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A STUDY OF TEACHING METHODS IN TERTIARY

CHEMICAL EDUCATION

A study of the aims and objectives of courses in
science (but more particularly chemistry) at tertiary
level has been carried out. Trends in thought have
been traced historically over the past fifty years,
with particular emphasis being placed on current opinions
on the importance of non-cognitive outcomes of chemistry
courses, and the broader educational potential of
chemistry, apart from purely vocational considerations.
An analysis of the strengths and weaknesses of traditional
- and more novei teaching methods in tertiary education
has been made, and the aims and objectives of chemistry
courses have been related to the methods through which
they can best be achieved.

A range of self-instructional and simulation
techniques have been surveyed together with a critical
assessment of measurement procedures which have been
devised to measure both cognitive and non-cognitive »
changes in students as a result of using such'teaching
techniques. '

The chemistry courses at a typibal tertiary
establishment have been examined, and teaching materials
produced to complement and supplement present teaching

procedures,

A series of audio visual programs utilising tapes,
workboroks, models and a construction kit has been
‘produced on lran51t10n Metal Chemistry. Many of the
concepts 1nvolved are of a three dimensional nature
with which the lecture, in isolation, cannont cope
adequately. Assessment of the short and longer term
effects of the programs has been reported.

To /



To achieve the broader educational aims of
an education'in chemistry, three simulation exercises
have been produced. Each exercise has been written in
a different simulation style, and each has been
directed at different undergraduate levels. The content
and rationale for each exercise has been d escribed,
along with the results of evaluations of each exercise
using a range of assessment procedures.

‘Suggestions for further work have been proposed
which are considered not only logical progressions ’
from this work, but essential if the potential
contribution of chemistry to the general education
and development of the individual is to be fully

realised,
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ABSTRACT

A study of the aims and objectives of courses in
science (but more particularly chemistry) at tertiary
level has been carried out. Trends in thought have
been traced historically over the past fifty years,
with pafticular emphasis being placed on current opinions
on the importance of non-cognitive outcomes of chemistry
courses, and the broader educational potential of
chemistry, apart from purely vocational considerations.
An analysis of the strengths and weaknesses of traditional
and more novel teaching methods in tertiary education
has been made, and the aims and objectives of chemistry
~courses have been related to the methods through which
they can best be achieved,

A range of self-instructional and simulation
techniques have been surveyed together with a critical
assessment of measurement procedures which have been
devised to measure both cognitive and non-cognitive
changes in students as a result of using such teaching
techniques.

The chemistry courses at a typical tertiary
establishment have been examined, and teaching materials
produced to complement and supplement present teaching
procedures.

A series of audio visual programs utilising tapes,
workbooks, models and a construction kit has been
produced on Transition lietal Chenmistry. Many of the
concepts involved are of a three dimensional nature
with which the lecture, in isolétion, cannot cope
adequately. Assessment of the short and longer term
effects of the programs has been reported.

- To achieve the broader educational aims of an
education in chemistry, three simulation exercises have
been /



been produced. Each exercise has been written in a
different simulation style, and each has been directed
at different undergraduate levels. The content and
rationale for each exercise has bheen described, along
with the results of evaluations of each exercise using
a range of assessment procedures.

' Suggestions for further work have been proposed
which are considered not only logical progressions
from this work, but essential if the potential
contribution of chemistry to the general education

and development of the individual is to be fully realised.
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CHAPTER 1

OBJECTIVES IN SCIENCE TEACHING

i.l Developments Before the Mid-Sixties

Much of the current thought on science education
at the tertiary and indeed secondary level, is concerned
with which desired skills, habits, attitudes and modes
of thinking the products of that education should possess
in addition to purely factual knowledge.

However, a survey of the literature reveals that
such consideration of the broader obgectives of science
teaching is not new. In 1933, Nol1ll)

'acquisition of sound thinking habits which were fund-

stressed the

amental to scientific activities. He concluded that
an education in science should produce a scientific
attitude which was described by the following habits
of thought:-

(a) accuracy in all observations;

(b) intellectual honesty;

(¢) open-mindedness;

(d) suspended judgements;

(e) 1looking for true cause and effect relationships;
(f) ecriticism, including self criticism.

