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ABSTRACT: There is a growing body of research which explores the nature of explanation in
science classrooms. The vast mgority of this work highlights the teacher’s role as explainer of
scientific phenomena, while little has explored the quality of learners own explanations. This paper
helps redress this inbalance by undertaking an analysis of students' explanations related to aspects of
chemica structure and bonding. In this paper we set out our results - an analytical framework for
exploring the explanations produced by students within the context of a chemistry course. The primary
source of data used in this research derives from interviews with students in the U.K. studying
chemistry at University entrance level. These interviews were undertaken as part of a longitudina
study of the development of students' understanding of the chemical bond concept. The data collected
has been interrogated to develop an anaytical modd of learners explanations in chemistry. [Chem.
Educ. Res. Pract. Eur.: 2000, 1, 329-353]
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“The purpose of science is to produce viable explanations for

phenomena."
Driver et a., 1996, p.44.

INTRODUCTION

There is a growing body of research which explores the nature of explanation in science
classooms. The vast mgority of this work highlights the teacher's role as explainer of scientific
phenomena (for example, Ogborn et a. 1996), or facilitator of alearning community (Ritchie, 1998,
p.183), with an emphass on the need for explanations to be meaningful, illuminative and closdy
tuned to the needs and competencies of the receiving audience, the explanees. The emphasis on the
role of explanations is heightened by recent exhortations thet the full science curriculum itsdf should
be organised in terms of a series of ‘explanatory stories for schools (Millar & Osborne, 1998).
Little of thiswork has explored the qudity of learners explanations for phenomena

In this paper we atempt to redress this baance a little. We congider the reationship
between a student’s explanation, a student’s response to a teacher’s question, and a student’s
conception. We aso consder the nature of explanations in science and in chemistry. Examples of
chemistry students comments in interviews are then presented and andysed, in order to illustrate
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key features and variables of sudent explanationsin chemigtry. In particular, three key dimensions of
student explanations are identified.

Student explanations

The vast bulk of work on students responses within school science has been within the
traditions of ‘dternaive frameworks research and studies on ‘conceptuad change learning'.
Learners explanations have largely been considered as data collected as evidence of the students
conceptudisations of science topics. As aresult, agreat ded is now known about learners ideasin
many topics (eg. Driver, e a., 1994). Other workers have focused instead on learners
explanations as evidence for their episemologies of science (Driver et d., 1996; Duveen, e 4.,
1993, Solomon, et a., 1994). Whilgt this present sudy has common ground with both of these
traditions, our focus here is very much on the nature of the explanations themselves. Our departure
from previous work - for the purposes of this paper at least - lie in the differences we see between
the shape and intentions between a learner’ s dternative conception and his or her explanation for a
science-based phenomenon.

What is the difference between a student’s response to a question, a students’ alternative
conception and a student’s explanation?

1. Responding: the social imperative

It is usua socid convention to respond to a question. By ‘respond” we mean to
acknowledge the question, to indicate through some aspect of behaviour that the person questioned
recognises that he or she has been asked a question, and does not wish to be seen to ignore the
questioner (which would be seen as an impolite, disrespectful, and maybe even an aggressive act).
Of course the response may be no more that a shrug of shoulders, or an utterance along the lines -
“well, that’s a good question”. We might say there is a socid imperative to respond, to take one's
turn in the language game (Lemke, 1990).

Beyond the socid imperative to take on€'s turn, there is surely an imperative - to answer
(rather than just respond), to make sense - i.e. to explan. We might say there is a metgphysicd
imperative which impels us not just to utter a each other, but to build up meaningful discourse by
contributing to the congtruction of frameworks of understanding (c.f. Bruner, 1987). That such an
imperdtive exigs is not controversd - the existence of so much of our culture (including science) is
evidence, and thereis a clear evolutionary case for the natural sdection of such atendency (Mithen,
1998).

Quedtions - gpart from rhetoricad ones - may be condgdered to invite answers, but not dl
guestions invite explanations. For example the response ‘ oxygen’ to the question *which element has
the symbol O?7 is an answer, but not an explanation. The types of questions which invite
explanations rather than just answers may be fypified as ‘why' questions (athough we recognise
that the actual wording may be different: *how does that happen?, we could pargphrase such
questions in terms of “why?"). From what is said above it is clear that the response to a question
seeking an explanation may not actudly be an explanation. For example ‘I don't know’ is a valid
response but not an explanation. Nevertheless, many responses to such questions may be seen as
intended explanations.
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2. Explaining: the metaphysical imperative

The extent to which such attempts a explanation may prove successful is of course a moot
point (and alarge part of the rationale for our present concernsin this paper). Before we can answer
this question we have to briefly congder the criteria by which such success will be measured, and -
in the firgt place - who should judge. Clearly, in terms of the socia context, an explanation may be
seen to have been somewhat successful if the questioner recogni ses the response as an explanation,
and somewha more successful if this audience condders the response to be an adequate
explanation. As Driver and coworkers noted, “In one sense, an explanation is smply what is
accepted by the person who has given it, and by the person who has received it, as an explanation.”
(Driver et d., 1996, p.26.)

Much of the research into learners ideas in science involves probes set up by researchers,
who are the audience for any response, and the judges of the qudity of any explanations offered. Of
course, research aso collects more naturalistic data where the questioner is ateacher or peer. Here,
then, are three categories of potentid audience who may not agree on what passes for an
explanation. Driver et d. characterised school pupils a three levels of understanding about
explanation.

