervention, each
of the teachers completed a reflective diary of actions and comments, passed
the raw results of the Preknowledge Test and the Test of Gained Knowledge to
researchers from Department of Chemical Education and Informatics, and, after
the results had been analysed, participated in the collaborative interpretation of
the results so obtained.

� The adviser for chemistry from the National Board of Education for Slovenia
reviewed the teaching unit on chemical reactions; engaged in the development of
the Preknowledge Test and the Test of Gained Knowledge in collaboration with
other partners; and participated in the collaborative interpretation of results.

� The chemical education researchers coordinated the methodology and conduct
of the investigation; participated in the collaborative identification of specific
problems in teaching about chemical reactions; provided guidelines for the teach-
ers’ development of the teaching unit on chemical reactions; reviewed the Pre-
knowledge Test and the Test of Gained Knowledge; conducted the qualitative
and quantitative analysis of results from the Preknowledge Test and the Test of
Gained Knowledge; presented the results of this analysis to their partners in the
project; participated in the collaborative interpretation of results, in the analysis
of the teachers’ reflections on their experience, and prepared the report on the
project, including guidelines for the future development and use of the LON
approach.
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Methods

Procedure

Our research design, shown in Fig. 13.1, followed the typical action research cycle
as proposed by Ferrance (2000) which involves the following five phases: (1) Iden-
tification of problem area, (2) Collection and organisation of data, (3) Interpretation
of data, (4) Action based on data and (5) Reflection and evaluation of results. Finally,
the results are used in a new cycle of research.

Fig. 13.1 Action research
cycle (adapted from
Ferrance, 2000)

The particular steps undertaken in our action research are indicated in Table 13.1.

Instruments

Preknowledge Test

The Preknowledge Test was administered before using the teaching unit on chemical
reactions. The Preknowledge Test consisted of three tasks with subtasks checking
the students’ knowledge at the micro, submicro and symbolic types of representa-
tion, whereby the maximum score obtainable was 27. Students spent 25 minutes in
taking the test. Details of the tasks’ purposes and conceptions can be obtained from
the authors.
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Table 13.1 Description of the research design

Step Description

Identification of
problem area

Based on the initial analysis of actual problems in school practice from
teachers’ point of view (Ferk Savec et al., 2007) five main research
areas were selected for an investigation. A weak understanding of
the role of chemical reactions in everyday life was pointed out as
one of the key areas that needed to be examined closely.

Collection and
organisation of data

Related to the students’ comprehension of chemical reactions, two
basic problems were pointed out by the teachers: (1) students are
not interested in learning because they perceive chemical reactions
as isolated facts that are not related to everyday life and (2) students
gain a weak understanding of chemical reactions as they primarily
experience them as notations at the symbolic type, which are not
efficiently related to their representations and understanding in the
submicro and macro types.

Consequently, a Preknowledge Test for diagnosing the students’
success in solving problem tasks involving everyday situations,
mainly covering the topic ‘linkage of particles’, was developed and
applied. Students’ results from the Preknowledge Test were
analysed.

Interpretation of data Summing up the general findings of the Preknowledge Test led to the
conclusion that the majority of students possessed the necessary
preknowledge to start learning about chemical reactions, since the
average students’ successfulness on the test was 73.78%. However
students’ ability to transfer information between the macro type of
representation and submicro and symbolic types had to be improved.

Action based on data Consistent with the principles of the Life – Observations – Notations
(LON) approach, a common teaching unit ‘Chemical Reactions’
with accompanying teaching materials about chemical reactions in
the primary schools was developed and implemented by the
participating teachers. During the implementation of the LON
approach, reflective diaries were completed by the teachers.

Evaluation of results Evaluation of the efficiency of the LON approach based on a
systematic collection and analysis of the (1) results of the Test of
Gained Knowledge and (2) teachers’ comments in the reflective
diaries describing their feeling about the difference between the
new teaching philosophy as compared with the existing one.

Next steps Based on the results, recommendation and implication guidelines for
the future were drawn up.

Test of Gained Knowledge

The Test of Gained Knowledge was administered after using the teaching unit for
teaching about chemical reactions. The Test of Gained Knowledge consists of 11
tasks checking the students’ knowledge of macro, submicro and symbolic types of
representation, whereby the maximum score on the test were 32. Students were
allowed to spend 45 minutes taking the test. Details of the tasks’ purposes and
conceptions can be obtained from the authors.
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The Teaching Unit

Description of the Teaching Unit

The teaching unit consisted of four sections, which were optimised and peer re-
viewed within the LON project team and were published on the project website.
All the sections had similar structures with regard to the representational triplet
(Table 13.2).

Specific Circumstances in the Participating Schools

All the participating teachers claimed that they tried to carry out the teaching process
in accordance to the common LON teaching plan (4 sections – 10 lessons of 45
minutes, 2 lessons per week – 5 weeks of teaching). Since teachers were not able
to start the LON teaching process in their schools at the same time due to external
factors, the commencement of the teaching in schools varied from November 2006
to February 2007. Consequently, during the conduct of the teaching process, the
participating teachers were at very different stages of teaching and the continuous
exchange of information among them was not possible. Therefore, after teaching of
each of the segments, teachers individually collected the feedback from their stu-
dents with a special questionnaire and analysed them for their own use in adjusting
later episodes of teaching. Those slight adjustments to the common LON teaching
plan could be seen from the teachers’ entries in their reflective diaries. Teachers also
explained that they adjusted the lessons in the light of classroom situations. They
probably also did so as well in light of the particular teachers’ personal teaching
styles and their specific relations with students.

From the contents of the teachers’ reflective diaries, the following differences in
the lessons provided could be observed: (1) Some teachers added extra exercises in
knowledge consolidation, (2) some teachers left out particular activities, (3) some
teachers adjusted the duration of particular sections (Fig. 13.2), (4) teachers used
different motivational approaches to facilitate learning, e.g. students were rewarded
with marks for their success in the Test of Gained Knowledge at the School N◦ 4.
The duration of particular parts of the teaching plan is given in Fig. 13.2.

Teachers’ Reflective Diaries

During the action research, teachers wrote their reflective diaries that this procedure
helped them to reflect on what they have done with their time, on what they had
taught and what they were to teach. In the diary they recorded detailed descriptions
of classroom practice. It was also a valuable tool in helping them to deal with emo-
tionally challenging situations. Diaries included entries on what happened during
the lessons, what they thought about those lessons and how they reacted to what had
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Table 13.2 The teaching unit ‘Chemical Reactions’

Section 1: Energy and substance changes at chemical reactions

Section 1 was introduced by a general class discussion about chemical reactions and
their consequences in everyday life. As an example of everyday situation a process of
cleaning contact lenses was brought up and as its simplified simulation – an
experiment entitled ‘The secret of cleaning of soft contact lenses’ – was carried out as
a wet laboratory task in groups of students (macro level). Then teachers explained the
presented chemical experiment using submicro representations with a simple
computer animation and the students assembled the corresponding 3D models
(submicro). Afterwards the representation of chemical reactions by writing word and
symbolic equations introduced, and finally the energy diagram of a given chemical
reaction was introduced (symbolic). Through various students’ activities some further
examples of chemical reactions in all three types (macro level, submicro level,
symbolic) were presented and discussed.

Section 2: Fuel cells as an alternate energy source

This section started with a class discussion about selected examples of chemical
reactions where energy is released in a form of light, heat or sound. As an example of
an everyday situation, an article about the world’s first fuel cell-powered train was
used. A chemical experiment called ‘Cracking soapy water bubbles’ was then carried
out as a wet laboratory demonstration (macro), and explained as a submicro
representation by the use of an animation, followed by 2D presentation with models.
Afterwards word and symbolic equation of the presented chemical reaction were
derived and the energy diagram of a given chemical reactions was presented
(symbolic). At the end, knowledge was transfered to some other examples of chemical
reactions dealing with energy changes (macro level, submicro level, symbolic).

Section 3: The importance of water softening

This section began with a class discussion about the importance of water softening and
the different factors that influence water hardness. As an example of everyday
situation, the efficiency of dishwasher ‘Finish salt’ was presented. A set of short
chemical experiments entitled ‘Testing the dishwasher Finish salt’ was carried out as
a wet laboratory task in groups of students (macro). Later on teachers explained one
of those chemical experiments by the use of an animation and also by its 2D
presentation with models; then students in groups tried to write 2D representations
for other chemical experiments (submicro). Students also tried to write down word
and symbolic equations and to select the appropriate energy diagrams (symbolic). The
results of students’ work were discussed and corrected when necessary.