Noll conceded that the list was not complete, but
presented it as an ideal to be borne in mind by science
teachers at all levels,

The Science Masters' Association (S.M.A.)(z)

~in 1938 listed specific features with which science
teachers should be concerned. ‘Several categories were
mentioned the first of which contained a list of
objectives related to the acquisition of 'scientific
information and knowledge'. The second category,
however / ‘



however, was concerned with the development of scientific
modes of thought and included many features which bore
a close relationship to those mentioned by Noll, e.g.

.(a) ability to use scientific knowledge to explain
facts of ordinary life; '
(b) capacity to distinguish between facts and hypotheses;
(¢) isolation of relevant facts from a complex situation;
(d) ability to apply generalizations to new problems;
(e) ability to draw reasonable generalizations from
experimental data.

Mention was made of a further category, namely 'the
application of scientific knowledge to socially

desirable ends', and the report recommended that more
~emphasis be laid on the latter two categories stating

that objectives under the first category ('scientific
knowledge and information') usually presented no
particular difficulties for science teachers and examiners.

Frutchley and Tyler(a) had reached similar concl-
usions a year before the S.M.A. report when they
suggested the desirable outcomes of a scientific course.
These could be split into categories of objectives
similar to those in the S.M.A. report. However,
other objectives were mentioned sucﬁ as 'the ability
to present effective oral and written reports' and
'a habit of co-operation with others' both of which
imply enemphasis on the development of communication
skills. In 1945, Kesslar(4) produced a list of the
elements of scientific method as a summary of
scientific objectives. The list, derived following
a literature survey and subsequent vetting by research
scientists at the UniVersity of Michigan, was
compiled with the needs of University students in mind.
Most of the headings were, in fact, essentially what
had emerged from the studies listed above.

During /



During, the years from 1945 to 1955, most published
articles on the objectives of science teaching contained
lists of objectives which were subsets of those object-
ives mentioned previously - the precise subset being
dependent upon which aspect of science the author(s)
considered important. For example Heil, Kambly,

Mainardi and Weisman(S) stressed the development of
understanding in the context of the methods of science

(6) in 1952

placed the emphasis on the ability to think scientifically

and knowledge of facts, while Burmester

with consequent importance attached to the recognition
of problems, hypotheses, and the ability to interpret
data. Dunning,(7)

interested in the development of critical thinking

in contrast, was particularly

~and produced a list of related objectives.

In 1954 Dressel and Mayhew(B) reported on research
sponsored by the American Council on Education into
science objectives and seven specific objectives were
formulated, namely:-

(2) to apply scientific knowledge to new problems and
situations;

(b) to read and evaluate articles of a scientific
nature;

(c) to understand the point of view with which a
scientist approaches problems;

(d) to analyse scientific data summarized in maps,

‘ tables, curves, charts and graphs;

(e) to understand the role, importance and limitations
of science in the modern world;

'(f) to revise judgements in the light of appropriate
evidence;

(g) to recognise the need for additional scientific
knowledge in a situation, and be able to acquire
it.

A similarity /



A similarity between this and previously mentioned
reports is the stress laid on the broader aspects of
science courses in addition to khowledge of the basic
subject matter.

(9)

separated objectives in science teaching into groups

In 1961, the Sciénce Masters' Association

of objectives which could be attained at various
stages during secondary school. Thus, a major
difference became apparent from the former statement
of the S.M.A. (twenty-three years previously), in that
objectives were to some extent tied to levels of
student development, i.e. all objectives cannot be
developed equally at all levels, Although many of the
objectives listed are similar to those in the 1938
"report, others such as 'the use of simple descriptive
English' underline the growing appreciation of the
need to develop communication skills.