Pupils using ‘ phenomenon-based reasoning’ did not distinguish between a description and
an explanation (p.113). At ahigher levd of ‘reation based reasoning’, explanation was seenin terms
of correlations which were seen as causal (and following smple linear sequences with no room for
multiple causes) (p.113). At the highest level of ‘mode-based reasoning’ pupils were able to use
models as theoretica constructs which could provide explanatory ‘stories', and were able to accept
that more than one modd could be useful in any particular context (p.114).

Such model-based reasoning is most like the scientific explanation. According to Trusted
“explanations provide descriptions, suggest causd links and place the explicandum in a broader

Trusted digtinguishes between severa types of
explanation, and her category of ‘empiricd explanations is of particular interest to us here.
According to Trusted satisfactory explanations:

* help us to answer the questions prompted by natura curiosity (p.2)

» demonstrate alogica connection between the concepts of knowledge and discovery and the
concept of explanation (p.2)

» relate the phenomenon to be explained (the explicandum) to some accepted regularity, that
isto an empirica law (p.52)

» aeintheform of alogica argument from premises (the law(s) and particulars) to conclusion
(pp.52-53.)

“A full causal explanation, an explanation as to why things happen or why
they are as they are, consists of a statement of an accepted law (or laws)
and some other statement(s) relating the particular circumstances to it (or to
them) so that from all these the explicandum can be deduced.

(Trusted, 1987, p.52.)

It will be seen that producing a good explanation is hard work, because there are some fairly
exacting andards and criteria a play. ‘No production’ is much less mentdly taxing than ‘high
qudity production’. (Therefore the socia imperative to produce an explanation is important. Factors
such as the time available, what exactly is expected, the initid information provided etc., are likely to



332 TABER & WATTS

grongly influence the nature of any explanation produced.) Maybe we should be judging ‘good
explanations againg ‘good essay’ or ‘good composition’ standards, in that the:

()  necessary components are present;

(i)  interreationships between components are explicit and rlevant;
(i)  components are logically structured;

(iv) components are related to overriding abstract principles;

(v) overdl presentation has regard for audience

(vi) explanation has regard for other related explanations.

Usudly, as science educators, we are interested in how well learners can (re)produce the
conventiona explanations of orthodox science - or perhaps rather how they construct explanations
that are consistent with the theoretica corpus of knowledge that is the current orthodoxy of
stience. Only a sub-set of students explanations would be considered as orthodox scientific
explanations (see Figure 1). Sometimes such successful productions may primarily be generated on
the-hoof, without reflecting any particularly strongly held bdliefs (c.f. Claxton, 1993). More often the
learners existing cognitive structure will be a key determinant of any explanations produced (Figure
1). As research shows that learners hold such a wide variety of dternative ideas (dternative to
orthodox science, that is), many responses that formally meet the criteria for sound explanations,
may well not be good scientific explanations.

Congdered views would reflect aspects of the learner’s cognitive structure, including such
elements as basc metaphyscad commitments (Duschl & Hamilton, 1992; Hewson & Hewson,
1984) as well as specific conceptions about aspects of chemistry. Where the conceptions applied
reflect orthodox chemigtry the explanation produced may be a good scientific explanation - and
where the respondent’s conceptions are a variance with orthodox chemidry these dternative
conceptions may lead to ‘dternative explanations . That is, explanations which are formaly correct
within an dternative (i.e. ‘fdse’) system of knowledge where, say, oxidation must include reaction
with oxygen, or where al liquids are consdered to contain water.

The nature of scientific explanations
In summary, then, in our view explanations in science:

() must be ‘ satisfactory’, must ‘do thejob’. That is, they must offer a‘*story’ congruent
with contemporary science orthodoxy;

(i) say how something comes about. Explaining makes sense so that issuesinvolved are
no longer arbitrary, so tha the unfolding of the explanation then relates to the
audience and makes sense in everyday terms. This is when the explanation stops,
whenit is‘how thingsare’ (Ogborn et d, p.10);
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FIGURE 1. Scientific explanations as a type of response to questioning.
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(i) resolve inconsstencies. The necessary causdlity within an explanation alows seeming
inconsistencies to be reconciled;
(iv)  haveasense of closure across a number of related issues and phenomena;

v) can generaise over given, or experienced, contexts using related aspects;
(W) logicdly possible dternatives are devolved to pardle explanations so as not to
introduce incong stencies within the immediate explanatory system.

TABLE 1. Characteristics to responses to ‘why? ’-type questions.

Response Conception Explanation
nature adirect answer to a composite view which an extended conceptual device
particular question dlows limited genera- used to resolve inconsistencies
isation to afew associated ~ within a prescribed system
aspects and data
purpose  fairly isolated reply a‘'sdf-sufficient’ view isintended to be ‘audience
which serves the which has some durability  sufficient’ and has considerable
immediate purpose of and apped over time for durability over time
satisfying the questioner  the construer
degree of no felt need for adegree of consistency so  has consistency and ‘closure’ over
consistenc ~ consistency or closure that inconsistencies can be  acertain domain of phenomeng; if
y conclusivein intent felt when challenged inconsi stencies occur, then other
explanatory systems are invoked
plurality  no necessary logica can be qualified to dlow logically possible dternatives are
relationship with other logicdly possble accepted as pardld explanations,
utterances alternatives
degree of may or may notimply a someinteraction with other  some need to be consistent
integratio  deeper level of relevant phenomena, but no  between explanations.
n within ~ connectedness with felt need to be consistent
cognitive  knowledge structures between conceptions.
Structure