Section 4: Electric energy

This section was introduced by a class discussion about some crucial energy-related
processes and several issues related to electricity generation. As an example of an
everyday situation, the electrolysis of water as an electrolytic process that
decomposes water into oxygen and hydrogen was analysed and presented through
experimentation (macro). Teachers afterwards explained the presented chemical
experiment with the use of an animation, and students derived its 2D presentation
with models (submicro). Afterwards students were encouraged to derive a word and
symbolic equation and to propose an energy diagram of a given chemical reaction
(symbolic). The results of students’ work were discussed and corrected when
necessary.

Consolidation of knowledge

The knowledge was consolidated on further examples of chemical reactions (macro
level, submicro level, symbolic).
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happened. Entries on differences in the teaching of selected topics when compared
with previous years, the analysis and evaluation of students’ questionnaires used
at the end of each section, were also included. The students’ questionnaires were
simultaneously analysed and the results included in these diaries. The feedback
information was then used for the improvement of the teachers’ work.

The teachers’ reflective diaries were confidential to themselves. However, they
were all requested to report about their experiences in outline from the reflective
diaries, as follows: (1) detailed description of each lesson, (2) differences in class-
room practice for each of the conducted lessons with regard to previous year(s), (3)
their estimation of the results of each of the lessons in the sense of students’ mo-
tivation and knowledge, (4) suggestions for changes/improvements for each of the
conducted lessons and (5) their general ideas for the improvement of the teaching
unit and the LON approach.

Subjects

The unit was taught in six schools. Two hundred and twenty six students (13–14
years) were involved in the action research (120 females and 106 males). To pro-
vide anonymity of participants and to avoid competition between the participating
schools, the schools were labelled 1 to 6.

Data Analysis

At the beginning of the field trials, the Preknowledge Test and the Test of Gained
Knowledge were manually processed: later on data were processed by MS Excel.
The outlines of the reflective diaries were carefully read through, teachers’ state-
ments categorised, and the most representative statements extracted.
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Results and Discussion

The main outcomes of the analysis of knowledge tests (details of performance on the
tests can be obtained from the authors) and teachers’ reflective diaries are presented
as answers to the research questions.

Does the LON Teaching Approach Facilitate Students’ Interest
in Learning Chemistry?

In different places in the outlines of teachers’ reflective diaries there are statements
indicating that students’ interest in learning about chemical reactions has increased
in comparison to previous years. Teachers mentioned the increase of students’ inter-
est in the context of all three main factors that are incorporated in the LON approach,
i.e. (1) Everyday life situations as the foundation of the learning process. (2) The
learning process involves many students’ activities. (3) Chemical reactions are con-
sistently presented in all three types of representation. Consequently, we assume
that those three factors are the main reasons for the increased interest of students in
learning about chemical reactions. Each of the listed factors is described in detail
below:

(1) Everyday life situations are the foundation of the learning process: Students
understood that chemical reaction go on in everyday life and are therefore of interest
to them. That point seemed to be important to all of the participating teachers since
in many places in their reflective diaries they made statements like e.g.:

For the first time I tried to teach about chemical synthesis reactions by challenging students
with a question whether, according to their opinion, the synthesis of water could be used
as an energy source for vehicles. The classroom discussion was then led towards reading
newspaper article dealing with the topics, which proved to be a good motivation for students.
In previous years I had demonstrated the experiments of synthesis between magnesium and
iodine, and zinc and sulphur, which were not related to everyday life, and therefore gained
much less attention by students. [Teacher from School N◦ 3, Section 2]

The starting point of the learning process, the cleaning of contact lenses, was a good choice
because students showed great interest in learning (connection to everyday life!). [Teacher
from School N◦ 2, Section 1]

(2) The learning process involves many students’activities: Students’ interest in-
creased because they liked playing an active role in the learning process (e.g. hands
on experiments, construction of representations of chemical reactions with the use
of models). Those who were not used to such an approach from earlier teaching
also improved their experimental skills and gained experiences through the work
with models. In the reflective diaries of all the teachers, statements to support this
point could be found as follows:

Students were very motivated by their own conduct of experimental work. None of the
students’ groups had difficulties in recognizing the signs of chemical reactions, because
students helped each other. [Teacher from School N◦ 3, Section 1]
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At the beginning students were not keen on conducting experiments by themselves, but
when they got more experience, they started to enjoy it. [Teacher from School N◦ 6,
Section 3]

The homework assignments related to everyday life provided excellent students’ feedback.
Despite not being foreseen in the LON teaching plan, due to great student interest, we
prepared an exhibition of different home-made models for the coal-burning reaction. Most
students were very inventive in the selection of materials for home made models to represent
chemical reaction at the particle level. [Teacher from School N◦ 3, additional lesson after
Section 2]

The approach puts students in an active role and increases their motivation for learn-
ing. Higher cognitive processes are also emphasized, because students have to make the
analyses and draw the conclusions. [Teacher from School N◦ 4, general remarks to the
approach]

(3) Chemical reactions are consistently presented in all three types of represen-
tation and links made between those: Students understand chemical equations as
the descriptions of visible substances and the energy changes accompanying them.
Their interest in learning increases – chemical equations are perceived as some-
thing meaningful and understandable. Interestingly, despite the fact that continuous
implementation of the three types of representation is a crucial part of the LON ap-
proach, only in the reflective diaries of two teachers (from schools with best results
on the Test of Gained Knowledge; School N◦ 3 and School N◦ 4) was that factor also
regarded as a potential reason for the increase in students’ interest. As they stated in
the reflective diaries,

The initial everyday situation (use of fuel cells) was shown to be a valuable starting point
for relating observations of chemical reactions to their explanation with models, which is
as a foundation for students’ better understanding of the notation of a balanced chemical
equation. Students are more interested in learning what is meaningful to them. [Teacher
from School N◦ 3, Section 2]

Students realised that chemical reactions do not only take place in a laboratory but also
in everyday life situations and that chemical equations are the descriptions of chemical
reactions in chemical language, therefore they did not consider them as something isolated
to be learned by heart like was often the case in previous years. [Teacher from School N◦ 4,
general remarks to the approach]

Does the LON Teaching Approach Contribute to Students’
More Holistic Understanding of the Content
Chemical Reactions?

In the final discussion of the LON team about the implemented teaching approach,
teachers were of the common opinion that students’ understanding of chemical reac-
tions gained through the LON approach was more holistic than they had experienced
during previous years.

However, it was possible to conclude from the analysis of teachers’ reflective di-
aries later on that they were referring to students’ holistic understanding of chemical
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reactions from three different viewpoints: (1) Students’ understanding of chemical
reactions as something going on in everyday life and which can be described with
the use of chemical language both at the submicro and the symbolic level. (2)
Students’ successful application of theoretical knowledge in practical examples of
chemical reactions. (3) Students’ understanding of chemical reaction as involving
both substance and energy change.

More detailed descriptions of each of the viewpoints are as follows:
(1) Students’understanding of chemical reactions as part of everyday life that can

be described with the use of chemical language both at the submicro and symbolic
levels: The conjunction of the two characteristics of the LON approach (Every-
day situations are the foundation of the learning process + Chemical reactions are
consistently presented in all three types of representation) is essential to a holistic
perspective on the project. Yet, as mentioned in responding to the previous research
question, whilst all the teachers stressed the importance of the involvement of ev-
eryday situations in the learning process, only two teachers (from School N◦ 3 and
School N◦ 4) were also aware of the great importance of understanding chemical
reactions using all three types of representation. This holistic awareness was also
reflected in their classroom practice, which probably played a crucial role in the
improved knowledge of their students (as shown by the Test of Gained Knowledge)
in comparison to other schools.

(2) Students’successful application of theoretical knowledge to practical exam-
ples of chemical reactions: Students were able to use theoretical knowledge about
chemical reactions in practical examples from the laboratory as well as in selected
examples from everyday life; for example, a recognition of reactants and products
as indications that chemical reactions had taken place (presented with all three types
of representation!); a recognition of signs that a chemical reaction had taken place;
distinguishing between physical and chemical change, etc. Most teachers pointed
to one of the above listed at some point in their reflective diaries as illustrated
below:

When a chemical experiment entitled ‘The secret of an efficient cleaning of soft contact
lenses with a hydrogen peroxide solution’ was carried out as a wet laboratory work in groups
of students, being good observers, they did not have special difficulties in recognition of
hydrogen peroxide as a reactant, and oxygen and water as products. [Teacher from School
N◦ 3, Section 1]

Students overcame an initial lack of experimental skills and were disciplined in con-
ducting the experimental work. They carefully examined the potential signs of chemical
reactions in each of the test tubes. [Teacher from School N◦ 5, Section 3]

The analysis of the Test of Gained Knowledge showed that the great majority of
students (Task 1, f(%)=93.36%)1 was familiar with the definition of reactants and
products and was also very successful in the recognition of reactants and products
from the descriptions of simple everyday life processes or various wet laboratory

1 f(%) represents the percentage of students who successfuly solved the task.
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experiments (Task 8.2, f(%)=89.82%). Also, when teachers commented on the results
of the Test of Gained Knowledge in the final discussion about the LON approach,
they particularly commented that as many as three thirds of the students (as shown
by first part of Task 8.1, f(%) =75.22%) recognised at least one of the signs of
chemical reaction in the presented description of a new example of the chemical
reaction and more then a half of students (Task 8.1 as a whole, f(%)=57.96%) recog-
nised all of the signs of chemical reactions in the presented example. Most of the
students (Task 2, f(%)=82.80%) were also very successful in distinguishing between
physical and chemical changes in examples describing simple everyday processes
or wet laboratory experiments.