(10) in reviewing much of the previous work

Lewis
" on objectives in science teaching, pointed out the
general trends towards the increasing acknowledgement
that science is an essential part of the modern world,
resulting in the growing importance of communication
skills and the need to relate scientific phenomena to
everyday life. Lewis also noted the increasing emphasis
on objectives other than the memorization of factual
knowledge, although the distinction between acquisition
of information, and the application'and’evaluation of
that information is important. However, little

evidence of these broader objectives being embodied in
science courses was found, and Lewis concluded that

the reason for this was that 'factual knowledge is

easier to test',

1.2 Developments Since the Mid-Sixties

Broadly speaking, a factor which distinguishes
the /



the last decade from previous decades is that some of
the broader bbjectives of science teaching, similar to
those mentioned in Chapter 1.1, are beginning to be
more widely accepted, and even included in some science
courses, As Beard(ll) has stated:-

" ... 1investigations have proceeded from
emphasis on subject matter alone to consideration
of differences between students' abilities,
personalities and circumstances ... and, from
planning curricula around subject headings, to
specifying objectives in terms such as skills,
knowledge, and attitudes which students should
attain."

, This trend is illustrated if one looks at the aims
of the Nuffield Science Teaching Project(12) which in
1966 re-appraised the place of science in education.

The emphasis was changed from the short-term
remembering of specific facts to an approach which,
hopefully, would instil in students a long-lasting
commitment to approach everyday problems scientifically.
It was also hoped to develop a critical attitude of
mind and encouragement was given to teachers to
emphasise the personal commitment of the scientist,

the importance of the disciplined guess, the logical
argument, and the readiness to make 'apparantly unwarranted
jumps' while knowing how to check their validity.

Another example of broader objectives being
incorporated in secondary science education occurs in
a report made to the Consultative Committee on the
Curriculum of the Scottish Education Department in
1969, (13)
specifically than its Nuffield equivalent and many are
phrased in such a way as to suggest that a course in

The report stated objectives more

science should produce attitudinal changes, e.g.

(a) awareness of the inter-relationship of the
different /



different disciplines of science;

(v) awareness of the relationship of science to other
aspects of the curriculum;

(¢) awareness of the contribution of science to the
economic and social life of the community;

(d) interest and enjoyment in science;

(e) an objectivity in observation and in assessing
observations;

(f) an interest and a willingness to participate in

| science-related leisure pursuits;

(g) a willingness to conform to, and an interest in
propagating sensible rules for safety and good
health for the sake of the community as well as
the individual;

(h) an interest and a willingness to participate in
conservation of the natural environment;

(i) an interest in gathering information about science
through all the media of communication.

As with the 1961 Science Masters' Association report
(Chapter 1.1), these objectives are separated into groups
to be attained at different stages during secondary
school. For the list above, objectives (a) - (e)

are for pupils of the firsttwo years of secondary

school while objectives (f) -~ (i) are for pupils in
years three and four of secondary school, in addition

to the preceding five objectives.

The report obviously reflects the increasing
awareness of the importance of attitudinal objectives
in modern education.

There is much evidence for the trend away from
considering science, and in particular chemistry, as
a purely voéational and factual subject. Goodall(14)
in summarising a joint British/Americén symposium on
Chemical Education highlighted this drift and suggested
that chemistry could be used as the vehicle for the
development of judgement, and skills of oral and written
communication. /



communication. Wolke(15) echoed this argument and
called for more appreciation of the social, economic
and aesthetic contributions of chemistry to everyday
life rather than merely the regurgitation of 'dry'
equations.

At tertiary level Holliday and Maskill(16) have
produced a list of 'desired skills' of a graduate in
chemistry. This list contains many skills which are
related to the objectives listed in Chapter 1.1, but
others are added. Similar course objectives have
been mentioned elsewhere by Beard(l7) and Holliday.
Hughes, Poller and Slade(lg) outlined broad aims of chem-

(18)

istry teaching under the headings of knowledge, skills
and attitudes, while Holliday, Hughes and Maski11(20)
suggested more aims and objectives in university chemistry
téaching and described how these were applied to an
undergraduate chemistry course at Liverpool University.
Yet another list containing seventeen broad aims and
objectives of chemistry courses was given by Billing.(2l)
- Obviously, the above lists of desired skills/
objectives/aims cover much common ground as all are
related to the outcomes of tertiary chemistry courses
apart from basic lower cognitive skills such as recall
of specific facts. Therefore, to avoid repetition,
the list below entitled 'Desired Skills of the Chemist"
has been compiled after consideration of the suggestions
in the articles referred to in theAprevious paragraph.