Explanations in chemistry

Chemistry uses a wide range of models and theories to explain empiricd data (e.g. Carr,
1984; Taber, 19953). We expect chemidry learners to acquire familiarity with the theoretica
frameworks of our science, and to develop some level of proficiency at applying their knowledge to
produce explanations. There is a good dedl of work looking at various aspects of students
understandings of the subject. Misconceptions in a number of topics have been explored (Schmidt,
1991, 1992, 1997; Garnett et d., 1992.), and common dternative conceptions/frameworks have
been uncovered (Briggs & Holding, 1986; Brook et a., 1984; Taber 1998a).
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The Understanding Chemical Bonding Project

This paper uses examples of chemistry students explanations to illustrate our ideas about
the nature and quality of sudents explanations in chemidry. The primary source of data used in this
research derives from interviews with students in the U.K. (in a College of Further Educationin
England) studying chemigtry a University entrance leve (the Advanced Level Chemistry examination
of the Generd Certificate in Education). These interviews were undertaken as part of a longitudina
study of the development of students understanding of the chemica bond concept (Taber, 19974).
In the Understanding Chemica Bonding project sequences of in-depth interviews - over periods of
many months - dlowed case dudies of the progresson in individua learners thinking to be
investigated (Taber, 1995b, Taber and Watts, 1997). The research uncovered common patternsin
the thinking of chemistry students (Taber, & Waitts, 1996, Taber, 1998a, 1998b). The data
collected has provided us with alarge bank of student explanations, which has been interrogated to
develop our andytica modd of learners explanationsin chemidry.

METHODOLOGY

The Understanding Chemicad Bonding project followed a grounded theory approach
(Charmaz, 1995; Glaser & Strauss, 1967; Glaser, 1978), using a variety of data collection
techniques, and an inductive andyticd approach. The detals of this methodology have been
discussed elsewhere (Taber, 19944, 1997a, 1997b). The main data source used in this paper is the
transcripts from interviews carried out for this research.

The interviews were dl carried out by the same interviewer (KST) who dso taught the
subjects. The students were considered as co-learners in the research: that is both researcher and
co-learner entered the interview context hoping to benefit from the exploration of the students’ ideas
(Taber 1994d). The interviews were semi-structured in that prepared diagrams were used as
interview foci, and some prepared questions were used (including some specificadly addressing
points from earlier interviews with the same sudent). All sudents were interviewed in familiar
surroundings and al were recorded on cassette tape with the students' knowledge and consent.

ANALYSIS
Identifying explanations

The firg problem is to identify a learner’s explanation, or potential explanation. Perhaps a
amplistic gpproach is to congder an explanation to be a response to a ‘why’ question. Consider
this extract from an interview with Annie, an A level chemistry student:

1 I: Werelooking at [Figure 2]. And | wonder if you can tell me what you think it's
meant to be?

A: It'ssodium.

I: Why do you think it's sodium?

A: Becauseits got two full shells and then its got one in the outer shell.

A WwWN
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FIGURE 2. Focal figure presented to chemistry student Annie.

In this brief extract information is eicited from Annie to investigate her understanding of
aspects of her chemistry course. There are two questions, and two responses. The first question (1)
dicitsasmpleasmple ‘factud’ or *conviction’ response:

* Figure 2 represents sodium
or
* | believe Figure 2 represents sodium

For the moment it does not matter whether Annie was correct (she was), or precise
(perhaps she should have specified an atom, so as not to confuse the sodium atom with the materid
sodium).

The second question is different in nature, and elicits a more complex type of response. The
question is a ‘why’ question, which asks the learner to justify their belief. The answer has the form
of an explanation, in that it includes ‘ because’ . The form of the explandtion is

* (I believe Figure 2 represents sodium) because its got two full shells[of eectrons] and then
its got one [electron] in the outer shell, (and an atom of sodium has got two full shells [of
electrons] and one [electron] in the outer shell).

As is often the way with didogue, what is actudly sad often conveys - through the
conventions of ora language - much that is unsaid (Kvale, 1996; Stubbs, 1983). This creates
difficulties for andyds maybe Annie was referring to something other than eectrons? (It is not
unknown for learners to mis-identify parts of diagrams showing atomic and molecular Sructures). It
is harder to believe that Annie did not imply in her answer thet it was sodium that has got two full
shells and one in the outer shell, because without this assumption her response ceases to be an
explanation! Of course Anni€' s explanation could be inferred to mean something ‘stronger’: i.e. that

* (I believe Figure 2 represents sodium) because its got two full shells [of eectrons] and then
its got one [electron] in the outer shell, (and only an atom of sodium has got two full shells [of
electrons] and one [electron] in the outer shell).

This would be chemically incorrect as the diagram could represent Mgt or some other ion.
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The man point we are making here is amply that we bedieve that utterance 4 is an
explanation, whereas utterance 2 is not. If we can identify explandions, such as Anni€'s, we can
dart to condder features of such explanations which may be of sgnificance. So in the example
above we might judge that Anni€'s beief (that the diagram showed sodium) was soundly based (as
a sodium atom does have the eectronic configuration shown), dthough she could have been more
explicit in explaining that she was referring to an atom, and the arrangement she mentioned was of
electrons.

This smple example gives us two clues to identifying explanations. they are often responses
to ‘why’ type questions, and they often include conjunctions such as ‘because (other possble
markers might be ‘so’, ‘therefore, ‘as’, ‘consequently’ and so forth.) We will refer to exchanges
where the learner’ s utterance includes such words as having the surface structure - or features- of
explanations.

The quality of learners’ explanations

Given that we can now recognise what is potentially an explanation, we are in aposition to
begin to ak ‘what makes a good explanation?’. Here IT WILL BE suggested THAT much that
is presented as explanation does not meet the criteria discussed above, and is better considered as
pseudo-explanation.

Pseudoexplanations - 1. confusing ‘why it is’, and ‘why I think it is’!

