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ABSTRACT

Most substances are given names and formulae bigsecknowledge of their molecules.
However for substances most commonly met in eleamgnthemistry courses, especially
inorganic substances, this is often not the cabke. gotential noise is amplified further when
dealing with chemical reaction equations. It isusd)that since the names and formulae given to
substances and their molecules are often the samshould give more attention to the use of
state descriptors and symbols for substances anthasvord molecules when we mean to refer
to them [African Journal of Chemical Education—AJCE 6(2)|yJ2016]

54




AJCE, 2016, 6(2) ISSN 2227-5835

INTRODUCTION

In a previous paper [1] we have reviewed the lagguaf teaching and learning in the
context of the macroscopic and microscopic (or sudroscopic) levels of concept descriptions.
A case was made for developing a macro-micro dietip that would juxtapose the two levels of
description. These two levels also correspond bldsehe molar and molecular levels identified
by Jensen [2].

Johnstone [3] drew attention to three ways in whiwehcommunicate chemical concepts,
two of which are the macroscopic and microscopigsvdhe third way he called symbolic, and
in this paper we examine how this relates to themotwo. We address the question of the extent
to which the relationships support the macroscopitroscopic descriptions, developing ideas
that were first presented in 2008 [4].

In so doing we shall particularly focus upon cheahformulae and names and chemical
reaction equations. Do these harmonise with owrgss/e language or do they add to the noise?
The level of discussion is intended to be suitethtse teaching chemistry at the secondary and

tertiary levels and should be read with this puegosmind.

NAMES AND FORMULAE OF SUBSTANCES AND MOLECULES

Before Lavoisier’s time, substances were givensgieratic names and hieroglyphic-like
symbols [5]. All of this changed in the wake of basier’s definition of elements (1789). In an
obvious development based upon identifying namesearshents, he proposed that the names of
compounds should reflect the names of the elenibayscomprised. Hence for example, copper
oxide, sodium chloride, etc: the binary naming systlater extended to include common groups

like sulfate and hence, copper sulfate etc. Aftene years the publication of Dalton’s atomic
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theory and the determination of atomic weights g Bnd others and then the introduction of
element symbols by Berzelius, led to the appearahimgmulae, such as CuO and NaCl. Although
the first of these could be called copper oxidegmvanother oxide was identified as Cu20, the
need for a somewhat more sophisticated haming beegmparent. The names cuprous oxide and
cupric oxide were created for Cu20 and CuO, respdygt A similar situation arose with the
formulae CO and CO2. In these two cases the nanmsexd were treated differently: carbon
monoxide and carbon dioxide. The latter namesyamtematic in the sense that the names directly
reflect the atomic composition. In the case ofdbpper oxides, this is not so; the terms cuprous
and cupric require special interpretation. Anotéygproach (using the concept of oxidation state)
was also suggested: thus copper (I) oxide instéadmrous oxide and copper (Il) oxide instead
of cupric oxide. All of this can be learned butdds to the burden of new learners, who in the
early stages of learning are rather unlikely toarsthnd the oxidation state concept. Furthermore
the temptation to misunderstand what the Roman ewrdire saying is strong: the (Il) does not
imply two atoms of copper! The more systematic manaf the two oxides as dicopper oxide and
copper oxide, has a more direct relationship whign &atomic composition. Unfortunately these
names are rarely used. We thus find today the giersie of names of many common substances
that are essentially macroscopic in nature (beli@toms not required!), whilst the formulae they
have are microscopic in nature (reflecting atonaimposition).

This short discussion draws attention to just allspaat of the confusion that may be
created with names and formulae. It is as if thleodays of idiosyncratic naming retain their
appeal, except for those who feel that oxidatiatestmust be learned before we know what they

are.
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A similar problem arises when naming a series ehpounds with the formulae NacCl,
CaCl2, AICI3, SiCl4, etc. The commonly-used namethese compounds are sodium chloride,
calcium chloride, aluminum chloride, silicon tetnéaride. Frustrating for the beginner is the
failure to use names like calcium dichloride angh@hum trichloride, which reflect directly the
chemical formula in each case. Experienced cheyrisichers may say that a name like calcium
chloride is what everyone uses and there is noguitibecause there is only one chloride: this
of course is true, but again this usage adds tbuhgen of comprehension for beginners. There is
much evidence of the reality of this burden: foample, Bradley and Steenberg found [6] that
learners had greater difficulty in encoding frommes to formulae, than the reverse decoding:
learners resorted to creating their own chemicall®ys and combining atoms and groups in 1:1
ratio by default.