(3) Students’understanding of chemical reaction both as substance and energy
change: This is the opposite of the common practice – as stated by the teach-
ers – where, because they are taught separately, the impression developed by stu-
dents is that substance and energy changes are not related. In the tasks dealing
with relation of substance and energy changes in the Test of Gained Knowledge,
many students (Task 3, f(%)=69.91%) correctly defined endothermic and exother-
mic reactions, recognised the right energy change type of chemical reaction from
the description from a so-far unfamiliar experiment (Task 9.5, f(%)=53.98%) and
choose the appropriate energy diagram for the described chemical reaction (Task 11,
f(%)=58.85%). Despite that, surprisingly, in another example (Task 8.3) only 33.19%
of students correctly assumed, based on the described fall of temperature, that an
endothermic reaction was conducted. In the final discussion about students’ results
from the knowledge tests, teachers expressed very positive opinions about students’
knowledge gain as a consequence of the LON approach. According to the teachers,
most students do understand energy changes accompanying chemical reactions in
the sense of an absorption or emission of energy, which is a great achievement in
comparison to previous years. The lower results on the test are presumably mostly
the consequence of students’ problems with terminology – distinguishing between
terms exo-/endothermic reaction. This explanation can be supported by statements
from teachers’ reflective diaries such as:

Students confidently deduced from the experiment that the heat change during reaction after
touching the walls of the glass-cylinder. Some students, weaker in chemistry in general, had
problems in understanding that the energy of products is lower after the reaction. Relating
the explanation to their ‘energy before and after gym lesson’ explanation supported their
understanding and the most of them were then able to draw energy diagrams by themselves.
[Teacher from School N◦ 1, Section 1]

I’m satisfied with the results of the approach: I have noticed the progress in understand-
ing of concepts of energy change and substance change in chemical reactions. Students were
able to determine energy or substance changes in most cases. It is surprising that all students
understand when heat is absorbed or evolved – they can explain it in their own words.
Most students can draw and explain an energy diagram for a particular chemical reaction,
but some students still have problems with terminology (‘exothermic’ and ‘endothermic’).
In previous years, when energy changes were taught separately from substance changes,
students had a lot of problems with the drawing of energy diagrams. [Teacher from School
N◦ 4, general remarks on the approach]
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Does the LON Teaching Approach Improve Students’
Ability to Connect Observations of the Macro Level
with Their Descriptions Using Submicro and Symbolic
Types of Representation?

Some tasks in the Test of Gained Knowledge required students to connect obser-
vations about the macro course of chemical reactions with their notations in the
submicro and/or symbolic types of representation. The results indicate that most
students were able to rearticulate the information about reactants and products of a
chemical reaction from the textual description of chemical reaction into the form of
word chemical equation (textual description of macro→ word equation of macro:
Task 8.2, f(%)=89.82%; Task 9.1, f(%)=87.61%). This action corresponds to the first
step in learning to write down chemical equation in the LON approach. It can easily
be explained, because teachers described the learning process to be very efficient to
this point, as is illustrated below:

Students were good observers of changes during the experiment and efficient in the recogni-
tion of signs of chemical reaction. They carefully inspected which substances were entering
the process (reactants) and also quite good in the prediction of possible products. Students
did not have problems in arranging the reactants and products in the form of a word equa-
tion. [Teacher from School N◦ 3, Section 1]

Several other tasks in the Test of Gained Knowledge required students to com-
plete the missing parts of a chemical equation on the basis of the accompanying
textual description of the experiment. Most of the students were successful in com-
pleting a chemical equation in the submicro type of representation (textual descrip-
tion of macro → chemical equation in submicro: Task 9.3, f(%)=75.22%), on the
other hand completing the equation by writing down the correct formula of the
missing element or the substance in symbolic chemical equations seemed to cause
problems to more than a half of students (textual description of macro → chemical
equation in symbolic: Task 9.2, f(%)=44.69%). The in-depth analysis of those tasks
revealed that the decline in students’ success in solving the task by use of a symbolic
chemical equation was due to missing coefficients in that equation – most students
completed the equation correctly (the first part of Task 9.2, f(%)=80.53%), but did not
add the coefficients to balance it. The manual analysis of the tests showed that those
students did not write any coefficients at all; it could be that they simply forgot
to do so after completing the missing parts of the equation. Understanding of the
meaning of ‘a balanced chemical equation’ remains important. It is interesting that
more students did pay attention to the equal number of particles on both sides of a
chemical equation when writing it down in the submicro type than in the symbolic
type. A possible explanation was given by one of the teachers, who wrote as follows
in her reflective diary:

Using models in learning about chemical equations has proved a successful tool, especially
by students with difficulties in concept understanding. By counting the number of atoms in
particle representations they better understood the meaning of a balanced equation. Some
students still have problems with balancing chemical equations when models are not avail-
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able – especially in cases of searching common multiple to balance chemical equation.
[Teacher from School N◦ 4, general remarks to the approach]

Perhaps as a consequence of failure by some students to understand the meaning
of ‘balanced chemical equation’, some had problems with the process of balancing
such equations. This finding can be supported by those poor results in tasks on
the Test of Gained Knowledge where only balancing of chemical equations, of the
symbolic type, was required (Task 6.1: f(%)=69.03%, Task 6.2: f(%)=65.49%). The
need for consolidation of such knowledge was also brought up in teachers’ reflective
diaries, as follows:

In the next school year I will incorporate more exercises for knowledge consolidation –
above all exercises for notations of chemical equations in the symbolic type and their bal-
ancing. [Teacher from School N◦ 2, general remarks to the approach]

Despite the general finding from the Preknowledge Test that the majority of stu-
dents’ had the necessary preknowledge to start learning about chemical reactions
(the average students’ mark on the test was 73.78%, including nine students who
made no mistakes), students’ ability to transfer information between macro, submi-
cro and symbolic level is particularly dependant on their preknowledge in ‘drawing
the correct model’/‘writing correct formula’ for the certain element/substance and
can therefore be the limiting factor in writing down chemical equations. Apparently
such gaps in students’ preknowledge remained uncorrected even after learning about
chemical reactions. Students’ problems in writing down the correct formula of the
missing element/substance could be tracked down in the analysis of the tasks in the
Test of Gained Knowledge, where completing the equation was necessary (these
tasks are similar to the already mentioned Task 9.2, but in this case where no tex-
tual description of a chemical reaction was given). Students’ ability to complete the
missing parts was relatively good, but partly depended on the particular chemical
equation (success in completing the reactions: Task 7.1: f(%)=70.76%, Task 7.2:
f(%)=95.57%, Task 9.2: f(%)=80.53%; successful after balancing a chemical equa-
tion: Task 7.1: f(%)=40.27%, Task 7.2: f(%)=85.40% – in this case no real balancing
was necessary because all coefficients were 1, Task 9.2: f(%)=44.69%). Obviously,
the low final results on those tasks can be ascribed to students’ problems with the
balancing of chemical equations (up to approximately 35% decline in students’ suc-
cess). Writing down the correct formula of the missing element or the substance
apparently caused problems to some of the students (up to approximately 30% de-
cline in students’ success). In the final discussion about the LON approach, teachers
said that students’ better consolidation of preknowledge about the content element
‘Linking of Particles’ could contribute significantly to students’ better achievements
in writing down chemical equations.