Firdly, it should be stated that just because alearner responds to a why-type-question, with
a because-type-response, this does not necessarily provide a genuine explanation. One may think
of computer programmes that are able to respond to input with grammaticaly correct responses.
(Condder, for example, arguments about the Turing test, and the Chinese room problem, Gardner,
1977, pp.171-177; Penrose, 1989, pp.6-13.)

A learner’s because-type-response may or may not relate to true belief. As discussed
above, Piaget clasdfied children’'s answer to questions into categories (1929, p.21-28).
‘ gpontaneous conviction’, ‘liberated conviction’, ‘ suggested conviction’, ‘romancing’ and ‘answer at
random’. The problem of leading questions (Powney & Waits, 1987, pp.136-137) is clearly
paticulaly sgnificant for those interested in learners explanaions. The importance of asking
questions and interpreting responses from within “neutral ground’ has been highlighted by Johnson &
Gott (1996), and Kvae emphasises how it is important in interviews to ask a sufficient variety of
questions to ensure the interview is sdf-interpreted (1996). However, even a non-leading question,
asked from within neutra ground, does not solve the problem of learners who given random
answers, or ‘romance’ .

Piaget was mostly working with young children, and we may not expect this type of
response to be as common with adolescents and young adults. The case of Carol suggests we ill
need to be on our guard though. Carol was an A leve chemistry student who “would rapidly suggest
idess, agree with hersdlf, contradict hersdlf, disagree with hersdlf, decide she was talking nonsense,
and suggest something else” (Taber, 1992). Consider Carol, being asked about the diagram shown
inFgure 3;
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FIGURE 3. Focal figure presented to chemistry student Carol.

Carol had suggested there was ionic bonding represented in the diagram. She was asked how many
ionic bonds each ion formed.

OO WN B

7
8
9

10

I: How many ionic bonds has each ion got?

C: I"d say each bond has got one.

I: Right, so this[chloride] ion here, can you show me where itsionic bond is?

C:. Erm, oh no! Hang on. | think it could have seven.

I: Right, well this one here - where's its seven? Can you show me its seven?

C: | don't know why | said seven, but, erm, [pause] no, | reckon, it can have as
many as it wants, as long as it's got electrons to cover how many it does want.
Because dl therest just carry on orbiting, | reckon.

I: Right, so how many, how many bonds has this one here got?

C: Four.

I: Four?

C: ‘Causeit’'sin contact with four little circles sodium.

In this short extract Carol claims that each chloride ion forms “one’, " sev
and “four” bondg! It is possible to rationalise each of Carol’s suggestions - but ske only offers a
rationae for the last suggestion.

Later Carol is asked about the shape of the benzene molecule represented in Figure 4. At

firsd Carol does not offer an opinion on the shape, beyond not thinking the molecule (or anything
e<el) isredly flat. Then, without any further prompting, Carol produces a suggestion for the bond
angle 102°. She then offers two other suggestions: 107 ° and 117 °. Her rationale is aso reveded:

. I Right. What shape do you think that molecule is? | mean it's drawn there as

being aflat shape, do you think that it will be aflat shape?
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FIGURE 4. Focal figure presented to chemistry student Carol.

2. C: No, | don't think so, because | don't think anything's redly flat. But, | don't redly
know what shape it would be.

3. I: Okay.

4, C: Oh! Hundred and, isit a, sorry. Is it a hundred and two degrees, is it, or something,
between two carbon bonds?

5 I: Isit?

6 C: Wdll, | remember a hundred and two somewhere, or a hundred and seven, or it
could be a hundred and seventeen, but | think it's a hundred and two, but it's a
hundred and, | just remember reading it somewhere.

7 I: Definitely a hundred and something?

8. C: Yeah. But | think it's a hundred and two, dunno why. But, in this bit here.

0. I: The internal angle between two carbon-carbon bonds, that carbon-carbon-

carbon angle in there?
10. C: Yeah, | reckon it's a hundred and two. | don’t know why, but | just remember
reading it, somewhere.

So dthough Carol offers three possible bond angles, she does not offer any rationae for her
answers in terms of the concepts and models of chemistry (such as vaence shdl eectron pair
repulsion theory for example). Does Carol’s response count as an explanation? Certainly her first
utterance (2) in this extract takes the form of an explanation:

« | don't think [the moleculeisredly flat], because | don’t think anything’'s redly flat.

Cardl judtifies her belief about this molecule in terms of a generd principle - perhaps an
ontological commitment - thet nothing is redly flat. Her explanation for the bond angle being 102°
(or 107 ° or 117 °) however has a different nature - an apped to authority. This has the surface
feature of an explanation,

« | believe the bond angle is 102 ° because | remember reading it somewhere.
Whilst not wishing to deny the importance ether of authorities (such as teachers and texts)

nor of recdl of information, this example demongrates an important distinction we would wish to
draw about learners explanations. Thisisthe digtinction between
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explaning why something is o and explaning how one knowsitis o

In this case Carol explains why she thinks the bond angle might be 102°, but she does not
offer an explanation of why the bonds angle would be 102 °. There is an important literature into
learners metacognition (e.g. Gunstone, 1994, pp.131-146) and we would consider learners
knowledge about their own knowledge (its sources, its limitations, its changeable nature etc.) as of
great importance. On other occasions during the same interview sesson reported above Carol
evaduated her own answers, giving the impression that she was somewhat surprised by what she had
sad,

“I1 don’t know what that’s got to do with it though”
“what I've just said, | don’'t agree with”

“but that don’t make sense redly”

“1 nearly said the right answer”

Indeed evidence from other chemistry students suggests thet learners are not aways avare of the
distinction drawn between ‘why itis and ‘why | think it”.