"Desired Skills of the Chemist"
Thg potential graduate in chemistry should possess the

following abilities:-

(a) to argue logically; | _

(b) to see flaws in arguments and hypotheses;

(¢) to identify problems and devise means for solving
them; ’

(a) /



(a)
(e)
(£)
(g)
(h)
(1)
(3)
(k)
(1)
(m)
(n)
(o)

(p)
(a)

(r)
(s)
(t)
(u)
(v)
(w)

(x)

to make and defend decisions;

Yo make decisions on incomplete information;

to make compromises;

to obtain relevant information;

to see interconnections within the subject;

to realise the existence of interconnections across
subject barriers;

to co-operate in discovery;

to write and speak fluently and grammatically;

to teach others in public;

to work to a budget;

to apply a precise, scientific approach to
problems;

to appreciate the limitations of science in
solving some problems;

to use a library efficiently§

to read and summarise a scientific paper critically
and efficiently in both written and verbal form;

to realise that the scientific literature may
sometimes be misleading;

to realise the hazards of lack of thoroughness in
scientific work; ,

to spot key facts among less relevaﬁt datas

to discriminate between fact and opinion;

to appreciate the value of historical lessons in
chemistry and chemical research;

to participate in social relationships within

- small groups;

to exercise empathy.

This list, although by no means exhaustive, gives

some indication of the skills currently thought important

for chemistry students. This list does not include

any of the lower cognitive or psychomotor skills more

commonly associated with chemistry courses, although
such skills are also of extreme importance to the graduate

in chemistry. However, much time and effort is spent
in higher /
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in higher education in teaching the lower cognitive and
psychomotor skills through the media of lectures and
laboratories. Often skills such as the twenty-four
listed above are not consciously taught in universities,
although it is perhaps hoped that they 'rub-off' on the
students during their courses. This point will be
further discussed in Chapter 2.3.

1.3 (Classification of Educational Objectives

Scientific objectives can be split into three
categories - cognitive, affective (attitudinal) and
psychomotor objectives. Possibiy the most important
contribution to the classification of objectives -

" and not one limited to the scientific field -~ was
that provided by Bloom in his 'Taxonomy of Educational
Objectives' in the cognitive domain in 1956¢22) ang in

(23) Bloom's work has

the affective domain in 1964.
proved very influential in educational thought due to
the growing conviction among educators that not only
is»if important to lay down broad educational objectives
but also, if possible, to break these down further

into more specific objectives phrased in behavioural

(24)) and arranged in a system of class-

terms (Mager
ification which, although perhaps artificial, allows

a greater degree of operational specificity.

Cognitive domain

The taxonomy applied to the cognitive domain
has been used extensively in the testing of cognitive
objectives in many school subjects, and it is possible
that its full impact on the educational practices
associated with teacher training, curriculum planning,
and testing and evaluation has still to be realised.

Bloom /



Bloom split the cognitive domain into six major
categories as follows:-

(1) KNOWLEDGE, including (a) knowledge of specifics
(i.e. the recall of
relatively isolated
pieces of information);

(v) knowledge of the ways of
dealing with specifics;
and (c¢) knowledge of general
_ . _ principles.

(2) COMPREHENSION, representing the lowest level of
understanding, i.e. when one knows
and can make use of the material
communicated without necessarily
relating it to other material, or
seeing it in all its implications.

(3) APPLICATION, abstracting from a particular situation

and applying the abstraction in
other ways.
(4) ANALYSIS, involving the breakdown of material
- into its constituent parts including,
(a) analysis of elements;
(b) analysis of relationships.
(5) SYNTHESIS, involving the combination of elements
to form a structured whole.
(6) EVALUATION, representing judgements (quantitative
and qualitative) about the extent to
which the material satisfies evidence
or criteria,. This includes,
(a) judgements in terms of internal
evidence;
(b) judgements in terms of external
evidence.

On a cautionary nofe, however, it should be
noted that attempts to validate the taxonomy have proved
inconclusive.