In the final discussion about the LON approach, teachers also stated that students’
ability to connect observations from macro with their notations at submicro and
symbolic improved in comparison to previous years. They pointed to the importance
of the models in learning about chemical reactions. With concern to that issue in
their reflective diaries, teachers wrote:
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Students’ stressed that it is much easier to write down chemical equation and check whether
it is balanced with the use of models, because they can concretely count the number of atoms
on each side of the chemical equation. [Teacher from School N◦ 3, Section 1]

After students conducted the experiments, I didn’t observe problems in their writing
down of chemical equations neither in the word nor in the symbolic form. I believe this is
due to the use of models in learning of writing down chemical equations in previous lessons.
[Teacher from School N◦ 1, Section 3]

Because of using models in the learning process about chemical reactions students’
understanding and comprehension of chemical equations are better then in previous years.
[Teacher from School N◦ 6, general remarks to the approach]

However, one of the teachers said that the use of models alone was not enough:

Making the models did not cause problems to students, but many did not understand why
they are doing that. Also, based on the models that they built, students didn’t understand the
rules for balancing chemical equations – they just rewrote the numbers based on observa-
tions of models. [Teacher from School N◦2, Section 2]

Such a statement, especially valuable because of its insight, could indicate that
some teachers didn’t manage to develop a holistic understanding of chemical re-
actions in their students. In their teaching they probably just used representations
of chemical reactions of all three types without emphasising the linkages between
them. As already mentioned in answering the second research question, clear in-
dications of teachers’ own holistic understanding of chemical reactions was found
only in the reflective diaries of two teachers (School N◦ 3 and School N◦ 4) whose
students also achieved the best results on the Test of Gained Knowledge.

Does the Action Research Approach Taken Contribute
to the Development and Implementation of the LON Approach?

According to Watts (1985), in order to improve existing teaching practice with the
use of action research, it is crucial to have in mind that teachers work best on
problems they have identified for themselves. Also they will become more effective
when encouraged to examine and assess their own work and then consider amended
or changed ways of working. Therefore in our investigation, the action research was
based on the initial analysis of actual problems in school practice from the teachers’
point of view (Ferk Savec et al., 2007). Teaching and learning about chemical reac-
tions in introductory chemistry was pointed out as one of the areas that needed to be
examined closely. Teachers’ opinions about students’ comprehension of chemical
reactions revealed that two basic problems arise in using the traditional approach:
(1) students are not interested in learning because they perceive chemical reactions
as isolated facts that and not related to everyday life and (2) students gain a weak
understanding of chemical reactions as they primarily experience them as notations
of the symbolic type, which are not efficiently related with their representations and
understanding of the submicro and macro types.

Teachers expressed their ideas on how to overcome these problems and those
ideas were discussed and further elaborated within the wider LON project team.
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Such collaborations as represented in the project team have been described by
Watts (1985) as important for the success of action research. He pointed out that
it is important for teachers to help each other by working collaboratively and that
working with external colleagues supports them in their professional development.
Our collaborative action research experience support these statements, namely it
seems that the success of the investigation is to a great proportion due to the effec-
tive collaboration between the involved partners (the specific roles of partners are
described earlier).

Our action research targeted only a limited number of the concerns that were
perceived as problematic by the participating teachers. After reading the related lit-
erature, two aspects were included in the LON approach. Firstly, in order to improve
students’ interest in learning, ideas from context-based approaches (Belt, 2005; Ben-
nett & Lubben, 2006; Bulte et al., 2006; Pilot & Bulte, 2006; Schwartz, 2006; Parch-
mann et al., 2006) should be included. Secondly, in order to achieve improvement
in student’s understanding, chemical reactions should be consistently presented in
all three types of representation. Special attention was therefore devoted to the es-
tablishment of strong linkages between those types of representation (Barke, 1982;
Hinton & Nakhleh, 1999; Johnstone, 1991, 2000; Tasker, 1996; Russell et al., 1997).

It has to be acknowledged that the teaching process was not equally efficient in
all participating schools, but it appeared that an action research approach did lead
to a significant improvement in the teaching process in all the participating schools.
This observation is supported by positive feedback from teachers and their declared
willingness to continue with the implementation of the LON approach in years to
come as illustrated below:

I really enjoyed doing the research and I am certainly planning to carry out the LON ap-
proach once again. However, I am going to introduce extensive changes in the students’
material next year; the theory would be introduced in a more problem-based way and the
conclusions would be presented in a more concise and supportive way. Some students really
need such supporting material in order to successfully follow the teaching process used.
[Teacher from School N◦2]

Conclusions and Implications for Teaching

Our investigation attempted to contribute to better students’ understanding of chemi-
cal reactions and their notations in the introductory chemistry course, where students
(aged 13–14 years) in Slovenian primary schools are for the first time systemat-
ically confronted with chemical changes. The teaching approach LON developed
was designed to provide students with an understanding of chemical reactions as
something related to everyday life and also to achieve a more holistic understanding
of the content chemical reactions than the traditional approach. Therefore, in the
developed teaching unit entitled Chemical Reactions (10 lessons in duration), dis-
cussions about selected everyday life situations were used as the starting point of the
learning process and then students’ knowledge about particular chemical reactions
was systematically built by leading the learning process through the three apices
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of the ‘chemical triangle’; from selected examples of chemical reactions at macro,
through their representation in submicro, towards the use of symbolic notations.

The investigation was conducted in the form of collaborative action research in
order to bring together the strengths of chemistry teachers, the advisor for chem-
istry from The National Board of Education for Slovenia, and chemical education
researchers from University of Ljubljana, and at the same time to enable a direct
transfer of established research findings into teaching practice. According to teach-
ers’ opinion, in comparison with their experiences in previous years, the most im-
portant achievements of the LON approach were:

� Students’ interest in learning about chemical reactions increased, which is due
to three main factors that are incorporated in the LON approach: (1) Everyday
life situations are the foundation of the learning process. (2) The learning pro-
cess involves many students’ activities. (3) Chemical reactions are consistently
presented in all three types of representation.

� Through teaching with the LON approach, students gained more a holistic under-
standing of chemical reactions. Three aspects of the teaching contributed to this:
(1) A focus on chemical reactions as something that is going on in everyday life
and can be described with the use of chemical language in both submicro and the
symbolic types; (2) the formation of strong links between theoretical knowledge
and practical examples of chemical reactions; and (3) students’ understanding of
chemical reaction as involving both substance and energy change.

� Students’ ability to connect observations at the macroscopic level with their de-
scriptions using the submicro and symbolic types of representation improved as
a consequence of the LON teaching approach. Teachers attributed the improve-
ment to the consistent use of all three types of representation and to the use of
visible models as a tool for bridging the gap between macroscopic observations
and symbolic notations of chemical equations.

With regard to the results of the investigation, it can be concluded that the LON
approach is appropriate and can be recommended to be used in teaching about
chemical reactions at the introductory level of chemistry teaching. However, the
teaching unit Chemical Reactions needs some improvements based on teachers’
experiences from its classroom use. The investigation also revealed that students’
good preknowledge about linking particles is a crucial foundation for their effec-
tive learning about chemical reactions; otherwise it can hinder students’ success in
writing chemical equations.

Despite the fact that only the first cycle of the action research spiral has been
conducted so far, it can be stated that one of the strong aspects of the investigation
was the continuous collaboration between chemistry teachers, the adviser from The
Board of Education and chemical education researchers. All the involved partners
contributed significantly to the investigation’s results with its aim of improving the
practice of teaching as its final outcome. For the successful implementation of the
investigation’s results in general school practice it is necessary to continue with
the established collaboration. This collaboration will enable the team to systemat-
ically follow the conduct of teaching with educational research tools, so enabling
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further evaluation and improvement (further cycles in the action research spiral).
As a consequence of that, a wider implementation of the LON approach might
be suggested at the national level in the future. When that is done, the substantial
support for teachers when they introduce new materials and approaches about the
triplet relationship in their classrooms should be provided. Thus, the teachers who
make trial use of the materials could give presentations to their peers based on their
experiences; trials’ teachers or the advisors from The Board of Education could act
as advisors to visit schools beginning to intoduce new materials and approaches in
order to supportively critique emergent practice; the web portals that include in-
teractive forums could be created, where teachers could ask their peers or experts
various questions or exchange experiences; etc.
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Teachers’ identification of problems in teaching and learning of science (Učiteljeva identi-
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Chapter 14
Towards a Coherent Model for Macro,
Submicro and Symbolic Representations
in Chemical Education

John K.Gilbert and David F. Treagust

Abstract The case is made that, whilst all school-age students should appreciate the
nature of and relationship between the macro and submicro types of representation
(what we call the Group A Curriculum), only those students intended to study chem-
istry at an advanced level need to know about the quantitative aspects of symbolic
representations (what we call the Group B Curriculum). The chapters in this book,
together with a framework for effective curriculum change, are used to outline what
needs to be done if a revised education in respect of a representational triplet is to
be provided.

Introduction

We introduced this book by advocating the importance of the triplet relationship
that which involves the macro, submicro and symbolic types of representation as
a model for chemical education. We asked the authors of the separate chapters to
address three aims:

1. The ways that the learning of the three types of representation, taken singly, can
be supported;

2. The ways that a capability to mentally move between these three types of repre-
sentation can be supported;

3. Approaches to the design of curricula that can facilitate effective student learning
in respect of the triplet relationship.