We would suggest that when discussing explanationsit is useful to think in terms of levels of
explanation. In science, our explanations derive from conceptual frameworks that are complex
(and often hierarchicd), and so that what is an explanation in one Stuation, is aso something to be
explained within another aspect of the wider scheme of scientific knowledge. So, taking an example
which will be rdevant to our next illugration from the database, one might consider a series of
nested questions and responses, where each explanation may the source of a further question:

Q: why does water dissolve salts?

R: because it is a polar solvent

Q: why iswater polar?

R: because it is a compound of two e ements which have different electronegativities?

Q: why isthat?

R: oxygen is more e ectronegative than hydrogen.

Q: why?

R: oxygen has a core charge of +6, whereas hydrogen - although a smaler atom - only
has a core charge of +1

Q: why does oxygen have a core charge of six?

R: because it has a nuclear charge of +8, and an eectronic configuration of 2.6, and so
(at a simpligtic level) the eectric field experienced by the outermost electron is
equivalent to that of a+6 charge

This story could run and run, with discusson of nuclear structure, the vector nature of field
quantities, discussions of the degree to which orbitals in different shells overlap, etc. The point is that
such a sequence does not only broaden the explanaion being given, but also deepens it to other
levels of explanation. The first response, by itsdf, only explains by providing a labe (‘polar’). This
would only be a vauable explanation if the person recelving it was able to provide the background
knowledge of what ‘polar’ is, and its significance. Subsequent responses place the label within an
increasingly extensve conceptud framework. Space does not dlow a thorough discussion here, but
we might suggest that discussion of charges is a a deeper leve of explanation then the use of the
concept electronegativity - itisa a‘higher’ [dc] leve in the hierarchy of scientific concepts- i.e. the
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concept eectronegativity may be somewhat subsumed under the area of dectrostatic phenomena,
where charge is a fundamental concept.

Pseudoexplanations - 2. circularity in students’ arguments

This brings us to another example of a pseudo-explanation: Umar’ stautologica explanation
of polar bonding. Umar, an A leve chemistry student (i.e. ¢.17 years old), was asked about the type
of bonding in tetrachloromethane.

“It'slike polar, ‘ cause it’s between ionic and covalent, ‘ cause it's somewhere in between,
like the dectrons might be pulled more strongly towards the chlorine than the carbon,
‘cause the chloring' s more el ectronegative.”

Umar gave an answer, the bond was “like pola” which he judtified with a reason “it's
between ionic and covdent, ‘cause it's somewhere in between”. He then described an important
aspect of such a bond, that “the dectrons might be pulled more strongly towards the chlorine than
the carbon” and gave areason for this - because “the chloring s more eectronegetive.”

Umar’s answer certainly counts as an explanation: his answer is judtified in relaion to other
possible responses (ionic and covaent), the idea of the bond being between these two is explained
in terms of where the eectrons would be pulled, which is itsdf judtified in terms of a theoreticd
congtruct: eectronegativity.

In the interview Umar was probed to see how much further his understanding might stretch,
and in particular what he understood by * dectronegativity’. Umar reinterpreted his description of the
polar bonds in terms that the electrons would “spend more time at the chlorine than the carbon”,
and so thiswas followed up:

I: So why do they spend more time at the chlorine than the carbon?
U: ‘Cause chlorine' s more electronegative.

I: What does that mean?

U: It's got more tendency to attract an electron from ancther atom.
I:  What more, more than carbon?

U: Yeah.

OO WN B

To the interviewer, Umar’'s explanaion was becoming circular: the eectrons were pulled
more to the chlorine because it was more dectronegative, and that meant that it would pull the
electrons more! What was of interest here was whether Umar saw thislogic ascircular:

1 I: Sowe're saying that the electrons are going to be nearer chlorine, rather than carbon,
and the reason for that is because chloring' s more electronegative,
2 U: Mm.
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I:  And the reason for that is because chlorine attracts the el ectrons more than the
carbon. So what's the reason the chlorine attracts the electrons more than the
carbon?

U: It's got the greater tendency to like attract an electron from another atom.

I: Mm. But does that explain it?

U: | think so.

I: You think so. So if we looked at the bond, if we could see the bond, you know,
we' d see the eectrons aren't actualy in the middle, they’ re nearer which end?

U: These spend more time towards the chlorine.

I: And so because of that, we have a name for that, and we say that chlorine is
more,

U: Electronegative.

I: And €eectronegative smply means it's got a greater tendency to pull the
eectrons towards itself.

U: Yeah.

So Umar seemed to accept his tautologica answer as having explanatory power.

It would be possible to leave this example at this point, but interestingly when Umar was

asked again whether this was an explanation, he moved into anew areax

1
2

3
4

The new area reflects a range of interesting points. Umar uses anthropomorphic language,
brings in a common (for students) explanatory device of full shells, and the notion of core charge.
This latter idea is relevant to explaining differences in eectronegativity, and therefore taking the

I: Have we actualy explained why that happens?

U: Yeah, ‘cause like it's it it's got, it's got a, it wants to fill up its last shdl, its
outershell.

I: Doesn't the carbon though?

U: Yeah but that’s got, that needs more dectronsto fill it up. So, the chlorine's got
more, as it’s got core charge, maybe, more core charge on the outer electrons than
the carbon’s got, more core charge on its outer electrons, so it might pull it towards
it more.

explanation of the polar bond to another levd,

O©CoO~NOOUIDSWNBE

5

There are a number of features of Umar's explanations which are of interest, but the two

So you' ve introduced a new idea now, of core charge,
: Yeah.

you hadn’t mentioned that before.
: No.

So what' s the core charge?
: The charge the nucleus has on the outer electrons.

