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Introduction: some starting points.

The questions raised in this paper concern how and when we explain the reasons for reactions occurring (or not occurring) to those studying science/chemistry in schools and colleges.

I believe these are important questions, for reasons that I expect most readers will agree with. However, I am not sure there are any easy answers that will bring general support. My analysis is based on my experience of the situation in England, and may reflect other contexts less well.

My starting point is the following set of statements that I suspect will be widely accepted: 

1. chemical reactions are a major concern of chemistry;

2. chemistry as a science needs not only to be able to provide empirical information about which reactions do and do not occur (under specified conditions), but also to offer a theoretical basis for explaining why certain reactions do or do not occur (under specified conditions);

3. science is able to provide a general theoretical framework that matches the requirement of (2), and which is widely accepted as part of orthodox knowledge;

4. this general theoretical framework (3) is not suitable for teaching wholesale in secondary schools.

Assuming that one accepts these general points it is possible to explore some of the consequences that may be considered to follow. 

For example, if we define chemistry as that science which is concerned with the nature and properties of substances and how they react (c.f. 1 above), and if we believe that science may be characterised by attempts to explain (to answer ‘why’ questions), that is to organise knowledge into logical structures rather than just collect and catalogue it (c.f. 2 above), then explanations for why reactions may or may not occur become quite central to chemistry.

However, if we also accept that the scientific understanding of why reactions do or do not occur is too difficult to explain to school pupils (c.f. 4 above) then we are left with one of two tasks:

either (a) to produce a school chemistry which is worthwhile whilst ignoring this key question;

or (b) to at least provide some form of explanation of chemical reactions which may be taught at school level.

It is my view that both of these options are problematic, and I will consider each to explain why I think this.

However, before I do, I would like to present the following observations:

5.  when students study chemistry at college level they are usually expected to develop some, albeit limited, understanding of this issue;

6. I believe that at present, at least generally, the approach taken at school level is largely to ignore the issue of why reactions may or may not occur;

7. My own research suggests that if pupils near the end of schooling are asked why reactions occur, they will often provide an answer, which (despite 6) they believe is based on what they have been taught in school! When they reach college level (c.f. 5 above) they often bring this explanation with them from school.

Teaching chemistry - but ignoring the ‘why’ question?

One way of avoiding the question of how to teach about ‘why reactions occur’ to relatively unsophisticated school pupils, is not to teach about this at all. Indeed some teachers have expressed the view that a good deal of the theoretical material (about molecules, bonding etc.) in school chemistry courses is much too abstract for most pupils, and should be excluded.

Chemistry without molecules? This is certainly one approach. It would be possible to teach a (kind of) chemistry based entirely at the level of molar phenomena and descriptions. This would not need to be a totally atheoretical chemistry. It could still have concepts such as acid and base, oxidation etc., although these would be limited in their definition and, perhaps, application.

It could be asked whether such a study would still be chemistry? (Perhaps it would, but ‘not as we know it, Jim’?) There is no doubt that such a curriculum could include motivating and interesting practical work, and could teach a great deal about the materials that pupils would experience in their everyday lives. For those pupils who did not wish to study science at a higher academic level this might even be a particularly useful course. 

Counter arguments could certainly be put. One perspective closely identifies modern chemistry with molecular science, and would suggest that any ‘amolecular chemistry’ would not be an introduction to the major aspect of modern culture that is our molecular model of the world. After all, these pupils would certainly be introduced to molecular models through the media, and education has a duty to prepare them to have some understanding of issues they will be exposed to (and likely find interesting) such as DNA technology, atomic power, the use of insecticides etc., etc.

The other main counter argument - to my mind - is that science is about explaining and trying to understand phenomena. The molecular model is the main theoretical foundation of modern chemistry, and any attempt to totally ignore this in school curricula would undermine the aim of trying to get pupils to see science as a way of relating to and exploring the world (and through this, hopefully, to develop into inquisitive adults who try to make sense of the world and base their life decisions on the best information available). The significance of many of the key concepts of chemistry (such as ‘element’) seem very difficult to justify in the absence of the molecular model. 

Teaching molecules without a reason for reactions? If the molecular model is to be taught, it is still possible to ignore the ‘why’ question. Indeed, I would suggest that this is largely what happens in our schools today: pupils are not usually explicitly taught about why reactions occur.