The outcome of this work is that the chapters have collectively addressed four
themes. Firstly, they have demonstrated the importance of the ‘triplet relationship’
in chemistry i.e. that which involves the macro/submicro/symbolic types of rep-
resentation. Secondly, they have brought together and reviewed research literature
that shows that students of all ages have problems in understanding those forms of
representation and their relationship to each other. Thirdly, they have analysed the
underlying causes for those problems stemming from the historical development of
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the forms of representation and from the ways that they are taught. Fourthly, they
have pointed out solutions to be implemented if an adequate triplet relationship is
to reassert its rightful place as a model for chemical education and no longer be a
source of student antipathy towards chemistry as a subject. The key issue is what
should be done about these problems, challenges and solutions. In discussing this
issue, we draw largely on the chapters in the book with some augmentation from
additional sources. However, the conclusions drawn are both partial, for it is clear
that many issues remain to be resolved, and personal, in that what we are suggesting
is to some extent speculative.

There seems little doubt that chemistry, and related, curricula in respect of a
model for the triplet relationship must change if chemical education is to be a more
successful enterprise than at present. To be meaningfully implemented, a changed
curriculum must have direct impact both on what and how students actually learn
in the classroom/laboratory and how they subsequently utilise that learning. The
history of science education in general is littered with ‘desirable developments’, the
significance of which never actually registered with students; a typical example is
‘discovery learning’. A meaningful implementation is one that is understood by all
the parties to any change and reflects all aspects of the innovation.

Van den Akker, building on the ideas of Goodlad (1979), has pointed out that the
curriculum in any subject takes many forms, namely:

� the ideal curriculum: the original vision underlying a curriculum (its basic phi-
losophy, rationale or mission)

� the formal curriculum: the vision elaborated in the curriculum document (which
has either a prescribed/obligatory or a exemplary/voluntary status)

� the perceived curriculum: the curriculum as interpreted by its users (especially
the teachers of it)

� the operational curriculum: the actual instructional processes taking place in the
classroom, as guided by the perceived curriculum (this is often referred to as the
curriculum-in-action or the enacted curriculum)

� the experiential curriculum: the actual experiences that the students have that are
derived from the course as provided

� the attained curriculum: the resulting learning displayed by the students at the
end of the course (Van Den Akker, 1998, pp. 421–422).

For the subsequent implementation of an ideal curriculum to be meaningful, it
must be carried through fully to the attained curriculum stage with as little ‘slip-
page’ of philosophy, substance, or process along the way as possible. It is ‘slippage’
that leads to ‘innovation without change’ i.e. to an innovation of little if any impact
on student learning and attitudes. The Goodlad/Van den Akker model can be used
to discuss the present case to show how an ideal vision of education about the triplet
relationship might be carried through to the attained curriculum stage. To convert
this statement of what might be done into a statement of what can be done will, it
will become evident in what follows, require more research and development.

Whilst some major curriculum developments, such as those funded by the
Nuffield Foundation in the 1960s and 1970s in the UK, did carry through, to a
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fair approximation, all the stages of the Van den Akker model, recent attempts at
large-scale curriculum implementation have only weakly been supported in the ways
indicated above. We would argue that, given the pivotal importance of a represen-
tational triplet in chemical education, a full development programme is urgently
needed that has a substantial research underpinning similar to the work presented in
this book.

The Ideal Curriculum

There are two higher order questions to be addressed in deciding about the curricular
treatment of the triplet relationship. The first is ‘why ought students be taught the
triplet relationship?’ and ‘to whom should it be taught?’

To answer the ‘why’ question, we must first look at the spectrum of reasons
why any ideas from chemistry might be taught. Roberts (Roberts & Ostman, 1998)
identified seven ‘emphases’ that have been present in the history of the broad sweep
of science education in North America. The presence of each of these emphases
represents a wish to have content (whether identical, similar or different) treated in a
different way, for a different purpose. The balance between the emphases in respect
of a particular item of curriculum content that is common to all of them implicitly
reflects the significance attached to that content by the stakeholders responsible for
its inclusion in the overall curriculum. We discuss the ‘chemistry curriculum’ as a
recognised sector of ‘science education’ and have placed the seven possible types of
emphasis into two groups: Group A contains three emphases and is concerned with
the student as person, citizen and employee. The Group B emphases are to serve the
interests of those who will study chemistry or related sciences to an advanced level.
This division resembles the distinction made by Roberts (2007, p. 730) between
‘scientific literacy’ (which is about ‘science-related situations in which considera-
tions other than science have an important place at the table’) and ‘science literacy’
(which is about ‘looking inwards at the canon of natural science and the products
and processes of science itself’).

Group A contains three emphases:

� Everyday coping: Doing so involves making sense of objects and events of ob-
vious everyday importance. This would certainly be included in ‘need-to-know
chemistry’ and also be relevant to ‘functional chemistry’, the latter being of
importance to people in chemistry-based occupations (Aikenhead, 2006). An
example is an understanding of the mechanism by which an antibiotic acts, thus
justifying the continuation of a course of treatment for as long as directed by a
physician.

� Self-as-explainer: This involves the process by means of which chemical ex-
planations are produced, and entails a consideration of what influences people’s
approaches to explaining things and events and of the way the process has, and
does, function. This would be of importance to those who deal with ‘have-cause-
to-know chemistry’, experts who deal with the general public on real-life issues
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(Aikenhead, 2006). An example, which is obvious given the thrust of this book,
is the nature of the macro/submicro relationship and its explanatory value in the
practice of chemistry.

� Chemistry, technology and decisions: This emphasis is concerned with the
way that chemical knowledge is reflected in technological innovations and with
the social, political, and economic decisions that such innovations entail. This
emphasis would also be part of ‘have-cause-to-know chemistry’ (Aikenhead,
2006).One example is the chemical basis for recycling and for household waste
disposal. Another example is the structure of polymers, this explaining the
strength of light-weight materials when used in the clothing and building in-
dustries.

There are two emphases that fall within our Group A and which were not in-
cluded in Roberts’ historical description. The first is ‘enticed-to-know chemistry’,
which is of concern to those who work in the media, including the internet, and
whose task is to interest the public in science and to spread an awareness of re-
cent exciting developments. An example is the explanation of the chemical basis
for stem-cell biology. The second, the oversight of which is rather amazing, is the
‘personal curiosity chemistry’ wanted by students themselves (Aikenhead, 2006).
Examples are provided by those questions having answers based in chemistry which
appear in ‘The Last Word’ column in the weekly New Scientist magazine: a collec-
tion of questions and answers has been published by O’Hare (2006).

� Correct explanations: These are the conclusions so far reached by chemistry
that are needed for the citizen to understand how the world-as-experienced
works. This emphasis is valued by the general public and is otherwise called
‘need-to-know chemistry’ (Aikenhead, 2006). An example is an understanding
of the mechanism by which a painkiller acts.
Group B consists of two emphases:

� Chemistry skill development: This is the process of the development of chem-
ical knowledge treated as if it involved the acquisition and use of a series of
de-contextualised skills. Examples are the development of the skills in working
with chemicals of dissolving, reacting, precipitating, filtering, distilling, all of
which play key roles in the conduct of chemistry in the laboratory.

� Structure of chemistry: This is coming to understand how chemistry func-
tions as an intellectual enterprise. The emphasis is placed by those interested in
‘chemistry-as-culture’. An example would be the way that the triplet relationship
is used to provide explanations of chemical phenomena.

These two emphases are placed in a curriculum at the behest of academic
chemists, education officials, and many chemistry teachers, who wish to ensure that
students are equipped to continue with the study of chemistry. These emphases have
been collectively called ‘wish-they-knew-chemistry’ (Aikenhead, 2006; Fensham,
2000).

Roberts (Roberts & Ostman, 1998, pp. 37–38) states that there are two default
emphases that do not communicate a clear explicit message about why science is
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important: ‘Correct Explanations’ and ‘Solid Foundations’. The implicit message
conveyed to students by these emphases is ‘master now, question later’. Although
such emphases are prominent in many chemistry (indeed, in science generally) cur-
ricula, we believe that they are dysfunctional in their impact on the motivation of
students to learn chemistry.

The Group A emphases are those that inform the development of ‘chemical lit-
eracy’ (DeBoer, 2000) and should be made available to all students (cf. ‘scientific
literacy’ – (Roberts, 2007). These emphases all call for an understanding of a macro
type of representation, so that learners appreciate what it is when they encounter a
‘chemical phenomenon’ e.g. a solution, a colloid, a precipitate. This understanding
would enable students to answer the question ‘what is it?’ and possibly ‘what to
do with it: how to act?’ when they encounter such a chemical phenomenon. These
emphases also call for an understanding of the submicro type of representation, so
that learners can qualitatively explain the nature of the macro phenomena that they
encounter: and hence be able to answer the question ‘why is it as it is?’ In order to
explore these emphases, a chemistry curriculum would need to address a variety of
contexts related to the three Group A emphases that have meaning in the ‘everyday’
world. Pilot, Meijer and Bulte (2008) discuss three such contexts: ceramic crockery,
gluten-free bread and the bullet-proof vest.