Although Lavoisier started the systematic naminguistances and Berzelius developed
systematic formulae thereafter [7], we seem to HaMed to develop and use what they began in
a completely logical way. In some cases (as exdiegplabove) we find that whereas the formula
of a compound reflects its atomic composition (arescopic description), the name essentially
reflects elemental composition (a macroscopic desen). Trying to bridge this gap by drawing
upon other concepts like oxidation state seemsepsev

Another aspect of the problem is the common wawhirch the binary nomenclature is
introduced in secondary schools. This is almosiuskeely done by listing ions with their formulae
and charges and then explaining the balancing tchimg of charges in constructing the formula
of a substance. Thus, even before the concephiflmnding, this naming approach leads learners
to a conviction that ionic substances predominatethat entities (atoms and groups of atoms)

like Cl, OH, SO4, are always negatively chargedaddéealcohols are a source of hydroxide ions
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and when a chlorine molecule dissociates it mustlychloride ions! In fact such entities have a
valency, a concept which is not associated with@rarge or model of bonding, and this would
be a better characteristic to emphasize insteatiafye [8].

All of the foregoing relates to the “classical” Webof inorganic chemistry, which is a major
part of secondary school chemistry curricula. Thenimg is described as binary nomenclature.
Somewhat later in the development of chemistryaoig compounds became better understood
and presented more serious challenges of commionca#lthough non-systematic names were
used initially (and a few remain as “trivial” namethey were quickly and comprehensively
overcome by the systematic naming developed anataiaed by IUPAC. Predominantly a
substitutional nomenclature was adopted and widséd at all levels. Although this does require
the learning of a system, the system is logicaiated to the atomic composition of the
compounds. Thus, for example, the name chloropmpaectly informs that one chlorine atom
has replaced one hydrogen atom in the propane meldadeed it allows one to go even further
in that it can give structural information about tinolecules, by the use of locants together with a
simple numbering scheme, eg 2-chloropane. Thissadethe prevalence of structural isomers in
a natural way too, as in 1-chloropropane and 2roplmpane.

Thus we can see that in organic chemistry bothnimee and the formula apply to the
substance and the molecules of the substance.sTais admirably simple situation, although it
makes it easier to confuse the macro and micrarig¢isnis! The only salvation then is to add the
word “molecule”, when the name or formula is usathweference to that entity rather than the

substance.
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EMPIRICAL AND MOLECULAR FORMULAE

Before the concept of molecules had been fully edjrgoon, chemists were very happy to
be able to determine the atomic proportions ofragamund and to represent this information with
a formula. This sort of formula is called an engatiformula. With the growing awareness of
molecules, it became evident that whilst the atopnaportions must apply to the molecules as
much as to the compound, the actual numbers ofsafmen molecule was a different and very
important matter. This too could be representea ligrmula, called a molecular formula. Thus
hydrogen peroxide (or more systematically, dihyerogeroxide) has a molecular formula H202,
indicating that the molecule comprises two hydroged two oxygen atoms. This is not revealed
in the empirical formula of the compound, whichH®. The molecular formula is far more
informative than the empirical: however both foramisymbolically represent both substance and
molecules.

Turning then to such familiar compounds as sodilmorade, NaCl, here we find the
formula is an empirical one, not a molecular onevéitheless the nature of the molecules of solid
sodium chloride is known: they are formed of hugémorks of atoms and bonds and have an
indefinite size. Hence an appropriate moleculamida could be (NaCl)n. Once again, the
adoption of a molecular formula, is very informatiFurthermore, it makes sense of the fact that
solid sodium chloride has a high melting point,kehydrogen chloride, HCI, which is a gas! (It
should be noted that nothing explicit need be séidut the nature of the bonding or even the
geometric arrangement of the atoms in the lattice.)