Of course, explanation is not an all-or-nothing phenomena. Some scientific explanations may involve sophisticated chains of logic passing through multiple levels of conceptual models (but still eventually reaching the ‘that’s just the way it is’ point!) Other ‘explanations’ may be little more than noting apparent correlations (usually given gravitas by the application of an apparently technical label). 

 A type of reason is often given in school science for certain reactions occurring. If competition reactions are considered then the notion of reactivity is invoked. So chlorine will displace iodine from solutions of its salts because chlorine is more reactive than iodine. In a similar way, aluminium is more reactive than iron. In the case of metals the reactivity series may be introduced (which may morph into the electrochemical series at a higher level). So aluminium will displace iron from its oxide because it is more reactive than iron. We know this because it is higher in the reactivity series of metals. 

(Two asides here. Firstly, the answer “we know this because it is higher in the reactivity series of metals” - should lead to the question ‘how do we know that it is higher in the reactivity series of metals’? If the only answer is ‘because aluminium can displace iron from its compounds’ then our explanation is tautological, and perhaps our reactivity series merely organises rather than explains our reactivity data. Related to this is the observation that, in my experience, learners do not always distinguish ‘this is because’ from ‘we know this, because’. This is because they confuse these types of answers in interviews.)
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Figure 1: a circular explanation
(I’m sorry, that last sentence should have read: “I know this because they confuse these types of answers in interviews”.)

If some substances are said to react because they are reactive, the opposite is also said to apply. Nitrogen may be considered to dilute the (reactive) oxygen in the air: nitrogen does not usually react, because it is unreactive. Indeed, the noble gases do not usually react because they are inert.

Perhaps this last point is a little unfair. Probably one of the few real explanations of reactivity commonly used at school level concerns the stability of the noble gases. The noble gases are often said to have a stable electronic structure. So neon does not react because it has a stable electronic structure. As with all explanations, this invites the ‘why’ response: why are these particular electronic structures stable. However, this is at least a genuine attempt at explanation, as it moves the dialogue into a new level.
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Figure 2: escaping the circle

Limitations of octet-type arguments. Whilst I would not entirely dismiss this argument, it is my view that when used without qualification it can be a rather problematic explanation, and a source of a very common alternative conception among pupils and students.

Neon has an octet of electrons in its outer shell, and - indeed - a full outer shell.  We observe that this type of arrangement is associated with stability. (By ‘this type of arrangement’ I mean either a full outer shell or an octet of electrons in the outer shell. Helium has the former, but not the latter. Argon has the latter, but not a full outer shell. Only the atom  of neon has both.) Discrete atoms that do not have this type of outer shell structure are seldom found in nature: so single atoms of carbon, oxygen, fluorine etc. are not detected in high levels. Under any kinds of ‘normal’ conditions these species would have a short life-life.

Similarly ions which have this type of ‘noble gas electronic structure’ are often relatively stable, providing they do not have a large net charge. So Cl-, O2-,  Al3+ etc. are not unusual. Na+ has such a structure, and is common: Na7- would also have a noble gas electronic structure, but is not found under natural conditions because of the high charge. O3- and Mg+ do not have such electronic arrangements and are not commonly found.

This same type of pattern extends (with exceptions) to molecules. So in NH3, for example, all of the atoms are said to have noble gas electronic structures. Of course, the analogy with the noble gas atoms has to be somewhat stretched. O2- has an analogous electronic arrangement to Ne as the electrons are in comparable orbitals, albeit attracted to a less charged atomic core. The oxide ion will not have electrons at the same energy levels as in the neon atom, but is described as isoelectronic as the orbitals in which the electrons are ‘located’ are otherwise very similar. It is not possible to make such a straightforward comparison in the case of ammonia. In a strict sense there is no nitrogen atom present: the nitrogen core is part of a molecular configuration. In other words, it is not possible to unambiguously identify ‘nitrogen electrons’ in the molecule. Four of the electrons in the molecule are to a good first approximation ‘nitrogen electrons’, but the other six are in molecular orbitals.

In order to use the ‘noble gas electronic configuration’ comparison in such cases we adopt a simple formalism. We treat each atomic core in the molecule as though it was still in an atom, and we consider all the electrons in molecular orbitals as through they were part of both ‘atoms’. So in ammonia nitrogen ‘has’ eight electrons in its outer shell (like neon) and hydrogen has two electrons in its outer shell (like helium). All the atoms in the molecule are considered to have noble gas electronic configurations. 