The Group B emphases are to serve the interests of those who will study chem-
istry or related sciences in greater depth. These students will need an understanding
of the macro and submicro types of representation of a more comprehensive type
than students learning in Group A curricula. The more comprehensive curricula
can be built on the earlier foundations. The students studying a Group B empha-
sis will also require an understanding of symbolic types of representation so that
they can also provide quantitative explanations of phenomena. Through the use
of the symbolic type they will be able to answer the question ‘how much of it is
present?’ in respect of a chemical phenomenon, leading to an understanding of the
extent of a chemical reaction and hence to a possible explanations of the reaction
mechanisms involved. The traditional contexts of chemistry education, often the
contexts in which the ideas were originally discovered / invented, will be adequate
if not necessarily inspiring. The use of contemporary ‘authentic research contexts’
is highly desirable here too. Furthermore, for those students who wish to engage in
the creative sciences, in engineering/technology, in industrial design, in architecture,
a quantitative approach to material science (e.g. strength of fibres) and its precise
use is highly important. The choice of contexts should be in accordance with the
emphases from Group B.

If this argument, that of a justification for dividing ‘emphases in chemistry ed-
ucation’ into two Groups, has any merit then the major challenge to be faced in
the structuring of chemical curricula will be how to deal with the interrelation
between macro and submicro types for everybody (Group A), whilst also dealing
with a symbolic types with possible future chemistry or chemistry-related specialists
(Group B). The realities of educational systems suggest that the Group A emphases
be addressed first, so that everybody learns about them, with the Group B emphases
coming later and only for those who want to specialise in chemistry.
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The Formal Curriculum

Some common themes in recent efforts at curriculum reform emerged in the work
of Anderson (1995). As these themes seem to have been at least partially successful
in respect of other areas of the science curriculum, they could usefully underlie the
formal curriculum requirements in respect of the triplet relationship. These themes
value the paying of more attention to:

� the integration of subject content into themes. The overarching notion of ‘repre-
sentation’ could serve to facilitate this. For the Group A curriculum, the focus
would be on the interrelation between the macro and submicro types, whilst for
the Group B curriculum, the focus would be on the triplet relationship in which
a symbolic level provides access to quantitative reasoning.

� in-depth treatments of major ideas rather than on isolated facts. For the Group A
curriculum, the treatment of the submicro types would be guided by the ideas
outlined by Bucat and Mocerino (2008), whilst for the Group B curriculum,
the treatment of the symbolic type would be guided by the ideas outlined by
Taber (2008).

� linking subject content and the application of those ideas. For both curricula,
all content would be linked by the appropriate notions of representation. As has
already been remarked, the Meijer, Bulte and Pilot chapter that focuses on ‘au-
thentic contexts’ has much to commend it.

� developing an understanding of those concepts and the ability to think critically
about them for all students. The key to success here would be the extensive use
of problem-based learning.

The use of Schwab’s idea of the substructures of a discipline, introduced into
this book by Van Berkel, Pilot and Bulte, may serve as a framework for the ideal
curriculum. However, they take a more practical form when setting out the formal
curriculum. Schwab (1964) divided a discipline into three parts for educational pur-
poses – the substantive, the syntactical and the pedagogical. In an actual curriculum,
these three are interlocked. However, for the purposes of analysis, taking each in
turn:

The Substantive Substructure

This is the conceptual structure that defines the scope of enquiry into a subject.
In the case of the Group A curriculum, it would include the natures of the macro
type discussed briefly by Gilbert and Treagust (2008b) in the Introduction, of the
submicro type discussed by Bucat and Mocerino (2008) and by Davidowitz and
Chittleborough (2008). The nature of the symbolic type, which falls within the remit
of the Group B curriculum, has been discussed by Taber (2008).

Teaching based on contexts in respect of which these concepts are prominent
will serve to link them together. These contexts may therefore be considered, if
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only partially, as part of the conceptual structure of the subject. In respect of the
Group A curriculum, the need for ‘authentic tasks’, i.e. those that are carried out
within communities of professional practice and which therefore serve as forums for
explicating and linking these concepts together, is stressed by Meijer et al. (2008).
The situation regarding the Group B curriculum is as problematic as that for Group
A. Whilst the use of contemporary research contexts would perhaps provide some
obvious relevance to the learning about the symbolic type of representation, conven-
tional contexts of chemistry may be adequate. The case for ‘inorganic qualitative
analysis’ serving as such an authentic task is presented by Tan, Goh, Chia, and
Treagust, (2008).

The Syntactical Substructure

This is the framework of methodologies that can be used to conduct legitimate
enquiries in a subject, meaning those which lead to the production of acceptable
scientific knowledge. The natures of each of the types within the representational
triplet and their relationships to each other provide an explanatory framework in
respect of all chemical phenomena. The macro and submicro types of representation
do so for the Group A curriculum at the desired qualitative level, whilst the addition
of the symbolic type completes the scope of chemical explanation in the Group B
curriculum.

A core methodology is the capacity to form mental images, or visualisations, of
what is happening in the submicro and symbolic types of representation. Indeed, as
Justi, Gilbert and Ferreira (2008) have argued, being able to do so fluently, i.e. in
a wide range of familiar and unfamiliar contexts, is a measure of methodological
competence. This fluency is referred to as metavisual capability and involves:

� understanding the conventions for all the modes and sub-modes of representa-
tion. For the Group A curriculum, this is all those used of the submicro type,
whilst for the Group B curriculum this is all those used of the symbolic type.

� the capacity to mentally ‘translate’ the representation of a given macro phe-
nomenon to and between the submicro and symbolic types of representation.
For the Group A curriculum this means being able to do so within and between
the macro and submicro types. For the Group B curriculum, metavisual fluency
must be expanded to include the symbolic types of representation

� the capacity to construct a representation of a macro-level phenomenon in a sub-
mode of the submicro or symbolic types in order to serve a particular purpose.
This capacity would form a major theme in the respective curricula.

� the capacity to use such visualisations in order to construct predictions of the
behaviour of a phenomenon under varied conditions.

� the capacity to solve novel problems by using analogies to already-known
visualisations.

Scheffel, Brockmeier, and Parchmann (2008) have shown how historical material
can be used to illustrate the processes by means of which the predictive value of
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qualitative explanations evolved using ever-changing ideas about the nature of the
submicro type. An identical argument applies in respect of quantitative explanations,
using ideas about the nature of a symbolic type of representation. Approaches using
historical documents do have the potential to show how the scope of visualisation
expanded in the evolution of chemical theory.

The Pedagogical Substructure

This is the framework of teaching and learning methods that are used to communi-
cate the substantive and syntactical structure of a subject. This framework has been
extensively discussed in this book:

� by Tsaparlis (2008) in respect of the general value of practical experience of phe-
nomena at the macro type. His argument is that such experience is a vital prelude
to and part of the learning of both the submicro and symbolic representational
types.

� by Tan et al. (2008) who also see practical work as a way of conceptually linking
the macro and submicro types using inorganic qualitative analysis.

� by Treagust & Chandrasegaran (2008) who emphasise the importance of relat-
ing macro, submicro and symbolic thinking during the actual teaching of lower
secondary school practical work.

� by Meijer et al. (2008) who believe that student tasks (including some aspects of
practical work) should be in respect of ‘authentic’ tasks set within ‘communities
of practice’. Such tasks may be considered as vital for the Group A curriculum
and highly desirable for the Group B curriculum.

� by Davidowitz & Chittleborough (2008), by Cheng & Gilbert (2008), and by
Justi et al. (2008) who perceive the role of visualisation to play an important role
in learning about all aspects of a representative triplet.

� by Scheffel et al. (2008) who advocate participative pedagogies based on the
discussion of historical-based materials.

� by Chiu & Wu (2008) who see a major role for computer-based representational
systems. Their arguments apply to both types of curricula. Whilst such method-
ologies play only a limited role in teaching and learning at the moment, that role
is likely to expand rapidly in the near future as more and improved software
is available at reduced costs. Another factor driving the use of computer-based
representational systems is a world-wide shortage of science teachers with a
comprehensive understanding of these key chemical ideas.