Somewhat similar issues are met with in respeth®formulae of elements. Thus single
atoms are quite rare (Noble Gases) and we findcutds of elements from the simplest (eg CI2)

to the most complex (eg Cn). In common usage wnfately, solid carbon is usually given an
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empirical formula, that is C, whilst chlorine isnalys given a molecular formula. The lack of
consistency again creates potential problems @négs; for example why is CI2 a gas whilst C
is a high melting solid? The macroscopic observéble in this case) bears no relationship to the
commonly used formulae (microscopic), when onenpigcal and the other molecular!

Jensen [9][10] has drawn attention to the lackxpii@nation by textbook authors for the
formulae used in representing solid substancedatite inadequacy of the descriptors empirical
and molecular (suggesting they be replaced bytivefaand “absolute”, respectively).

In conclusion, if we want to make meaning of thecro&micro/symbolic relationships as
envisaged by Johnstone, amongst the things wetoesutertake is a study of how our symbols
and formulae work to make the relationship effexiv otherwise [11]. Molecular formulae can
serve the purpose much better than empirical famuwnd can help to make sense of the macro-

micro relationship. However to achieve this we nmhestore consistent and logical in their use.

THE STATES OF SUBSTANCES AND MOLECULES

The states (or states of aggregation) of substaareesften represented by symbols. The
more familiar of these include (s) for solid, @y1iquid, (g) for gas, and (aq) for aqueous soluti
These symbols are appended to the formula of thetaunce, as for example, HCI(g), NaCl (s),
C6H6(l) and CuSO4(aq).

A molecule does not have a state. A set or cotiaaif molecules (a chemical species [12])
does. Hence symbolically a molecule of hydrogerrith, for example, is the same, regardless
of its environment. This is not to ignore that gquaous solution, molecules of hydrogen chloride

are scarce because of their strong tendency tefénaa hydron to a water molecule. Thus when
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symbolically representing a molecule of hydrogelotie, the formula HCI is correct, regardless
of its environment. Similar remarks would applybenzene molecules, C6H6.

In the case of a solid substance like sodium atidora suitable molecular formula would
be (NaCl)n. In molten sodium chloride it is uncledrat the nature of the microscopic entities is.

In the gas state there are molecules of formulalNaC

CHANGES OF SUBSTANCES AND MOLECULES

Equations are often used to represent changedsiaices and molecules. Word equations
use the names of substances and not formulae, @ndfen used when introducing the
macroscopic features of chemical reactions. Howesleanges of substances and molecules are
most frequently represented symbolically. Whemaglsisubstance is involved the change may be
a change of state:

HCI() = HCI(g)
where the equal sign means there is a specifictstonetric relationship between the initial state
(represented on the left) and the final state ésgmted on the right). The symbolic representation
of the sublimation of a substance like sodium abdehowever needs careful thought: consistently
one may use empirical formulae -
NacCl(s) = NaCl (g)

or molecular formulae -

(NaClhn(s) = nNaCl (g)
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Changes of this type are not limited to “salts; &xample, using molecular formulae to

symbolically represent the sublimation of solidfgutrioxide:
(SO3)3 (s) =3S03(g)
and similarly for the depolymerisation of many argaaddition polymers.

These last two examples are chemical reactionsusecthe molecules undergo bond
changes. To refer to these as physical changesismthey merely involve a change of state,
would be misleading [13]. It is another instancéhefpersistence of macro-descriptions of changes
when the micro-descriptions show them no longéretguitable.

To represent symbolically the molecular changesiireq that we use the molecular
formulae without the state descriptors. In all otlespects, the equations remain the same.