Providing we apply the formalism in this way, we can identify that molecules such as NH3, CH4, O2, CO2, and H2O as fitting the ‘noble gas’ pattern, whereas NH2, CH5, O, CO, and H7O would not (and are not commonly found in significant quantities under most conditions!)

The formalism is not perfect, as there are many exceptions in terms of relatively stable species that do not have the ‘noble gas’ structures (SO3, SF6, XeF4, AlCl3, and possibly - depending upon how the formalism is applied - B2H6).

On its own, this approach has little to say about why H2O is so much more stable than H2O2, for example - as both can be shown to ‘have’ (or perhaps better, mimic?) noble gas electronic structures.

So if neon is a stable atom because it has an octet of electrons in its outer shell, or a full outer shell, this is clearly only a partial explanation. Nitrogen and oxygen are both found as diatomic molecules which may be considered to be made up from atoms isoelectronic with neon: yet oxygen is known for its high reactivity, and nitrogen for its inert nature.

Explanations from the octet framework? I have rather laboured this point because I believe it is very important. My research suggests that students entering college level courses commonly believe that a ‘full outer shell’ or an octet of electrons is a very good indicator of chemical stability. Not only that, but they commonly use this principle as the basis of an explanation of why reactions occur.

Put simply, many students believe that chemical reactions occur so that atoms can obtain full outer shells/octets of electrons. I have found this time and again. Even when questions are set up to ‘block’ this answer (such as providing formulae and diagrams of reacting molecules) it is commonly given. The belief in this explanatory principle is often so strong that it over-rides the information given in the question.

Similarly, I have found that a large majority of college students will judge a species such as Na7- as stable because it has a full [sic] outer shell of electrons: despite its high charge (and it being an anion of a strongly metallic element).

Part of the reason that this type of explanation is so commonly and readily applied seems to be that the students often believe this is what they have previously been taught in school. Perhaps some teachers do teach that reactions occur to allow atoms to get full shells (although I can think of few common reactions they could use to illustrate such a principle), but I would doubt many do. Certainly some school texts books can be read to imply this. However, I suspect that to some extent the ‘octet’ explanation is being borrowed from the valid applications discussed above, to fill an explanatory vacuum where reactions are concerned.

If I am right, then most teachers do not explicitly say that (for example) hydrogen and oxygen react to form water because the hydrogen and oxygen atoms need full shells of electrons. (It is hard to believe that many chemistry teachers are not aware of the electronic structures of the reactant molecules.) But, beyond a vague reference to the fact that hydrogen and oxygen are reactive, they probably do not give any reason why this reaction should occur. Yet many pupils want explanations, and most probably (I hope), at least tacitly expect science to be about explanations, so they expect there to be a school science explanation for why reactions occur. As there has been a lot of talk in their lessons about stability and noble gas electronic structures, this is drafted in. The explanation is a taught one, although it probably was not actually taught in the context where it becomes inappropriately adopted.

My explanation may be completely wrong - but (apart from suggesting that most teachers are regularly teaching that chemical reactions occur so that atoms can obtain full outer shells/octets of electrons) I can not think of another feasible explanation for this widespread phenomena. That pupils/students can so readily give such an explanation despite being faced with examples where the reactants clearly already have the requisite electronic structures is possible because of the ‘assumption of initial atomicity’ - the tendency to start thinking about chemical processes in terms of discrete atoms. (This is the subject of another discussion paper written for this project: Teaching chemistry without (too much emphasis on) atoms?)

Perhaps the imagined striving to get the required number of electrons allows learners to think about atomic and molecular systems in ways that resonate with more familiar social contexts (as the explanations given are often anthropomorphic in language if not in intent): but it is hard to believe that such a common misconception would develop if school pupils were given a more scientific explanation for reactions occurring.

An explanation in terms of energy?

This leaves the question of what a school level explanation would be like. Perhaps one type of explanation that may commonly be used is related to energy. Energy is a key concept that is used across science, and pupils are familiar with the image of the ball that will roll downhill. It is possible to make the analogy (with this familiar gravitational case), and argue that chemical reactions that occur are like balls rolling down hill, whereas reactions that do not occur are like balls at the bottom of a hill. 

This comparison has two strong advantages: firstly most pupils can understand the comparison, and secondly it has the merit of being scientifically valid! 