In 1966, /
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In 1966, Kropp, Stocker and Bastow(25) in
discussing possible ways of attempting to validate the
cognitive taxonomy, suggested that the four basic
assunptions made by Bloom should be investigated. The
assumptions are:-

(a) all processes stipulated are cognitive;

(b) +the progression of categories from knowledge to
evaluation is hierarchical according to
complexity of the process;

(¢) the hierarchy of categories is cumulative, i.e.
any given category consists of the processes
stipulated by all lower level categories;

(d) +the mental processes designated are all
learned behaviours.

Kropp et al further proposed that attempts to
answer the following four questions may prove fruitful:-

(a) 1Is the taxonomy inclusive of all cognitive processes?
(b) Are all processes listed cognitive?

(¢) 1Is the taxonomy hierarchical?

(d) Are the categories cumulative?

Stedman526)in 1973, produced the first real evidence

to challenge the taxonomy. Although Stedman appreciated
the worth of a formal classification of objectives,

he was worried by the fact that almost twenty years

after the publication of the cognitive taxonomy, Bloom's
four basic assumptions had not yet been empirically
validated, and he stated that a major deficiency of the
taxonomy was 'a dearth of statistical support'.

In his research, Stedman investigated Bloom's
assumptions that the first four cognitive levels of
the taxonomy of educational objectives are arranged
hierarchically, and that the hierarchy is cumulative.

Mental ability and motivation scores were used

to /-
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to divide one hundred and forty-four high school
students into six blocks. A 93-frame program in
genetics was administered, and on the completion of the
program, the students took a 28-item post-test that had
scores for the cognitive levels of knowledge, compre-
hension, application and analysis. Results indicated
that no significant differences existed in performance
between knowledge and comprehension questions or in
performance between application and analysis questions.
A significant difference was found beyond the 0.0005
level however, between comprehension and application.

. Significant differences between comprehension and
application were consistent across levels of mental
ability and motivation, and this consistency was main-
~tained for a lack of significant differences between
knowledge and comprehension or application and analysis.
Stedman concluded that:- '

(a) the assumption that the hierarchy of categories

' is cumulative is possibly in error;

(b) the assumption that the categories of the taxonomy

| are hierarchically arranged is acceptable only

if the hierarchy is viewed as progressing
unevenly from low cognitive levels to higher
cognitive levels, The cognitive processes
involved in moving from comprehension to
application appear to be different from those
. between knowledge and comprehension or between
application and analysis.

These conclusions, although tentative, do imply
a potential weakness in the assumptions underlying the
taxonomy of educational objectives. It would, however,
be rash to generalise too widely from the above
conclusions, and étedman'himself pointed out potential
weaknesses in his research design. The relatively
small number of items used to evaluate each of the four
cognitive /



cognitive levels, and the use of programmed materials
in genetics 5oth served to restrict the generalising
power of the conclusions. A further weakness of
Stedman's research was that only four out of the six
. ecognitive categories were investigated, and this. must
also restrict the scope of the conclusions.

However, the differences between comprehension
and application are striking enough to warrant more
detailed and specific research, the results of which
have still to be reported.

Despite the above reservations on its validity,
the taxonomy still has value in that it provides a
formalised classification in an area where formalisation
.is difficult. For instance, it will be noted that
many of the desirable objectives of science courses
listed in Chapters 1.1 and 1.2 can be fitted into the
categories of application, analysis, synthesis and
evaluation, although in tertiary science education,
the media of lectures and laboratories are probably
best suited to fulfil lower-order cognitive objectives
in the categories of knowledge and comprehension.

Affective domain

Other objectives of science courses listed earlier
(e.g. a commitment to approach problems scientifically)
involve attitudes as well as the learning and mani-
pulation of concepts and facts. This area, called the
'affective domain' has been categorized by Bloom et
al(23) in ascending hierarchical order as follows:-
(1) RECEIVING, awareness of, and willingness to
receive certain stimuli such as
aesthetic factors of a subject;
(2) RESPONDING, implies active attention at a low
level; taking an interest;

(3) /



(3) VALUING, perceiving phenomena as having worth

and revealing behaviour consistent with
this attitude; '

(4) ORGANISATION, conceptualization of values and
ordered relationships between
values;

(5) CHARACTERISATION, organisation of values into a

total and consistent philosophy.