So which would be more, chlorine or carbon?
: Chlorine.

Right, and why would it be a larger core charge? Can you explain that?
U ‘Cause it's like, it's got seven dectrons in it's outer shell, so the core charge
will be plus seven. Whereas on the carbon it's got four electrons so the core
charge will be plus four, so it will attract the electron from the other carbon atom
‘causeit ain't got as strong as core charge as the chlorine.

T CoTC—TCc—oC -

which we would like to highlight here are:
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(& Umar's apparent acceptance of a circular argument, without any apparent avareness of the
impotence of such tautology;

(b)the presence in cognitive structure of further rdlevant materia which could be accessed when
Umar was given more time, and probed to look beyond the tautology.

Pseudoexplanations - 3. vagueness limits predictive power

The term pseudoexplanation is used here for something that has the superficid (surface)
features of an explanation, but which lacks any explanatory content. The criterion here should be
does the ‘explanation’ have any useful predictive power?

Congder Tginder, a second year A level chemistry student when he was asked about his
understanding of multiple bonding. He began by providing a definition of what this means.

“Multiple bonding takes place between two atoms when there’s more than

Asthisis an abgtract explanation (at the unobservable molecular level) he was asked how he could
tell if a hydrocarbon compound had multiple bonding. Tginder suggested that he could use the
“physicd properties’ and explained that in the example of ethane and ethene, one could consder
‘bregking up’ the molecules “into carbon and hydrogen aoms’. In his view “it would take a lot
more energy to bregk the ethene molecule up than the ethane’, and this was “to do with the

Tginder’s explanation so far may be judged to be promising: he has rdated a theoreticd
concept (the multiple bond) to a property of molecules that could in principle be measured - at least
on amolar scae. What his explanation so far lacks is the theoreticd, logicd, link between the nation
of “more than one bond” and the need for “a lot more energy” to break up the molecule. Thisis
paticularly important in exploring the nature of Tginder’'s explanatory scheme, as canonicd
chemistry would suggest the opposite result to that Tejinder predicted.

Perhgps Tginder could suggest a logicd chain from his understanding of the digtinction
between multiple and single bonds, and his expectation that the alkene would have grester
atomisation energy? In fact when Tgjinder was asked ‘why’, no such chain was forthcoming. Rather
he explained his prediction, thus:

“because of the structure of the molecules, and the way they’re arranged
and the bonding, ’ cause it's multiple bonding, more than one bond.”

At this point it ssems that Tginder’s origind answer - that the presence of a multiple bond
would effect physica properties - was not part of alogically connected explanatory scheme. Rather,
Tginder had learnt a rote connection. Tginder's comments can be paraphrased to see their
explanatory worth:

atomisation energy of ethene is greater than ethane (incorrect) because
ethene has a double bond (true).

This has explanatory form - or surface structure - as one ‘fact’ is explained by another (as
denoted by the use of ‘because’). That the explicandum is incorrect, does not in itsdf negate



344 TABER & WATTS

Tginder’s explanation. One might assume that - dmog by implication - Tginder’s explanatory
scheme includes a step that ‘bresking bonds requires energy’. It is dso possible to pstulate
(athough there is no evidence in what he has said so far) that he is using the principle that a double
bond requires more energy to break than a single bond. \We could recongtruct this scheme:

atomisation energy of ethene is greater than ethane (incorrect) because energy is required to
break bonds, and ethene has a double bond, which require more energy to break than a
single bond.

(Of course such an explanation breaks down because - compared to ethane - ethene has a double
bond rather than three single bonds")
However, Tginder’s actualy presented explanation was

“to break up [a] molecule into carbon and hydrogen atoms, it would take a
lot more energy to break the ethene molecule up than the ethane”

and thiswas “to do with the bonding”,

“because of the structure of the molecules and the way they’re arranged
and the bonding, ’ cause it's multiple bonding, more than one bond.”

At one level Tginder has provided aresponse that (leaving aside its vaidity) has explanatory
power: the presence of multiple bonding will increase atomisation energy. However, when pressed
to develop his explanation to the next levd, dl he can offer is vague references lacking any predictive
use (“the structure of the molecules, and the way they’re arranged”), and a circular reference back
to his definition (“the bonding, 'cause it's multiple bonding, more than one bond’). Tginder's
explanation hereis represented in Figure 5.

Sometime later in the interview Tginder listed some of the differences between ethane and
ethene, and again suggested “their physical properties’. Tginder now gave the examples of “maybe
boiling temperatures and melting temperatures’. His reasons for these being different for the two
compounds were “because of the structure of the molecule, the shape of the molecule’. Again no
detail was given to provide any predictive power. Figure 6 adds this additiona festure. The
explanatory scheme, as shown in Figure 6 represents the three parts of Tginder’s explanation. Two
aspects were too vague to be d predictive use (structure, shape) and the third, bonding, was
circular and led back to hisinitid definition without providing any deeper leve explanation.

Complexity of explanations
Condder the following extract from a research interview where chemistry student Tginder

attempts to explan why sat dissolves in water, despite there being bonds holding the sodium
chloride crystd together:
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Multiple bonding takes etween twrx
atoms when there's mofe than one bond
effects

y

physical more than one
properties bond
‘ for example
increases multiple
atomisation bonding
energy
which is
because
the structure of

the bonding

the molecules, and
the way they are
arranged

FIGURE 5. Tajinder’s initial explanation of the effect of multiple bonds.

Multiple bonding takes pl en
atoms when there's moye than one bond
fects
physical more than one
properties bond
lfor example ‘
boiIi.ng and increases multiple
melting atomisation bonding
temperatures energy
2 A
which is
because because
the shape of
the molecule the structure of
the molecules, and
the way they are
arranged

FIGURE 6: Tajinder’s fuller explanation of the effect of multiple bonds.
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I: How does the water break the bonds?