Despite this, it has a significant drawback: in that in itself it does not provide any real explanatory power. Without a more sophisticated analysis there is no way this form of explanation can be used in a predictive sense.
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Figure 3: the energy 'explanation'
In other words, this form of ‘explanation’ is either a tautology (if pupils confuse the ‘why is water at a lower energy’ with ‘why do we think....’), or an alternative form of description.

One can translate between there two forms of words, without adding any real information:

bromine does not react with sodium chloride solution


the ‘reactant’ system (bromine + sodium chloride solution) is at a lower energy than the ‘product’ system (chlorine + sodium bromide solution)

methane burns in oxygen
the reactant system (methane + oxygen) is at a higher energy than the product system (carbon dioxide + water)

On its own this just gives a different-sounding mode of description. To say that the reactants are at a high energy is to describe a system where reaction can occur: whereas when products are at the higher energy the reaction will not ‘go’. Labelling this as a ‘re-description’ rather than an explanation does not negate the potential value of moving to the language of energy. The energy approach is fecund. One can develop the energy description into more genuine explanations. (For those pupils who will later study the subject at a higher level, this in itself may justify introducing the language of energy, even when there is no immediate attempt to develop the theme.)

The problem that teachers have well recognised, I suggest, is that to take the explanation any further will introduce abstractions that may not be appropriate for many in the class. Even the simple re-description described above may well invite questions about what forms of energy we are discussing: after all, as the pupils have learnt in physics, no energy is created or destroyed in chemical reactions.

Relating energy to bond strength.

One way of taking the explanation further is to talk about the strength of bonds. This is certainly appropriate at College level, where students are expected to solve quantitative exercises about bond energy (and are assumed to have the qualitative understanding to support this).

To decide whether a reaction will occur (at some specified set of conditions, and ignoring the question of at what rate, and taking a dichotomous approach that ignores the ‘equilibrium’ nature of all reactions and just classifies them as viable or not!) one can refer to tables of bond energies(/enthalpies).

So, for example, to see whether the reaction between methane and oxygen is viable one would identify bonds that will be broken at an energy cost, and those that will be formed ‘releasing’ energy, and calculate whether the overall process has an energy cost (reaction ‘will not go’) or provides a ‘surplus’. 

If students have a good appreciation of the thermodynamic concepts (bonds enthalpies, or alternatively enthalpies of formation can be used), then this provides a level of explanation for why reactions occur. This is more than a re-description of the explicandum, because the viability of a potentially enormous number of reactions can be deduced from a limited table of bond enthalpies. So, for example, the viability of reacting a vast number of hydrocarbons with oxygen can be deduced from a knowledge of the bond enthalpies for C-C, C-H, O=O, C=O and H-O.

Such an approach is clearly not suitable for most school pupils, but it is possible to provide a qualitative explanation based upon this approach. In general terms, reactions will occur if the products contain more strong bonds than the products. 

Yet this is again of limited value as an explanation in its own right. Without detailed knowledge of the individual bonds it has little predictive power. Reactions where the number of bonds is different in reactants and products (as well as there being different bond strengths) will provide a context that will be too difficult for most pupils to evaluate). 

It is only possible for pupils to make any use of this information if they have some knowledge of bond strengths. So, for example, if they believe that the nitrogen molecule has a strong bond, this information could be used to help explain nitrogen’s lack of reactivity. Conversely, if they are told that the carbon-carbon double bond has a weak component, this may be used when explaining why addition reactions are so common. 

Without specific information about bonds this type of explanation will therefore become just a different form of re-description:

water and carbon dioxide do not react to form glucose plus oxygen


the bonding in the reactant system (water + carbon dioxide) is stronger - overall - than in the product system (glucose + oxygen)

methane burns in oxygen
the bonding in the reactant system (methane + oxygen) is not as strong - overall - as in the product system (carbon dioxide + water)

In the former case pupils are using isolated knowledge about individual bonds as heuristics that can be applied with some level of success, and in the latter case there is no meaningful explanatory power.

In either case some pupils will ask the ‘why’ question to move the level of explanation on:
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Figure 4: explaining bond strengths
Now, again, an answer to this question would require a depth of analysis that few school pupils are ready to make sense of. 

The mechanisms of reactions: introducing forces.

A slightly different approach to conceptualising why reactions may or may not occur is to think about possible reaction mechanisms. Reactions may be considered in terms of the way electrons are pulled into new positions during molecular interactions. 