Lewy(27) attempted empirical validetien - of
the taxonomy at the levels of receiving, responding,
valuing and organisation. He concluded that empirical
referents for the constructs of the Affective
Taxonomy could be both directly observed in human
behaviour and defined in terms of a particular category
"of the model. It was further claimed that the hier-
archical structure of these referents corresponded to
that claimed by the model,

It should be noted, however, that only four
categories of the Affective Domain were considered,
and Lewy's procedure -involved a degree of subjectivity.

The suitability of various teaching methods in
tertiary education to teach different levels of cognitive
and affective objectives will be discussed in Chapter 2.

1.4 Education through Chemistry?

It has been noted in previous sections that there
is some evidence of a trend away from factually-
orientated science courses in favour of courses to
develop broader desired skills and attitudes in
students. In no science subject is this trend more
apparent than in chemistry where there have been several
calls recently for education through chemistry rather
than education in chemistry, i.e. using chemistry as
the vehicle /

15
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the vehicle for developing skills in communication,
problem-solving, critical reading etec., in addition
to teaching and developing desired attitudinal tracts.
Those who take this view believe that it is possible
to educate students to take their place in society,
through the medium of chemistry.

Arguments on this emotive issue inevitably revolve
around the basic question, "What is the role of science
in education?" The argument that chemistry is a
‘vocational subject and that chemistry should be used
as a training for professional chemists is difficult
to defend except perhaps with Honours students at
university. At Glasgow University for instance, the
students studying first year chemistry number over
" five hundred, on average, while an average Honours
class consists of about thirty-five students. Even
with students studying chemistry to Honours level, most
of the specific facts 'crammed' for the final examinations
are probably soon forgotten, and even if they are not,
much of the factual knowledge gained is likely to become
redundant well within the lifetime of the student.

, In calling for more broadly based chemistry courses,
Greenwood(zs) has criticised the inward view of many
chemistry courses, and argues that -

"gcience and science education have an obligation
at all levels not only to impart the thrill of
discovery and the intellectual satisfaction of
rational explanation, but also to discuss the
impiications of its findings, so that young
people can be alerted to the problems facing
society, gain an understanding of their nature,
and feel involved in finding solutions."

_ Greenwood went on to suggest that the aims of
chemistry courses should be - '

"not /
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"not only the training of specialist chemists,

but also the education of scientifically knowledg-
eable students whose understanding of chemistry
will inform their thinking on important issues,
and enrich the quality of their lives."

Such proposals may prove over-ambitious but do
reflect current modes of thought.

"Lord James(zg) in calling for education through
chemistry argued that the subject has the potential to
fit a person not merely to be a professional chemist
but to hold his own in other disciplines and cultural
life, He claimed, bitterly, that in many chemistry
courses students have been offered 'the latest
- detergent, rather than an intellectual adventure'.

Further indications of present feelings were
echoed by the Association for Science Education(30)
who argued that the main aim of science teaching must
be to develop effective decision-making in students
through practical experience of problem solving, which
should also encourage the students to make value
judgements. This approach changes the emphasis from
teaching knowledge for its own sake to a consideration
of practical problems in which the issue of the 'right
answer' may not be relevant as there are often several
possible solutions to a problem, each of which may be
judged on merit according to the value systems of those
concerned.

Thring(31) in agreeing with this, argued that such |
an approach was essential in developing attitudes such

as self-awareness, autonomy and responsibility essential
to a student's future role in a complex and changing

society.

(18)

Holliday who also called for a broader education

through /
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through chemistry, stated that chemistry courses must
be relevant to all concerns of mankind whether social,
economic or philosophical. However, Holliday believed
that priority must be given to the development of
communication skills in order to achieve relevance, and
refers to a 'Science Communication' course at Liverpool
University which was introduced to help develop such
skills.

An interesting piece of research reported by

(32) investigated a few of

Hadden, Handy and Johnstone
the affective objectives which were listed as the

desired outcomes of a science course at school level.

