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This paper is not intended to be a history of chemistry 
teaching, but rather a personal view of how chemistry has 
grown and the forces that have affected its growth. A 
broader ~ersuective of a ~h i loso~hv  of chemistrv teaching - .  - 
also is iicluded. 

Until the middle of the 18th century, chemistry existed 
mainly as an adjunct to medicine, but in the early 1750's a 
1ectureshiD in chemistrv was established in the Universitv 
of ~ l a s ~ o ;  and occupied by William Cullen, concurrent6 
with a post in medicine. His successor to the lectureship in 
chemistry was Joseph Black (172%1799), who set about 
systematically teaching chemistry to undergraduates. 
Pressures 'om outside the academic world were such as to 
encourage systematic teaching. The Industrial Revolution 
was underway, and new interests in "scientific agriculture" 
were making chemistry important in its own right. Large 
areas of land were being cleared of peat and marsh, but 
they were too acid for good agriculture. Black's research on 
carbonates provided a scientific basis for liming to 
"sweaten the land". Black also was interested in the phe- 
nomenon of latent heat and taught his undergraduates 
about it. Among those who sat at  Black's feet were Benja- 
min Rush (1745-1813) who became the first professor of 
chemistry in the USA (Philadelphia); John Maclean, first 
professor of chemistry at  Princeton, and James Watt of 
steam engine fame. 

Black's teaching method was the lecture well illustrated 
bv demonstrations. His ex~osition was so clear that excel- 
lent and complete notes were able to be taken by his stu- 
dents. These remained in circulation among his students 
for many years and a copy of them turned up for sale in a 
second-hand bookshop as late as 1936! 

Another aspect of Black's work was his set of public lec- 
tures designed to satisfy (and stimulate) the demand of a 
public interested in new philosophy. He clearly was a com- 
municator of the highest caliber and, when he moved to 
Edinburgh to the "Chair in Chemistry and Physic", he gave 
up his research and devoted the remainder of his career to 
teaching (1). Chemistry teaching, by the end of the 18th 
century, was responding both to industrial need and popu- 
lar interest. 

Practical Work 
Another man who came under Black's influence was 

Thomas Thomson (1'773-1852). the f i s t  occupant of the 
Regius Chair of Chemistry in Glasgow (1818) at  a salary of 
$100 per am=! Industrial Pressure for trained chemists 

Figure 1. Shuttle street labs. 

had now grown substantially, particularly for analysts to 
maintain quality control in chemical industry as well as for 
research chemists. Practical training before this had been 
on an ad hoc "apprenticeship" basis, but Thomson initiated 
systematic laboratory training for his students, first in Ed- 
inburgh in 1807 and then in Glasgow in 1819. His univer- 
sity colleagues in other disciplines were not too happy 
about the presence of a laboratory in the old college (the 
old campus of the University of Glasgow), and he was 
forced to rent premises nearby in Shuttle Street in 1831 
(Fig. 1). When the university moved to its new campus on 
Gilmorehill in 1870, the chemistry laboratories were 
"tacked on" as an octagonal outhouse, downwind of the 
new university buildings (Fig. 2). However, practical, labo- 
ratory instruction was here to stay, and undergraduate 
laboratones sprang up all over Europe and North America. 
These were devowd to the teaching of skllls dlrectlv usable - . 
in industry and research. It  was much later that other ra- 
tionales for teaching practical work appeared. 
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Figure 2. Octagonal Chem Buiilding (now demolished) "downwincr'of 
the main building. R. Kelvin (from which the temp UW is dewed) is 

Chemistry In High Schools 
In thal%h eentwy, efforts were msdato intrndw chem- 

istry into high schools aid, at fir&, it was allowed grudg- 
in~ly for the %ver clawwa who would e m  their living 
with their hands. Eventually, by the end of the cent* 
many sehools had admitted "stinks" into the curriculum, 
but for what purpose? Some students were learning chem- 
istry to enter industry at various artisan levels as labora- 
tory assistants while others were preparing to enter mi- 
versities and colleges to further their study to graduate 
level. However. m&v others were studvine chemistrv 
along with ot&subj& as part ofa ehcation. Kt 
this mint the teach in^ of dhemistrv at hiah sehaol seemed 
to I& ite wag. The &&sics had G a y s  &id a place in the 
curricalmn bemum of their alleged ability 'to traip the 
mind", but by the early 20th century the scienws were 
gmdually beginning to move from their utiEtarian fun* 
tion (for the few) to compete with the olassies as 'mind 

for the, many. UnfortunateIs, what was onoffer in 
the chemishy curriculum was largely a catalog of prep-- 
t i w  and propeuties of gases, a list of h s  and definitions 
to be memorized, a few industrial processes with d M l s  of 
temperaturea and pressures for regnrgitation, and stoi- 
ohiome'tric (pseudo analytical) b4ain-teasing csleulatiom. 
The practical work contdsted of observations of prapara- 
tiom and properties and analytical exercises of vatying 
complexity. 
M; own~teaehing career began in a high school in the late 