Many reaction mechanisms are complex and/or poorly understood, and few are studied at college level (and none normally at school level). However, in terms of something that helps students understand what may be going on, it might be useful to have pupils think about the interactions when molecular species interact.

Consider, for example, the reaction between hydrogen and fluorine: two materials comprising of diatomic molecules. The molecules in the reactants are held together by the electrical forces that attract the electrons towards the nuclei (which are of course in balance with the repulsions, but it may be useful to focus on the attractions). If the reactants are mixed and given sufficient activation energy a reaction occurs, so that the product is hydrogen fluoride. 
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Figure 5: a reaction scheme
The reaction mechanism may be seen as a black box. What is clear is that there is sufficient energy to break up the original molecular species. In some reactions this could occur as a concerted process as the new molecular species are formed.
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Figure 6: a concerted reaction?
However, in this example the reaction is explosive, and there are likely to be a range of intermediate species (atoms of hydrogen and fluorine, perhaps ions, perhaps ‘free’ electrons) which exist for a short time before recombining. As there is a great deal of energy available, most of the initial product molecules will be destroyed very quickly to give new intermediates, but - as energy is dissipated from the reaction mixture - an equilibrium mixture of products will emerge. In this case, this means a lot of HF molecules, and very few H2 or F2 molecules (and virtually none of the short-lived atoms, ions or free electrons that existed during the explosion itself).

During the reaction the various permutations of intermediate species will interact: colliding at a range of relative speeds, and in various orientations. Some of these collisions will be ‘elastic’, but others will involve changes to the species involved.

What causes these changes? 

The interactions are essentially electrical in nature: the nuclei present repel each other and attract electrons, and the electrons repel each other and attract the nuclei. When these interactions occur very quickly and at high velocities the new configurations of nuclei and electrons produced may not be especially stable: but as the system ‘cools’, more and more of the species produced tend to be those where the electrons present are held in position strongly enough not to be readily dislodged in further collisions. In this case these species are hydrogen fluoride molecules.
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Figure 7: A wide range of interactions are possible
For some reason the repeated cycles of molecular formation and disintegration led to a population of virtually all HF molecules. However, unless this reason is explored we have just another alternative re-description:

water and carbon dioxide do not react to form glucose plus oxygen


the electrons in the reactant system (water + carbon dioxide) are held to the molecules more tightly - than in the product system (glucose + oxygen)

fluorine and hydrogen react
the electrons in the reactant system (hydrogen + fluorine) are not held to the molecules as tightly as in the product system (hydrogen fluoride)

And potentially another circular argument:
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Figure 8: another circular argument
The genuine ‘why’ question - why are the electrons held more tightly in HF than in the reactants - once again moves the explanation to another level. Clearly a full answer is not expected from college students, let alone school pupils. Certainly at the former level a qualitative answer of sorts can be developed in terms of the core charges involved. In the hydrogen molecule the bonding electrons are pulled towards the two nuclei and only repelled from each other. In the fluorine molecule the bonding electrons are attracted by much larger core charges, but there are also other electrons in the valence envelope repelling them. In both cases the distribution of the electrons in the molecular orbital can be seen as reflecting the balance of these forces. In the hydrogen fluoride molecule the electrons can be pulled towards the higher core charge of the fluorine, and there are no other hydrogen valence electrons to repel the bonding pair.

This may be an accurate description, but in terms of explanation it still fails the major test of providing predictive power. I deduce that the balance of attractions and repulsions in the HF molecule is such that the electrons are - at least in overall terms - ‘held more tightly’ than they were in the reactant molecules. Knowing that this reaction occurs I might guess that the more polar bond in the product allows the electrons to be ‘held more tightly’ to the nuclei. I am not convinced that I can visualise why this should be. The larger core charge comes with the greater repulsion from other valence electrons. The lack of other valence electrons comes with the smaller core charge (although also with the electrons being closer to the nucleus).

Is there an answer?

The alternative descriptions or ‘narratives’ being discussed here are not unrelated. The energy levels of molecular systems are determined by how close the electrons can get to nuclei of given charges, and how they are repelled from other electrons. The Schrödinger wave equation could (in principle) be used to characterise the systems.

If molecular species interact there may be opportunities for the system of interacting molecules to evolve into new configurations where the overall energy is lower. The forces narrative is a description of that evolution process. The forces may be seen as the active agents that bring about the change of configuration - i.e. that move electrons in the ways that we often represent with out ‘curly arrows’ and ‘fish-hooks’.