The level of attainment of these objectives was compared
for science and non-science pupils. In most cases

the science pupils accomplished a better level of
achievement on tests designed to measure the attitude.
However, as the authors have pointed out, this does not
necessarily mean that science courses are inculcating

these desirable attitudes - it may be that such attitudes
are already inherent in science pupils and are merely
confirmed by their selection of science subjects.
Nevertheless, if it is demonstrated that science courses
can be effective in developing desired skills and

attitudes in students, there is surély a case for

changing the emphasis of science courses so that they

can do so even more effectively.
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CHAPTER 2

THE SUITABILITY OF METHODS IN TERTIARY
CHEMISTRY EDUCATION TO ACHIEVE DESIRED
EDUCATIONAL OBJECTIVES

2.1 Traditional Methods

(a) The lecture

In science subjécts, the traditional teaching
methods at tertiary level have long been lectures,-
laboratories and to a lesser extent, tutorials. of
these three methods, the lecture is still predominant
in most establishments of‘tertiary education. Surpris-

ingly little of scientific value is known about. the
.1ecture, and opinions about the pros and cons of lectures
are usually voiced more loudly than the results of
controlled empirical investigations. ' N

The opinion of the Hale Report(33) in 1964 wés
‘that the lecture could effectively fulfill a three-
fold function, namely:-

(1) to convey information;
(2) to promote thought;
(3) to change attitudes;

Most of the available evidence however, indicates
that while lectures may be reasonably efficient at
transmitting information, they are relatively ineffective
at promoting thought'or changing attitudes, due mainly
to the fact that in the lecture situation thé student
is normaily passive.

(1) Effectiveness of lectures in conveying

information

In comparing the effectiveness of lectures to
other /



other teaching methods with regard to their ability to
transmit information, Dubin and Taveggia,(34) in 1968,
reviewed ninety-one studies which compared lectures
with other teaching methods on one or more measures

of 'course content'. Most of the measures were
objective tests of the multiple-choice, true/false, or
sentence completion type used in course examinations,
and were tests of factual knowledge. Other teaching
methods used in the comparison included individuafl .
reading, televised programmes, audiotapes, individual
laboratory work, projects, films, seminars and various
discussion methods.

The majority of studies indicated no significant
difference between lectures and other modes of

"teaching in their abilities to convey information, and

those that did show a difference were fairly evenly
balanced either way. Data for lectures compared with
programmed learning was not included as there were few
programs which provided a practical alternative to a

(35)

lecture course at that time. McKeachie emphasised

.the review findings of Dubin and Taveggia by stating

that a host of research reports in this area remained
unpublished because there were no significant differences
to report. On the basis of this evidence, it appears
that, with the possible exception of programmed

learning, the lecture is as effective as other methods
for transmitting information, but not more effective.
However, it is not recommended that discussion methods

" should be used primarily to teach information. They

are expensive in staff time, and the one significant
comparison Dubin and Taveggia obtained was that un-
supervised reading is superior to discussion for the
acquisition of information.

(2) Effectiveness of lectures in promoting thought

The second of the Hale Report's assertions, namely
that /
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" that lectures can be used to stimulate thought, finds
little supporting evidence in the literature. Bligh(36)
in summarizing twenty-six different comparisons between
lectures and more active teaching methods, mainly dis-
cussion methods, found that twenty-one of the studies
concluded that more active methods stimulate thought
better than the lecture method, the remaining five
studies showing no significant difference.

vThe probable reason for the advantage of
discussion methods in developing thinking skills is
simply that the student is being placed in an active
situation where he has to think and respond, compared
to his relatively passive role in lectures, Evidence
of this was obtained by Bloom(37) in 1953 when he used
‘an interview technique to analyse how students spent
their time during the lectures compared to discussions.
During discussions, students spent significantly more
time engaged in synthesizing information, solving problems
and significantly less time engaged in passive and
irrelevant thoughts. Bloom claimed the results are
reasonably valid because although the-method was
subjective, the sample was large.