1950's. l was &ven a "model" student notebook and a text- 
book and fAa to teach accordbgly. Aftst three years of 
teaching, I was deemed responsible enough to be &wed 
ta have the key of the stoclr room. One day, while laokidg 
for a aieee of rubber t u b i ~ ~  I unwvered a set of model 
note dated 1900 that were'ulent'ical to thase I was work- 
ing from in 1960! It was as ifchemical time had stood still 
5; over half a centurv. There was no coenizance ofthe rev- 
olution in chemical themry or p f  the m&sive mwth of a- 
eanic ohemietrv and its associated industrv. The Le Blane 
r?.wess was &I being taught dqspite thelact that it had 
long sinoe w w d  to operate, and other equally bizarre? itr- 
tifacts were fr~zen in this chemical time capsule. 

However, this situation had not gone unchallenged. Arm- 
strong (2) had b n  tNina te persuade educators to take a 
new look at the &en& beingtaught, notjwt to update its 
mntent, but also to Look at why it was being taught. If it 
had "mind training" potential, the existing curriculum, 

withits rote learning, did not provide an appropriate vehi- 
cle. He preached the doetrine of Heurlsm, of of explora- 
tion, of capitalieing on the curiosity of $he student. This 
was followed by van Praagh's work @) in whichhe tried ta 
apply these ideas spmitidy to Nuffield ohemi&y Their 
work was largely ignored, partly through the inertia of the 
profe~Bion and partly dueto the impracticalities that such 
a free ranging learning mode would impose on an other- 
wise %df curricalum. 

Conternporaneousl~ a number of peop18-Piaget, Gagn6, 
Skinner, Firmer, w d  Ausubel-wese grappling with the 
prooaasea of human learning and asking questions about 
the nature of what warr being l e a d  Their inhenee on 
chemisw tea- was not t o  appear until some time 
later, but attention was at  last being paid to the learner 
and not just to content. 

The Revolution of the 1960's 
Whether there is anv truth in the leoendarv Stnatnik 

story or not, there w& a sudden outb&st of adihty in 
chemical education in the 1960's (and a h  in ~hvsies and 
biology). The main feature8 were a magsive up&& of the 
kubiied; matter. a movement toward the emuhasis of a n -  
d" principles'with less stress on individual ;eactions,-and 
a tendencv toward individual "discoved' ~ractical work 
and away -hm demonstration, although& latter still ex- 
isted. This movement was exempMed by Chem S t u b  and 
Ohm Bond in theU. S. A. and Gy &o&h~lternu& and 
NIJfild Chemistry inthe U. K-At ameekingin Qreystones 
in IreIand in 1060, an ~ndmnge ofideas aoOk place between 
North Amei-ica and Europe and was publish4 as 'New 
Thhking in School Chemistry 63). 

The chemical eontent of these new  roer rams was excel- 
lent, attractive, and intellectually sti&ulating, but for 
whom? Teachers who had themselves been brought UD on 
the plain fare of the 1900-1960 diet found the '$%nuples 
approachQ u&ving and emancipating to their own tbjnk- 
ing. However, they mistook their own enthusiasm for the 
enthusiasm of their students, If you never have been in 
bondage, how canyou feel emancipated? If your knowledge 
never has been fragmented, how can you appreciate unify- 
ing principles? 

Most ofus who were in the b u h m  of curiculum devel- 
opment at the time fell into the pit of assuming that what 
excited us would inevitably excite our students. Have we 
no% sew our own children yawn with boredom when we ten 
them dhow hard life was when we were young and how 
fortunate they are today by cmnparison? 

Although some of the most able chemists  we^ involved 
in the 1560% movement, few knew enough about how 
young people learn to avoid the p i a s  of being canied 
away by mature enthusiasms. 

The sad outcame was that we did not produce a genera- 
tion of people thirst& for chemical knowledge. In fact, 
the revem oeeufied with anmIlmats in university and 
college chemistry falling. .AS Ogden Nash observed, "It is 
pogsible to make pr-6 in the wrong directionB. 