Where the Schrödinger approach considers the molecules as systems of interacting charges, with an associated amount of kinetic and (electrical) potential energy, the bond energy approach tends to derive from a macroscopic analysis. Bench scale measurements enable tables of enthalpies to be derived in terms of kilojoules per mole. The starting point may be different (the elements in their standard states being ascribed zero energy, rather than point charges being infinitely separated being ascribed zero energy) but the approach is not unrelated. 

If the products of a reaction have ‘stronger bonds’ then the system of products will be at a lower energy level than the system of reactants, and - in appropriate circumstances - molecular interactions will enable the electrical forces between nuclei and electrons to bring about a re-configuration of the system. The reaction ‘will go’. The bond strength, energy level and forces ‘arguments’ are different facets of the same basic analysis: equivalent re-descriptions, each having validity. (Although it should be pointed out that even good college students have difficulty making the connections.)

None of this seems to have any bearing on the common pupils’ explanation about ‘full shells’. As often happens with ‘misconceptions’, such ideas are not completely without a basis. The quantum rules which set out limitations on the allowed values of quantities (such as spin) limit the possible configurations of electrons and nuclei which are allowed. So when molecular species interact during a reaction the forces at work can not evolve a configuration with the lowest possible potential energy that would be suggested by simply applying the physics equations normally used when dealing with point charges. Only those possibilities allowed by quantum theory are available.

If we consider the statement that ‘neon is unreactive because it has a full outer shell’ we find some truth in this claim. A chlorine atom that encounters a free electron can ‘capture’ the electron so the system evolves into a chloride ion. This is an exothermic process. In terms of forces, the high core charge on the chlorine atom can attract an electron through the valence shell because the electron distribution is not symmetrical. From one direction the core is not well shielded, and an electron call be pulled in towards the core until it takes its place in the valence shell. Due to the asymmetry (which results from the quantum rules) the attractive force on the electron will be greater than the repulsion due to other electrons until it reaches equilibrium (in the valence shell).

The same process can not occur in neon. A free electron would not experience any significant net attraction from a neon atom as the electron distribution is symmetrical, and the valence shell (negative) charge totally balances the (positive) core charge. (This is not because the shell is full: the same would be true of say a lithium atom [outer configuration: s1], a beryllium atom [s2],  or a nitrogen atom [s2p3].) The qualification ‘significant’ was used above because, of course, atomic and molecular systems are dynamic. Just as two neon atoms could be attracted to each other due to transient dipoles, so an electron could be attracted to a neutral atom with net symmetrical charge distribution. What is true in the case of neon is that there is no possibility that this electron could enter the valence shell, as the shell is literally full.

So the ‘full shell’ argument could, in principle, have some merit. Yet argon does not have a full shell, and its atoms do not readily acquire free electrons to form Ar-. Nor, for that matter, is sodium known for attracting electrons to form Na-, even though it does not have a full shell. Presumably it would be possible to create an intense enough electric field to force an additional electron into the valence shell of a sodium atom, or of an argon atom: but not of a neon atom. But these ‘thought experiments’ have little connection with normal chemistry.

Certainly the high amount of work that is needed to remove an electron from a neon atom can be explained purely in terms of core charge. The graph of first ionisation energies for oxygen-fluorine-neon suggests no special effect of the full shell, just an increase in the amount of work needed to pull the electron away from the increasing nuclear charge. (Although the forces in the atom may be considered to be in equilibrium (or - at least - the electrons may be considered to be moving as if oscillating about their equilibrium position with the kinetic energy available), as soon as the electron is moved from its equilibrium position away from the nucleus the electron is subject to a net attraction from the rest of the atom.)

Summary.

I am not able to offer a conclusion to this paper, in the sense of ‘having explored the issues this is what we must do’. This is genuinely intended as a discussion document. I have some views, which I will offer, but believe that there is a genuine pedagogic problem here: what should we tell the pupils about why reactions (do or do not) happen?

I have argued that reactions are a central concern of chemistry, and that explanation is a key business of science. And yet explaining why reactions may - or may not - occur requires a body of knowledge and degree of sophistication in thinking that seems to be well beyond most school pupils.