The same considerations apply to representing rnoreentional chemical reactions
involving more than one reactant, such as:

C(s) + O2(g) = CO2(g)

This balanced chemical equation uses a mixturenpfrecal and molecular formulae. More

consistent is the following use of molecular foramil
Cn(s) + nO2 (g) = nCO2(g)

More familiar differences in representation arenfin reference to elements like sulfur
where different texts use the empirical formulagiSthe molecular formula, S8.

The use of mixed equations, that is ones in whichixdure of empirical and molecular
formulae is used, is surely adding to the confusiod should be avoided.

Chemical reactions in aqueous solution often piteserther challenges to helpful
communication. At the macro-level it is surely sleps well as correct to write, for example:

NaOH(aq) + HCl(aq) = NaCl(aq) + H20(l)
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This summarizes the important stoichiometric relahips upon which a variety of
guantitative problems may be set, but its relatigmsvith how we mostly think of the situation is
tenuous. The adoption of the symbolism NaOH(ag),istconvenient but may be said to mislead
beginners. The same reaction is sometimes writtembre advanced learners in ionic terms as:

Na+(aq) + OH-(aq) + H+(aq) + Cl-(aq) = Na+(aq) +(@ty) + H20(l)

Use of the state descriptor (aq) suited to macsemiilgions means this is a hybrid
symbolism, which may be justified by our uncertpirggarding the molecular composition of the
hydrated ions. A strict micro symbolism would syregquire formulae of the type Na(H20)x+,
which shows the entity is a molecule with a chaigés an ion that is a molecule) rather than
showing the atomic ion apparently floating in atowmous “sea”. Although the value of “x” may
be uncertain in the case of Na+ for many othessastablished (eg for Cu2+ it is 4).

When the water is largely evaporated from suchamtien mixture, sodium chloride
crystallizes. This is represented at the macrotlase

NaCl(aq) = NaCl(s)
or in hybrid form as:
Na+(aq) + Cl-(aq) = NaCl(s)
At the micro-level this becomes more explicit as:
nNa(H20)x+ + nCI(H20)y- = (NaCl)n + (x+y)H20

Although we can claim to represent a reaction atrtticro-level by using appropriate
formulae, in general the complete representatioa diemical reaction at the micro-level would
require knowledge of the reaction mechanism. WHhen rhechanism is unknown or is not

appropriate for the educational context, then iste stressed that equations that show suitable
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molecular formulae are not necessarily full micepresentations, because they do not show the
mechanism.

The conceptual havoc that may be created by ilsicamed descriptions is well illustrated
by the teaching and learning of the Brgnsted thebicid-base reactions. This theory involves
the concept of proton transfer (better called hgdiransfer) and results in such mind-blowing
assertions as water is an acid or water is a balsen(in fact water is neutral!), supported by
symbolic equations. Or again that “acid + base seb&aacid”, so what about neutralization and
salt formation and all the traditional concepts ttfaldren learn from earlier grades? As Barke
and Harsch have recently pointed out [14], the addhe conceptual upset lies in the switch from

substance language and symbols to molecular laegaragd) symbols.

STRUCTURAL FORMULAE OF MOLECULES

Part of the symbolic language associated with nubdsdas their structural formulae. There
is nothing equivalent in the language associateith wubstances. Structural formulae show
explicitly the existence of chemical bonds betw#®natoms of a molecule. These formulae must
be consistent with the molecular formulae but dbdemand any electronic details. Apart from
showing the connectivity between atoms they may abow 3-D spatial relationships.
Understanding what structural formulae show (andhdibshow) is an important stepping stone
towards discussion of chemical bonding, which opepshe electronic level as described by
Jensen [2].

In organic chemistry the naming of molecules iediy based upon knowledge of their
structure, so naming links with structural formuddher than molecular formula. Nevertheless,

molecules and substances have the same name.
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In inorganic chemistry structural formulae are lgssvasive. Indeed it is normal for
structural formulae to first make their appearainca chemistry curriculum within the context of
theories of chemical bonding and the 3-D spatiahgetry adopted by molecules (VSEPR theory).
Consequently there is very little of a factual kiedge base to such teaching and learning in
inorganic chemistry. Even a comparatively simplet familiar molecule such as H2SO4 is a
structural mystery to many teachers and learndrs.bbnding of the two hydrogen atoms to two
of the oxygen atoms comes as a revelation!