Could it hare been that we had taken much care over the 
chemical part and had not thought about the education 
part? In making sure that we had done no violence to the 
corpus of chemistry had we forgotten (or not known) that 
human learning patterns may be incompatible with our 
adult oonseption of chemistry? The new chemistry has 
three basic components Wii. 3k the macroche&ry of the 
tangible, edible, visible; the submicroched88ry of the mo- 
l d ~ ,  atomic and kinetic and the repmseKtatiod &em- 
istry of symbols, erpatiom, etokhiometry, and matheinae 
ics (4 ) .  

Those of us who are professional chemists work well in- 
side the triangle WI a blend of macro, submicro, d rep- 
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Macro 

Sub Micro Representation 
F gLre 3. The new cnem stry nas three baslc componenls: 
macrochemlstry, sJbm crochemlslry, and representational chemistry. 

resentational modes. We easilv slide from one wrner to the 
other usour thinlungrcquires. As I write, it is ynowingand 
I can d i ~  easilv from the beautv of the snow clad roofs and 
trees, to the Lexagonal shapeif snowflakes to hydrogen 
bonding and to the open ice lattice. The children passing 
my window see it as material for snowballs. The car driv- 
ers see it as a hazard. The citv sees it as a physical disposal 
problem. All of these see it & a macrophen&menon at one 
corner of the triangle. Those who may be thinking of skiing 
or climbing may see it as a microcrystalline problem, but 
few, if any, can see the point (or the value) of knowing that 
it is H20 with an H-0-H bond angle of 105'. The lattice 
energy of the hydrogen bonded ice structure does not wn- 
cern them one bit. They may be interested in seeing a 
snowflake under a microscope, but this is still near the 
macro end of the macro-submicro edge. The interior of the 
triangle is about as real to most people as a "'black hole". 

Much of the old chemistry was concerned only with the 
macro and representational corners and shared edge. The 
submicro, structural part was often missing and so the 
middle of the triangle never was explored. It is arrogant 
on our nart to assume, or to insist, that even student 
studying chemistry for whatever purpose needs operate 
within the trianzle. Much useful, helpful chemistni can be . . 
taught and learned at  or very near the macro iorner. I 
should like to return to this theme shortly 

Chemists Discover Psychology 
When the curriculum efforts of the 60's were seen to be 

less than effective in enthusing or enlightening our stu- 
dents, a group of chemists began to ask questions about 
learning (as opposed to teaching). These chemists often 
were misunderstood as dropouts or research failures look- 
ing for a new place in the sun. I am not sure that these 
attitudes have chaneed much even todav! How- - 
ever, we cnnnot ignore their cfTorts if we are to 
address the ~roblems still besettiw the chemi- 
cal education scheme. The "straig6t" chemists 
have not solved them despite all their state- 
ments about "back to basics" and "dumb stu- 
dents". 

Australia are capable of thinking at the level necessary for 
the chemistry to be learned. Their 'kemedy" would seem to 
be to leave out the wmplex parts until the students are 
ready. However, this argument breaks down when it is 
shown that a given group of students in one discipline may 
be thinking at  a higher level than the same students in 
another discipline. They are capable of the high level 
thought but do not use this capability in chemistry. 

Workers in this area recently have tended to change 
their approach from one of omitting wmplex chemistry to 
training students how to use their undoubted abilities to 
cope with chemistry Other workers have followed Gagne's 
ideas (8) in which a network can be drawn up to determine 
the optimum order for teaching sub concepts on the way to 
developing a higher concept. A lot of computer teaching 
programs owe their shape to this kind of thinking. Experi- 
mental evidence for the effectiveness of this has not always 
been convincing. The individual differences between stu- 
dents cause a breakdown in this hierarchical way of learn- 
ing. Individuals can make leaps in the network and cir- 
cumvent what were thought to be essential sub concepts. 
The networks set out a teaching order, but this does not 
necessarily fit a learning order. The work of Keller came 
close to this pattern of tightly prescribed teaching but not 
enough attention was given to learning. 

A third field of interest has been based upon the psychol- 
ogy of Ausubel(9) that lays great stress upon the internal 
mental networks that a student develops for himself or 
herself rather than upon external teaching networks 
(Gagne). In this is the implicit idea that every student con- 
structs his own knowledge in his own way. Knowledge can- 
not be passed intact from the head of the teacher to the 
head of the student. To learn, the student has to "unpack" 
what she is taught and then "repack" it in a way that suits 
her previous knowledge and her own learning style. 