To ignore the question of why reactions occur seems to be a major omission from teaching chemistry as a scientific activity. Present practice (which I believe is largely to ignore the issue at school level) results in pupils commonly adopting an explanatory principle which is not scientifically valid (i.e., reactions occur so that atoms can get full shells/octets).

This misconception could perhaps be avoided by teachers making an explicit point of emphasising that there are scientific models to explain why reactions occur: but that they are beyond the school curriculum. This approach is at least honest: but may be seen as condescending by pupils. In view of the centrality of the issue, it may even de-motivate pupils.

Three alternative narratives that may be applied have been considered in this paper: energy levels, bond strengths and the forces that act during molecular collisions. These approaches are fundamentally linked, but only when appreciated in depth.

The first is probably the most abstract, but has the advantage of working at the level of a familiar analogy. The second is easily used to discuss why certain molecules readily break up during reactions, but others do not: but this is only part of the overall process. The ‘forces narrative’ may be useful for providing learners with an image of the dynamics of molecular interactions: but again only explains why higher energy molecular collisions may allow changes to take place: not what the final outcomes of a sequence of such changes will be. Both the bond strength and forces approaches can only provide an answer to the question of ‘what the most stable species will be at the end’ if a much more subtle analysis is possible: and without this we only have a sham at discussing why certain reactions occur.

For example, if enough energy is put into water then the bonds in the molecules will break, and intermediate species will form which could either then reform water molecules or hydrogen molecules and oxygen molecules. This is something learners do not tend to think about. We do not usually consider what happens when we heat inert ‘reaction mixtures’ in our teaching. Students are likely to assume ‘no change’ rather than ‘no overall change’. There is a strong tendency therefore to assume that changes will occur if pupils are asked about suitable contexts. A surprising proportion of pupils/students will suggest that salt plus water gives hydrochloric acid plus sodium hydroxide!

So we can offer narratives that have the potential to lead to explanations: but which in the limited form we offer them are little more than re-descriptions. Perhaps they are useful re-descriptions if they get pupils to focus on aspects of reactions such as the need for bonds to break and form, the need for energy to ‘get reactions going’, or the nature of the molecular interactions underlying chemical processes. Perhaps they are useful re-descriptions simply because they get those pupils who will take the subject further talking in useful terms about the right types of phenomena and entities. 

Perhaps if pupils are happy to accept the balls-and-hills image, or are content with ‘because it gives stronger bonding’ or ‘because the electrical interactions during collision brought about these changes’ answers, we should accept that we have been as successful in explain why reactions occur as we could reasonably expect at school level.

However, I would personally be concerned about presenting these narratives as explanations in their own right, when they can only be offered in limited qualitative form: as images for thinking about the chemistry, but with no predictive power. One reason I would object to this is because I feel it is a sleight of hand that is not being honest with and fully respecting the pupils. (I feel similarly about the idea of letting pupils believe they know that reactions occur because atoms want full shells, when we know that explanation does not work.)

Perhaps more significantly, I am concerned about such an approach because as well as teaching chemistry, we are also teaching science. To my mind a key part of appreciating science is understanding the nature of scientific explanation. Both research evidence, and common experience of public responses to science in the media, suggest to me that this understanding is lacking in our society. Perhaps this topic is one where we can teach pupils something about the incremental nature of using explanations in science; about how some apparent explanations are merely another form of words; about how re-descriptions can be useful in helping us think about a phenomenon even when they do not add any significant new information. I also wonder if some examination questions that ask pupils to ‘explain’ should really be asking them to translate information into the formalism of a different way of describing the phenomenon: but perhaps that is best left as a topic for another time!

The nearest I can provide to a conclusion is a summary of some key points:

• we do not usually explain why reactions do or do not occur at school level;

• school pupils often come to adopt ideas about why reactions occur in terms of atoms seeking ‘octets’ or full shells;

• full scientific explanations for why certain reactions occur would be beyond the reach of most school pupils (and many college students);

• it would be possible to explicitly exclude the question of why certain reactions occur from the agenda of school science - an approach that would be honest, but may be frustrating for teachers and pupils;

• useful re-descriptions are available: redefining the problem as why different systems are at different energy levels; why different bonds have different strengths; why certain electronic interactions are predominate in molecular collisions.

• by themselves these re-descriptions do not give full explanations - but they might suggest to pupils the areas where chemists look to develop such answers.

I do not believe there is an easy solution: but I do believe this is an important issue where our practice should at least derive from analysis, debate and reflection.

Responses are invited!
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