Chemical bonds between atoms are shown in strddmmaulae usually by means of
simple lines between the atomic symbols. In sincpkes these lines may be equated with pairs of
electrons between two atoms. However it is not s&m®y to accept this as a rigid requirement.
Nor need there be concerns about the extent tohvthe bond is polar or approaches the ionic
condition. As the IUPAC definition puts it [12]:

“When forces acting between two atoms or groupstadns lead to the formation

of a stable independent molecular entity, a chehbomd is considered to exist

between these atoms or groups.”

Thus less simple cases are amenable to the langfaggeuctural formulae, with for
example, instances of delocalized bonds being septed with dotted lines.

Care must be taken to avoid confusion with linesctvhaim to highlight geometrical
relationships. This is a problem commonly encowtién textbooks that show the types of spatial
arrangements associated with descriptors suchteshédral or octahedral. For example, the
octahedral SF6 molecule may be shown with bondsd®at the F atoms as well as between the F
and S atoms! Clearly bond lines and geometry latesild not be in the same picture without very

distinctive coding differences.
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NOISE OR HARMONY?

The preceding sections have argued that, in thebslygemlanguage of substances and
molecules, we hear something like an orchestratipnag. There are times when harmony is
apparent and others when it is noise that we Weajohnstone has argued in another connection,
noise is to be avoided if learning is to be faatbd [15]. We may also note that, although little
explicit reference to misconceptions has been naéee, it is implicit that symbolic language
problems we have identified help to promote them.

To summarize we have found:

1. Substances have names and formulae and these meyarot be systematically related.
In addition both empirical and molecular formulae aised for substances, and often
without any indication as to which. Much of thiss@originates from inorganic substances
of the simpler and longest known type. The namekede “old” inorganic substances are
often still rooted in the simple pre-Daltonian (m@szopic) language whereas the formulae
are mostly post-Daltonian (microscopic). It is pararly unfortunate that the old names
(eg calcium chloride) masquerade as systematic.selh®ubstances are the ones
predominantly encountered by beginning learnerchegmistry, thus adding to their
difficulty in making sense of the subject.

2. Organic substances and “newer” inorganic substageasrally have names that reflect
not only the molecular formula, but the structdcaimula. Clearly the pressure to adopt a
universal and systematic nomenclature was felty@arbrganic chemical history as the
enormity and diversity of the organic chemistryrigle” became evident. Use of structural
formulae entails being explicit about the bondhaamolecules. This harmonious situation

is in sharp contrast with the “old” inorganic chestry where structural formulae are rather
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rarely encountered (except for the case of watkerur experience teachers are often very
surprised to see a structural formula for somethimgimple as sulfuric acid, and there is
much evidence that learners are uncertain whiaghstre bonded together when presented
with simple formulae, like H2SO4.

3. The fact that substances are mostly named in a enatetermined by their molecular
formulae, potentially constitutes a core confligtween describing a substance and
describing the molecules of the substance. The leshpvay to help distinguish the
meaning is to use state symbols with substanceulaen This can be reinforced by
appending the word molecule(s) when using formaftaenames for these entities. Perhaps
in this simple way noise may be transformed intorizay.

4. The potential confusion in understanding of sulstarand molecules due to the noise in
some areas, extends into symbolic representatibpbysical and chemical change. We
may even find equations in which a mix of empirieald molecular formulae is used
without the distinction being noted. Of coursesibften the case in an educational context,
that methods for obtaining correct answers to btoroetric calculations are the principal

concern rather than comprehension of the chemieaite [16].

Thus the relation of the symbolic corner of Johnsts triangle to the macroscopic and
sub-microscopic corners is clear in principle, it in practice. As Dori and Hamieri [17] argue,
the symbols are the basic language that mediagasterrelationship of the other two, and without
paying explicit attention to this, students are die@pped. Any macro-micro dictionary, as

proposed previously [1], must therefore pay attento the need for greater symbolic clarity.
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