� by Justi et al. (2008) who discussed the value of a supportive pedagogy for
the production of models that entail representation at both the submicro and
symbolic types. A suitable pedagogy is one that will: recognise the salience
of students’ prior ideas about representation; be based on practical experience
as a foundation for the production of models; encourage the expression and
supportively critical discussion of those models; and recognise the value of teach-
ers’ questioning in the evolution of models with explanatory value.
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‘Action research’ is an approach that can be applied to designing the formal
curriculum that has much to commend it if impracticalities and content overload-
ing are to be avoided and intellectual coherence enhanced. In essence, the ap-
proach consists of the following stages: the identification of practical problems
of teaching and learning in classrooms; the development of possible solutions to
those problems; their implementation in classrooms; the evaluation of the edu-
cational value of the changes made. The cycle may be repeated until a satisfac-
tory outcome is achieved. Ferk Savec, Sajovic, & Grm (2008) report the success
of a variation of this general approach. In their case study, a group of chemistry
teachers collectively identified problems with the triplet relationship at national
level and then designed materials and teaching approaches to address them. The
individual teachers then implemented the solutions in their respective classrooms,
pooling their experience to produce materials/pedagogy capable of widespread
adoption.

The Perceived Curriculum

The design of the formal curriculum usually receives the particularly close attention
of all the stakeholders, especially teachers, who have been involved in producing
the ideal curriculum. Assuming that this design is thought through carefully, from
both a theoretical and practical viewpoint, the first major step to implementation, if
it is a radically new venture, or in evolution, if it has developed from an existing
curriculum, is to make sure that all the teachers who may use it know what the
curriculum is and what it is intended to achieve. This step entails universal teacher
education, both for those who are in pre-service training and those who already are
employed as a teacher: taken together, these two overlapping phases are usually
called ‘teacher professional development’

Although there are major differences between national educational systems,
some broad guidelines for successful science teacher professional development,
culled from a review of recent curriculum development projects (Black & Atkin,
1996, pp. 146–147; Van Den Akker, 1998, pp. 443–444) can be applied to a revised
curricular provision in respect of the triplet relationship. The intention must be that
the perception of new curricular provision by all teachers becomes congruent with
the intentions, content, and processes, of the formal curriculum. The guidelines sug-
gest that

1. There should be a general acknowledgement that there is a problem in respect of
current curricular provision. Change begins with ‘disequilibrium’ – a realisation
that current practices cannot achieve desired educational goals. In the case of
the triplet relationship this would involve chemistry teachers becoming explic-
itly aware of the outcomes of research into students’ problems with the triplet
relationship (see the Introduction to this book) and into students’ dissatisfaction
with the present chemistry curriculum (Osborne & Collins, 2000). This might
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be done through a formal lecture, the organisation of regional and/or national
debates on the contents of the chemistry curriculum and/or by the provision of
e-learning materials.

2. Exposure to other ideas, resources and opportunities broadens teachers’ aware-
ness of possibilities for change and fosters a sense that alternatives are available.
Teachers would make use, initially on a small scale, of classroom materials
developed especially to meet the new approaches to models of the triplet rela-
tionship (see especially: Tsaparlis, 2008; Tan et al., 2008; Meijer et al., 2008;
Davidowitz & Chittleborough, 2008; Justi et al., 2008; Treagust & Chandra-
segaran, 2008). This awareness of alternative resources implies either that such
materials are prepared beforehand (Van Berkel, Pilot, & Bulte, 2008) or that the
teachers themselves prepare the materials by an ‘action research’ approach (Ferk
Savec et al., 2008).

3. Proof that the new approaches ‘work’ under normal classroom conditions gives
moral support to teachers and challenges them to change their own perceptions
of teaching, learning and the curriculum. The results of the evaluation of formal
trials of new materials and approaches about the triplet relationship should be
made available to the teachers. One effective way to do so is to organise matters
such that teachers who made trial use of the materials share their experiences
with others (Ferk Savec et al., 2008).

4. Opportunities for teachers to observe new teaching and learning techniques in
real classroom situations, for example, by watching demonstrations, and reflect-
ing on the enactment of the new ideas, deepens their understanding of what is
involved. Such modelling strengthens the proof of existence of the new approach.
Also, visits to observe the materials about a triplet relationship being trailed by
experienced teachers in their schools would allow important pragmatic questions
to be asked.

5. Personal support (both knowledgeable and close at hand) is essential for facing
the risks associated with an innovation and overcomes the usual performance
decline of activities during its initial implementation. Teaming up teachers for
mutual support is valuable. The use of trial teachers as mentors to visit schools
where other teachers begin to use the materials in order to supportively critique
emergent practice would meet this point (Ferk et al., 2008)

6. The encouragement of experimentation throughout a whole–school environ-
ment or in a peer-group network reduces perceived risks. Before any substantial
change to normal practice is made in a school in respect of a triplet relationship,
all the teachers of chemistry and their heads of department and administrators
should be aware of what is to happen and be broadly supportive of it.

7. The experimental introduction of an innovation should be intertwined with op-
portunities for systematic reflection on it by the chemistry teachers, for this will
increase their understanding of the innovation and their competence in teaching
it. The process of introduction of new curricula in respect of a triplet relationship
must take place over an extended period of time, with all the teachers involved
having opportunities to meet, to compare experiences, to identify current suc-
cesses and future challenges.
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What should not be done, because it is so ineffective and which is still widely
done because it is considered by administrators to be ‘economically efficient’, is to
give teachers two or three half-day lectures on the innovation and then provide them
with no on-site and sensitive, interactive, support to relate it to the particular cir-
cumstances in their own schools. Changing the curriculum, teaching, and learning,
in respect of the triplet relationship requires the above guidelines to be clearly born
in mind if the formal and perceived curricula are to be mutually congruent.

The Operational Curriculum

During and after programmes of professional development and curriculum evolu-
tion, any innovatory curriculum in the triplet relationship will be put into operation
in classrooms. As the purpose of teaching is to promote learning, what should be
done in classrooms to maximise the desired learning? Black & Atkin (1996) have
summarised the ‘traditional’ assumptions about learning that have proved so unsat-
isfactory in the past. These are that

� ‘knowing that’ must come before ‘knowing how’
� the effective sequence of learning is first to receive and memorise, then to use in

routine exercises so as to develop familiarity and understanding, before attempt-
ing to apply.

� it is better to teach at the abstract level first and then leave the business of appli-
cations in many different contexts to a later stage.

� motivation can be achieved by external pressure on the learner, not by change in
the mode of learning or the presentation of the subject.

� difficulty of failure of learning by the traditional route arises from the innate
lack of ability, or inadequate effort, rather than from any mismatch between the
teacher’s preferred learning style and the student’s. (Black & Atkin, 1996, p. 62)

These unsatisfactory past experiences suggest new and different approaches to
teaching that can improve the quality learning about the triplet relationship in the
future. Taking each of these in turn, ideas from the chapters of this book are identi-
fied as contributing to improved practice. Greater success should result from:

1. Teaching the significance and value of the triplet relationship in facilitating the
explanation of chemical phenomena before a treatment of the details of each type
and their practical use. This can be provided by the greater use of the ‘pedagogi-
cal elements’ associated with a modelling approach to teaching (Justi et al., 2008)
that give more emphasis to: students having relevant empirical experience at
the time that theory is being introduced; teachers engaging more frequently in
the questioning of students’ thinking; opportunities for the production of ex-
planations by students; the prior identification of students’ existing conceptual
understanding; and the provision of more opportunities for students to express
and discuss their explanatory ideas.



344 J.K. Gilbert and D.F. Treagust

2. The extensive use of the triplet relationship during the learning of detailed in-
formation. Tan et al. (2008) provide an example of such a detailed teaching
scheme, in this case in relation to inorganic qualitative analysis. Treagust and
Chandrasegaran (2008) provide another example of a teaching scheme in lower
secondary chemistry practical work. Davidowitz and Chittleborough (2008)
demonstrate how diagrams can be used to represent complex macro systems in
the submicro types.

3. The use the triplet relationship from the outset of teaching in a range of con-
texts will enable abstract principles to emerge as unifying explanations in these
contexts. The use of multiple contexts has been advocated, as has the use of
meso-level representations in legitimating the learning of relevant concepts that
are situated within such contexts, by Meijer et al. (2008).

4. Teaching techniques should be used which actively engage the interest and in-
volvement of the learner. The importance of clarity of language has been stressed
by Bucat and Mocerino (2008). The use of specifically designed materials to
teach about diagrams and their use has been discussed and their use illustrated by
Davidowitz and Chittleborough (2008). The value of historical materials within
a pedagogical framework has been examined by Scheffel et al. (2008) as has the
use of multimedia in a range of software programmes by Chiu and Wu (2008).

5. Teachers should be aware of the learning styles of both themselves and their
students, being able to accommodate differences between the two. The use and
value of different schemes of work involving context-based courses, demonstra-
tion lectures and cooperative learning have been provided by Tsaparlis (2008).

With the operational curriculum in place as the appropriate teaching provision,
the next consideration is to ensure that what the students actually experience is what
the teacher (and the ideal and formal curriculum!) intended.