T: It'sto do with hydration energies.

I: Ohyeah, what's that?

T: | think, when you have Na', as a centre ion, the water molecules surround it,
with the O which is the minus part facing it, so they al come around, they al just
attack it, not redly attack, but they’re just attracted to it. And this formation, sort of
helps break the bond of the Na and the Cl.

5 I: But don’t you need energy to break bonds?

6 T: Yes.

7 I: So where does the energy come from?

8 T

9 I

A WNPF

. The water itsalf.
. S0 does it get redly cold when you do this? When you dissolve sdt in water
doesit get redly cold?

10 T: No.

11 I Sowhere doesthe energy come from then?

12 T: | think what it is, when we have the water molecule, it's sort of a two way
process, the water molecules have hydrogen bonds between them, and these need
to be broken, and the NaCl have bonds which need to be broken as wdll, and as
these break, they give off heat, don’'t they? No, as when bonds are broken, they
need heat, don't they, to be broken, and when they form they give off heat.

Tginder was unable to produce an explanaion which he was satisfied with. His problem
was that he knew energy was required to break bonds, and he could only suggest this came from
the water. Y et, this would lead to the water getting colder as sdt dissolved - something that he did
not believe happened.

And yet Tginder had dready provided the missing pieces of this particular logical puzzle. He
had started his explanation by suggesting that “the water molecules surround [the ion] “they’re just
attracted to it. And this formation, sort of helps break the bond of the Na and the CI”, and had later
reported that “when [bonds] form they give off heat”.

It isinteresting to consider how Tginder’ s utterances could be rearranged:

I How does the water break the bonds?

T: “it's sort of a two way process’ “the water molecules have hydrogen bonds
between them, and these need to be broken, and the NaCl have bonds which need
to be broken as well” “when bonds are broken, they need heat, and when they
form they give off heat.” “It's to do with hydration energies.” “when you have
Na', as a centre ion, the water molecules surround it, with the O which is the
minus part facing it, so they all come around, “they’re just attracted to it.” “And
this formation, sort of helps break the bond of the Na and the CI.”

This composite puts together Tginder’s ideas in a way which seems to provide a satisfactory
answer, and so we are left with the question, why couldn 't Tajinder do this?

Our suggestion here is tha the tasks of verbaly composing the explanation was too
complex. Although Tginder was able to retrieve sufficient information from cognitive structure to
provide a satisfactory explanation, he could not keep al the relevant factors ‘in mind’ at once. By
the time he has explained about the bond breaking and how this related to energy changes, he had
‘forgotten’ that he had aready proposed an exothermic step in the overal process.
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Scientific and alternative explanations

Where a learner produces a response to a ‘why’ -type question, which has the surface
dructure of an explanaion, and which addresses the initid question in a way which is logica and
coherent, we may condder this to be a true explanation. This does not mean it is a correct
explanation, from the orthodox consenua scientific perspective. Tginder's atempt at explaining
solubility, above, is couched in terms that are gppropriate to a pre-Universty chemistry sudent. His
explanation is scientific, if not in this case complete. It would be possible to produce many other
examples from the database which show students congtructing scientific explanations for chemica
phenomena: explanations that vary on such dimensions as coherence, completeness and complexity.

However, the database also contains many other explanations which dthough they may be
presented logicaly, and address the questions asked, draw on dternative conceptions. Consider
Noor’s explanaion for why atoms of different dements have varying eectronegativity:

I Could you explain why some atoms should be more el ectronegative than others?

N: Indl cases what an atom is trying to do is to become stable, and so obtain a full
outer shell. In the case of metals it's easier for them to become stable by losing
electrons, and by doing this they become positive, so they’re going to be more
dectropositive, whereas non-metas, to become stable, would acquire those
electrons, and hence become more electronegative, because they’'ve gained
electrons.

There are severd points of interest here. For one thing there is a suggestion that Noor has
confused cause and effect. Are metals eectropositive because they form postive ions, or do metals
form pogtive ions because they are eectropogtive? (This is only a suggestion, as this short extract
done is not sufficient evidence: perhaps Noor is just imprecise in the wording of her explanation.)
Less ambiguous is Noor's statement of her belief that the behaviour she has been asked about can
be explained by abadc principle of chemigry: the full shells explanatory principle. Thisis the centrd
principle of the octet framework, a common explanatory framework used by chemistry students
(Taber, 1997a, 1998a). Noor dtarts her response by stating the centra principle upon which her
explanation will be based: “In all cases what an atom is trying to do is to become stable, and s0
obtain afull outer shell.” She then built upon this principle by distinguishing between metas and nor-
metals, and relating the electronegativity of these two groups to how they went about achieving full
shdls

It is possible to analyse the structure of Noor's explanation. It reads like an explanation: with
clauses connected by “so’, “whereas’ and “hence’. She dates that it is easer for metas to lose
electrons than gain eectrons, and that this causes them to be postive. ‘Easer’ here could be an
informa notion of the enthdpy change involved (which would be scientificdly correct), athough it
may mean something less specific. The consequence - that the metal becomes positively charged - is
logicaly correct.

Of course no matter how valid the logic, or how well the explanation is structured, Noor's
response is not good science. The octet framework is an alternative conceptual framework (Taber,
1998a), and Noor's response - based on it - is an dterndive explanation, not a scientific
explanation.