What is missing in all of this is a mechanism of learning 
which enables us to understand the learning limitations 
and, more important, to help the students to circumvent 
the problems. Such a mechanism is to be found in informa- 
tion processing theory that has grown up alongside the de- 
velopment of the computer. Figure 4 shows one version of 
this model. 

This focusses on learning and the learner and suggests 
mechanisms in the learning process. 

External phenomena represent the things that are clam- 
oring for our attention; things which we might decide to 
think about with a view to learning them or taking some 
action on them. For example, when we are driving, we are 
bombarded with information: mlors of houses, different 
trees, people on the sidewalk, other vehicles, road direction 
signs, traffic signals, pedestrian crossings, speedometer 

Long Term M e m q  

A great deal of attention has been given by 
Herron and his colleagues (5) to the work of isolated ~dem 
Piaget, pointingout that there may be a wnnec- Malching 

tion between age (maturity) and the complexity Linkiw 

storing of thinkine of which a learner is canable. - 
Shayer and Adey (6) have gone so far as & ana- 
lyze the complexity of the thought necessary for 
understanding each section of the Nuffield 
chemistrv and have shown these oRen to be in- 

Working Memory 

L.T.M. 
compatfble with the age of the students. 
Mihkelson (7) claims to have shown that only 
about 10% of students entering in Figure 4. One version of the information processing theory 
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reading, and so on. However, we cannot give our attention 
to all of them or even to many of them at any one time. 
What we already have in our long-term memory (LTM) 
helps us to select the important from the unimportant. 

What we attend to has to be perceived and decoded. The 
image on our retina is enhanced (from ~revious ex~eri-  
ence?, to make a complete image, which is krther intehre- 
ted. If we decide to act on this information it is encoded for 
storage or translated into a response. The storage process 
is most efficient if we can link the new information to 
something already in LTM. The more similarities and an- 
chorages we can find for attaching the new information, 
the more easily it will be retrieved. 

The LTM seems to have almost infinite capacity for hold- 
ing information, but the retrieval system is not always ef- 
ficient (we forget or we cannot find things in the filing sys- 
tem). The model suggests that nothing is really lost but is 
mislaid. 

A second feature that helm our idea of a mechanism is 
that the space where we hofd information while we dewde 
it, allow it to interact with information from LTM and then 
encode it for storage, is of a very limited capacity. This area 
is called the Working Memory (WM). To eet some idea of its 
limit, try to hold a & telephone numb& in WM while you 
multiply the first and last digits together and divide the 
product by the middle digit. This active, conscious part of 
the mind is easily overloaded. If we always allowed it to 
reach this overload stage, we would go insane and so we 
tend to operate well below overload level and think about 
only a few ideas at  a time, allowing them to interact and 
become encoded (i.e., they make relational sense with 
what we already know, or think we know). 

Now let us look at  the learning of chemistry in the light 
of this theory. It might help us to understand why chemis- 
try is perceived by our students as hard to learn and why 
much of our efforts at teaching may be unsuccessful. 

Let us begin at the perception end of the model. Our per- 
ception of what is important, interesting and understand- 
able depends to a large extent upon what we already have 
in LTM. Our normal modes of thought about the ~hvsical 
world are macro in nature: mountains, rivers, trees, peo- 
ple, colors, sounds, hardness, temperature, and so on. Our 
concepts are related to tangible objects. How does a child 
form the concept of CAT? To begin with everything on four 
legs may he called a "dog" but gradually, with parental 
help, the child meets instances of animals with wmmon 
factors-medium size. furrv. nointed ears. whiskers. and so 
on and these are givkn the iabel CAT. &on the cdild will 
admit to this wnceDt (or cateeorv) cats of a color he has not - ". ~ - - ~  ~ ~ 

met before, and he ;nay even admit a tiger although its size 
is very different. This has all got to do with an elaborating 
network in LTM. 

But what about the wncept of element? We can lay be- 
fore our students some piles of powder, some black (C), 
brown (Si) and yellow (S) and say, these are all elements 
each one consisting of atoms of the same kind. There is 
nothing that appeals to the senses that helps to set out the 
concept element. 