The Experienced Curriculum

It is important that the activities, especially the modes of thought, in which students
are engaged during the introduction of the new curriculum are monitored to ensure
that the intentions of the ideal curriculum are carried through into the classroom and
laboratory. Such an evaluation should ensure that

a. The tasks in which the students engage are as ‘authentic’ as possible This will
ensure that the use that students make of a representational triplet is as close as
is possible to that made by practicing professionals (Meijer et al., 2008);

b. Multimedia are used to best effect. The representational conventions used must
match students’ preferred learning styles and teachers must provide prompt and
appropriate feedback on what is done and learnt (Chiu & Wu, 2008);

c. Students appreciate the significance of parallels between the historical devel-
opment of knowledge and their own understanding. The statement that ‘on-
togeny recapitulates phylogeny’ is only a metaphor drawing on the historical
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development of ideas and is not a literal statement of what occurs during learn-
ing. However, knowledge of the historical development of concepts can help
the teacher to recognise pitfalls in student conceptualisations and hence have
a better understanding of what aspects to emphasise in future teaching (Scheffel
et al., 2008; Tsaparlis, 2008);

d. Students’ response to teaching programmes built around practical work is what
was intended by the originators (Treagust & Chandrasegaran, 2008). This out-
come is most likely to occur if the originators of the programmes are clear and
overt about their intentions and if students are explicitly told about those inten-
tions;

e. Students get extensive experience in using the sub-modes of a submicro type
(Bucat & Mocerino, 2008), especially those associated with diagrams (David-
owitz & Chittleborough, 2008), and, in the relevant curriculum, a symbolic type
(Taber, 2008). This repeated experience will build, clarify and consolidate links
between these three types. The complexities of the demands that these processes
make should not be underestimated by teachers of chemistry who should remind
themselves that they hold their position because (it is fervently to be hoped!) they
understand the natures of and the relationships between the three types;

f. Students’ appreciate the purposes of the various types of practical work in respect
of learning about the triplet relationship (Tsaparlis, 2008). Again, the relationship
between the nature of the thinking involved in the practical work and the use of
the triplet relationship should be made explicit to students as illustrated in the
chapter by Treagust & Chandrasegaran (2008);

g. The curriculum emphases being addressed in any unit of work must be known to
the students. The key issue here is that students must both know and accept why
they are learning a particular curriculum. This will help them see how the triplet
relationship contributes to an appropriate understanding of those emphases (Van
Berkel et al., 2008). Perhaps the key issue here is that students both know and
accept why they are learning a particular curriculum.

If the intentions of the formal curriculum, as appreciated by the teachers, ‘trans-
lated’ into the realities of the everyday classroom/laboratory, are evident in the work
of the students, the process of successful implementation may be said to be nearly
complete.

The Attained Curriculum

The intentions of any new curriculum can only be said to have been realised when
it is demonstrated, through assessment, that the students’ learning was what was
intended. In this case, it means that

� Attainment in respect of each component of practical work, which is so vital in
linking the macro level to the submicro and symbolic types, must be assessed
(Tsaparlis, 2008). This does mean that practical work must have been subjected
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to an analysis such that it can be comprehensively assessed. Moreover, appro-
priate instruments for assessing each component of practical work in respect of
the attainment and use of the three types of representation must be available
(Treagust & Chandrasegaran, 2008);

� understanding all the varieties of the submicro types (Bucat & Mocerino, 2008),
especially of diagrams (Davidowitz & Chittleborough, 2008), and of the varieties
of symbolic representation (Taber, 2008), must be demonstrated. This under-
standing must be attained not only in respect of practical work (see above) but
also in other aspects of students’ work in chemistry such as in problem-solving;

� the assessment of the attainment/use of metavisualisation (Justi et al., 2008) can
involve the application of psychometric tests (Gilbert, 2005) and/or diagnostic
tests (Chandrasegaran, Treagust & Mocerino, 1997). Moreover, such tests must
be applicable to the aims addressed and the content taught in the full range of
‘curriculum emphases’ (Van Berkel et al., 2008);

� a wide range of ‘communities of practice’ must be represented in the ‘authentic
tasks’ engaged in by the students, for these are the contexts in which assessment
is set (Meijer et al., 2008);

� multimedia may be used as vehicles for the presentation of assessment instru-
ments (Chiu & Wu, 2008).

What Research and Development Is Now Needed?

This book is an advocacy for using a consideration of the triplet relationship as the
basis for curricula in chemical education. However, there has been a major issue
in doing so. This concerns terminology: should the word ‘type’ be used to treat
macro, submicro, symbolic representations as ontologically separate, an approach
which would leave their cognitive status to one side, or should the word ‘level’
be used, implying a cognitive hierarchy between them? We have felt that the use
of ‘type’ enabled progress to be made more easily is discussing macro, submicro
and symbolic representations separately. However, the word ‘level’ is more useful
when discussing the cognitive relationship between all three. Moreover, the two
approaches must be brought together.

The problem in doing so is that the term ‘level’ can be used in two different
ways. Firstly, ‘level’ can have the meaning of ‘scale/size/measure’. This mean-
ing comes to the fore when, for example, submicro representations are described
as ‘models [that] involve ‘entities’ that are too small to be seen using (conven-
tional) microscopes’ (Gilbert & Treagust, 2008a). This meaning can be invoked
by the introduction into the discussion of intermediate or ‘meso’ levels, as has
been illustrated by Meijer et al. (2008). Doing so enables the aims of chemistry
education to be broadened in relation to technology and to the other sciences, for in-
termediate representations of fibres, crystalline, amorphous structures, DNA strings,
G – T – A – C triplet codes for genes, etc. can then be readily used as models for
explaining and predicting phenomena.
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A second meaning of ‘level’ implies a change from concrete familiar language to
abstract specialised chemical language expressed in a very reduced form of a symbol
or an image (Justi et al., 2008). To give two examples: O2 representing a molecule of
oxygen that consists of two atoms of oxygen atoms connected by a chemical bond;
CGCGAATTCGCG represents a base pair sequence in DNA. Behind the symbols,
there lies a whole world of interconnected concepts, which have gradually to be
learned as ‘the grammar’ of chemistry. The usefulness of this abstract mode of rep-
resentation has been developed and used by the community of practicing scientists
over the centuries, for it enables them to communicate using short, reduced, forms
of precise specialised language.

We can attempt to reconcile the ideas of ‘type’ and the two meanings of ‘level’.
In Fig. 14.1 the triplet relationship between the macro, micro and symbolic ‘types’
is represented as ‘levels’ in the form of a triangle. The distinction between the two
different meanings of ‘level’ is given in the picture on the right-hand. When re-
lating phenomena at a macro scale to representations of models at different scales,
millimetre, to micrometre to nanometre (see for example Meijer et al., 2008), the ne-
cessity exists to use more and more specialised language using symbols with letters
and images. The learning of this specialised language can only become meaningful
when embedded in the students’ experiences with real phenomena, sequencing from
concrete to abstract, using photographs and visuals, and invoking the use of metavi-
sual competencies. For the Group A curricula there is no need for a very detailed
use of chemical language as compared with Group B curricula, since these types
of curricula would be concerned with different degrees of ‘fluency’/‘literacy’. As
we have stated, a systematic and well-established curriculum development process
should be followed for which the Goodlad/Van den Akker model is a good basis, in
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Fig. 14.1 From the model of the triplet relationship to metavisual fluency: flexibility in relating the
different representations to scale, and fluent use of special chemical language with an appropriate
‘grammar’
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order to avoid the intent and impact of proposed changes/innovations being eroded
in the course of moving from the ‘ideal’ curriculum to the ‘learned curriculum’.

Inevitably, this book – especially this chapter – leaves several major questions to
be answered by further work:

� what is an appropriate model for chemical education using the triplet relationship
as a starting point (Fig. 14.1)

� what are the precise requirements in respect of this model for Group A and Group
B curricula?

� what, in detail, should be taught about the macro, meso and submicro/symbolic
levels and how should the sequence of those ideas be progressed during the years
of schooling using appropriate exemplar contexts?

� what, in detail, should be taught about the specialised chemical language of sym-
bols and images?

� what would be treatment of such language in the two curricular types (A and B)
and how should the sequence of those ideas be progressed during the years of
schooling to achieve metavisual fluency?

� what are the full implications of having such a complete ‘metavisual capability’?
� how can the ability to think ‘up’ and ‘down’ between levels of scale and between

everyday and specialised language be fostered?
� how can the various aspects of metavisual fluency be best assessed?

The authors who have contributed to this book have already considered some of
these issues, but usually at the scale of a class or classes in one or more schools or
universities, rather than within an educational jurisdiction. A larger-scale address to
this set of endemic problems is called for. Clearly, there is much to do.
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