One aspect of Noor’'s argument that is of note, because it is a common festure in chemistry
students explanations (Taber & Watts, 1996), is its anthropomorphic nature: in al cases what an
aom is trying to do is to become stable. Such language has explanatory currency only where the
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implied actor is actudly animae and cgpable of ‘trying’. Many other examples of such
anthropomorphic uses of language have been found: atoms want, need, require, think, prefer, like,
are eager, etc. (Taber, 1997a).

DISCUSSION

One key point arisng from our discusson of chemistry students answers to questionsiis that
we can distinguish between responses that are not framed as explanations, and those that are; and
we can further distinguish between pseudoexplanations and true explanations. The quadity of true
explanations can dso be judged by various criteria, but a common concern will be its match to
accepted science - i.e. we can distinguish between dternative and scientific explanations.

Three key questions to be asked, then, about learners utterances, to judge their vaue as
explanations are:

(a) does the utterance have the surface features of an explanation (“because’, “so”, “therefore”,
(b) is the utterance logically consistent in its own terms, and does it match the accepted criteria for a
good explanation?

(c) does the explanation match the norms of curricular science (is the chemistry ‘right’?)

Learners answers to our questions, and their spontaneous attempts at explanation may be
classfied in the terms shown in Table 2.

TABLE 2. 4 simple classification of explanations.

(a) surface structure  (b) logically coherent (c) scientifically status as an explanation
(of an explanation) /sound correct
no not applicable not applicable not an explanation
yes no not applicable pseudoexplanation
yes yes no dternative explanation
yes yes yes scientific explanation

Pseudoexplanations may be characterised as because-type-responses t0 why-type-
questions which do not logicdly fit the phenomenon to be explaned into a wider conceptua
scheme. It may be that the attempt at explanation is too vague or the logic itsdf is faulty, or the
‘explanation’ could be circular, or smply cal on the way things are, or make some apped to
authority. Pseudoexplanations may concern ‘I know that is because', rather than ‘that is because' .
Space has not dlowed us to illudtrate all the possible ways that a pseudoexplanation fals sort of the
standards of scientific explanation, but some possible features of pseudoexplanations include:

() tautology

(i) teleology

(iii) anthropomorphism

(iv) ‘explanation’ by labelling
(V) ‘explanation’ by description
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(Vi) confusing cause and effect

(vii)  confusing correlation and causality

(viii)  faulty logic

(iX)  confusing the reason why something is the way it is, with the reason they have for
believing it isthat way.

Formaly correct explanations may often be judged according to whether they matich
accepted scientific modds. This is gppropriate in many Stuations (for example when undertaking
research into the nature of students conceptions), but if we are interested in a student’s ability to
understand the nature of explanation, and to construct explanations, the distinction between
scientific and dternative explanation isless important.

Alternative explanations call upon dternative conceptions, and may relate to common
dternative conceptua frameworks. We suggest thet the exigting canon of work on learners’ idessin
science has focused heavily on the digtinction between scientific and aternative conceptions - whilst
ignoring learners  ahilities to structure explanations. It is amoot question whether the student holding
ascientific conception in cognitive structure but unable to structure an explanation to gpply it, should
be consdered to have better potentia in science than the peer who can eoquently apply an
aternative conception. At the very least we would suggest that both present the science teacher with
work to do.

Asimportant as the orthodox/aternative status of explanations is the question of the stability
of the conceptuad schemes that provide the resources for the student’s explanation. Some
explanations produced by students may be reports of stable aspects of cognitive Structure, that are
recaled in response to a question. Others may be largely congtructed in Situ to ded with a novel
question, but using sable conceptions from coherent and unambiguous aspects of cognitive
gructure. Still other explanations may be * cobbled together’ from whatever cognitive resources may
come to mind, and may not reflect stable and well integrated agpects of the respondent’s cognitive
structure.

This brings us to the question of commitment to a reponse. We have seen that explanations
are the product of a socid context with imperatives to explain. The explanation generated by a
student may be believed or not. Again there is a spectrum of possibilities from the explanation that is
based on a degp commitment, through the explanation that the respondent firmly believes is the
scentific explanation although the respondent is not actually convinced by the scientific
explanation, to the ‘romanced’ or random answer that attempts to satisfy the socia imperative
rather than reflect any beliefs about the actua cause of the phenomenon.

So having distinguished responses which do not meet our criteria for true explanations
(various forms of pseudoexplanations) from those that do, we then find that there are at least three
further dimengions upon which these formaly correct explanations may vary: (@) the match of the
science content with orthodox science; (b) the extert to which the explanation derives from stable
agpect of cognitive structure; and (€) the extent to which the explanation is believed by the explainer.
In principle we may locate student explanations at any point in a three dimensiond pace as shown
inFigure7.
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FIGURE 7. Dimensions of student explanations.

This paper focuses on how students produce explanations in chemidry. This work is
somewhat provisond in nature, and may be seen as suggesting a framework that should be tested in
the context of awider range of data (in terms of different ages ranges, various science topics and o
forth.) However, we hope to have both (1) highlighted some of the key aspects that may be
ggnificant in exploring sudents explanations, and (2) synthesised feetures from a number of ditinct
aress of research that may illuminate both the structure and quality of students explanations in
chemidlry.

In particular our discussion of specific illudrative data have highlighted how further research
is needed to find aut how well sudents understand the nature of explanation in chemidry. It has
been shown that deficient explanations may not always be due to lack of appropriate chemical
knowledge. Our exploraion of examples of student explanations leads us to ask whether teaching
about the role, and sructure, of effective explanation should be made an explicit pat of the
chemigtry curriculum. Certainly the work of Driver and coworkers (1996) points in this direction,
and such an objective could form part of a wider move to explicitly develop learners metacognitive
abilities (Gunstone, 1994; Taber 1994c).
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