The statement about atoms is not available to the senses 
either and is drawing upon an idea that the students do 
not naturally have as an anchoring device in LTM. The 
problem is exacerbated when we now show some examples 
of compounds: a black powder (CuO), a brown powder 
(PbO?), and a yellow powder (PhO or K2Cr04). What is 
there (which is accessible to the student) to mark out ele- 
ments from comoounds? Anv statement about atoms 
joined in fixed racos by bondscan only be taken &&st. 
The exneriment which shows that one can eet comer from 
copper-oxide really does not help the begiker. ~ o e s  this 
pmve the Cu is a simpler substance than CuO? One can 
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also show that copper oxide is obtainable from copper! This 
is the kind of dilemma that made chemical theorv so lute 
in surfacing in the story of human intellectual kevelop- 
ment. This is why phlogiston survived so long. Its propo- 
nents were not fools. The nature of the concepts was so 
totally different from most other concepts in the physical 
world. (This was pointed out as long ago as 1977 by Herron 
et al., but there is little evidence that anv heed has been 
taken in our curricular design (10)). 

In trying to "sell" the concepts of element and compound, 
we are simultaneously having to "sell" the sub micro con- 
cepts of atom and molecule and representing all of this by 
symbols, formulas, and equations. We are in the middle of 
the triangle I mentioned earlier, before we know it. and few 
of our &dents follow us there' with any great ease. This 
new kind of wncept takes a long time to grow, but once we 
have it embedded in LTM we can use it as a powerful way 
of looking at  the world. Our perception of things change: 
our ~ictures of snow differ from those who are not initiated ~-~ ~ ~ - ~~ 

intoour way of thinking. This is not just a matter of knowl- 
edge but of interlinking of a laree network of knowledee - - - 
wl&h conditions our perceptual processes. This may be a 
slow process that is not helped by cramming chemistry 
into a two- (or one-) semester course. Ideas and networks 
need to be revisited often to become well established. 

To expect learners to come readily into our chemical tri- 
angle and to be able to switch rapidly around it to link 
macmphenomena with submicro and with symbolism is to 
ask for overload of working memory. 

Our students are like drivers in a stranee town who don't 
know what to attend to and, in trying to &xess too much, 
they overload. Their LTM network is not vet well enoueh 
developed to enable them to be discriminating. ~ n & r  
these conditions, frustration and bewilderment grow, 
while enjoyment wanes. Students vote with their feet! 

I am not suggesting that chemistry is "at fault", but that 
it is an intellectual endeavor of a kind that does not wme 
naturallv to most learners. Phvsics can be taught and 
learned at least at  a beginner level, with nothingesmaller 
than a house buildine brick. Its obiects and ideas are tan- 
gible, visible, and macro. Where bhysics begins to meet 
snags is at the re~resentational level when ideas are ex- 
pressed in terms o%mathematics. 

With this insight into learning mechanisms, we are in a 
better position to think about how chemistry might be 
learned more effectively by our students. 

In chemical research our endeavors are directed and in- 
formed by some theory We design experiments and inter- 
pret results against a theoretical backmound. This enables 
i s  to raise and test hypotheses experi&entally 

Ought we not to approach our teaching~learning in a sim- 
ilar way? So much of teaching innovation wmes into the 
catercow of the ''mod idea" and "taste it w d  see". Some of 

~ ~ -~~ ~ ~ 

the ideas turn out to be splendid while others will not 
stand the test oftime. It could be that some of the success- 
ful ones have occurred "more by luck than by good guid- 
ance". How much effort could be saved if our teach- 
ingilearning innovations were theory driven? The theory 
need not be "correct" (no theor, is), but if it fives direction 
to our efforts which turn out 'to he more o&en successful 
than not, then that theory is useful. It can be refined so 
that our success rate increases to the point where it far 
outpaces our failure rate. 

Conclusion 
In this paper we traced the beginnings of chemistry 

teaching as a resDonse to a ~erceived need. oartlv indus- 
trial and partly social. The methods devised for ieaching 
the small corpus of chemistry at  that time are essentially 
the same as those we are using today to try to teach a rnucil 



larger and more conceptual body of knowledge for the pur- 
poses that are much less clearly defined. Chemistry now 
finds itself as an integral part of the general education of 
many young pwple, but we may not have thought through 
clearly the implications for teaching it. The subject itself 
has many problems arising out of its conceptual structure 
that may be at  variance with what we now know about how 
people learn. 

I t  would seem a reasonable way to make progress if we 
were to re-examine (1) the nature and structure of our sub- 
ject, (2) the presentation and methodology of its teaching, 
and (3) the learning processes themselves. 

In my own laboratory we have set out to apply this ap- 
proach across several areas of chemistry. The work is re- 
ported elsewhere (11-15) and its outcomes have been en- 

couraging in terms of increased student numbers and en- 
hanced learning. 
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