(3) Effectiveness of lectures in changing attitudes

The third assertion of the Hale Report, namely
that lectures can be effective in changing attitudes
again finds little support from research findings.
Bligh(36) summarized twenty-five studies which compared -
lectures with other teaching methods, taking attitudes
towards the subject matter as the criterion. Only
one study favoured the lecture method, with nine showing
no significant difference. Bligh warned, however, that
this cannot be taken as conclusive evidence as the total
number of lectures and discussion tutors was small com-
'pared to the number of uncontrolled personality variables
which must have been 1nvolved In general, however,
it /
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it would appear that lectures are not as effective as
more active methods for changing attitudes.

From the above argument, it seems that lectures
are best suited to teach information including the
framework of a subject, i.e. the lower cognitive
categories of Bloom's taxonomy. Lectures also have
a use in defining the scope of a course. It might
be argued, however, that since the acquisition of
information is basic to all the other Bloom categories
(assuming the taxonomy to be hierarchical) a test of
factual knowledge may, if only indirectly, be a measure
of the attainment of Bloom's 'higher-order' objectives,
but experimental studies by Tyler(38) and Stedman(26)
in American schools and universities have shown that
the cdrrelation between knowledge and application of
that knowledge is usually very small. The evidence
suggests that higher-order objectives may have to be
*taught for' directly - and they are not the
inevitable by-products of instruction. Research by
Hoare and Revans(sg) has suggested that another factor
.involved in the attainment of Bloom's 'higher-order!
objecti@es may be intelligence,

(p) Laboratories

The traditional functions of laboratories in
tertiary science education include the development of
psychomotor skills and the reinforcement of theory by,
for example, providing experimental evidence for work
covered in lectures. Other 'higher-order' cognitive
objectives and skills in communication, critical thinking,
library use and problem solving may be developed in
the laboratory if appropriate experimental work such as
project work or open-ended experiments is undertaken.

The laboratory situation is also capable of developing
some of the affective objectives mentioned in Chapter
1, suck as 'a commitment to safety' and 'a commitment
to accuracy'.

Too /
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Too often, however, the full potential of laboratory
work is lost'due to a 'cook-book' approach, requiring
little or no understanding and original thought on the
part of the students.

(¢) Tutorials

Tutorials can be dseful for developing
communication and problem solving skills. Very often
however, the topic and general direction of a tutorial
session is uninspiring, and the tutorial is then in
danger of becoming a mini-lecture, almost totally
dominated by the tutor. The success of the tutorial
system is often dependent on the teaching skill of the
tutor, and few staff in universities or colleges are
" trained in small group teaching skills. This lack of
skill is reflected by Broadley's account(4o) of
tutorial methods which, he claimed, often lead to
- silence, upon which the tutor 'begins to talk frequently,
and feels compelled to fill the gap of silence by
giving a mini-lecture, as it is sometimes called. But
this defeats the purpose of the tutorial which is actively
to engage the student in discussion'.

2.2 Other Methods

To support, and in some cases replace, traditional
methods in tertiary science teaching,new methods have
been introduced over the past few years in an attempt
to attain those objectives and skills to which more
traditional methods are not well suited. In some
educational institutions, the newer methods have
completely supersededthe 0ld although the lecture and
laboratory still remain the backbone of science courses
in most universities in Britain.

Mention will be made of non-traditional teaching
-techniques / '



techniques within two broad categories of teaching
methods, namely (a) self-instructional methods, and
(b) discussion methods.

(a) Self-instructional methods

Systematic instruction in the absence of a teacher
can range from something as simple as unsupervised reading
of a text-book, to the technological complexity of
computer aided learning. One aspect which all self-
instructional media have in common is that they can
allow students to proceed through the learning material
at their own pace, and can often involve the student
in a good deal of active participation. This is in
marked contrast to the lecture situation where the
"student is cast as the passive listener, and the rate
of instruction is paced by the lecturer as there is
usually very little feedback from the class during a
lecture to help him adjust his pace. This aspect of
the lecture probably leads to the creation of a
learning spectrum amongst the students (especially
in 1érge classes of varying ability). This 'learning
spectrum' can range from students who completely under-
stand everything the lecturer has said, to students
who are totally lost. The majority of the class will
lie at various points between these two extremes.

This problem is one which only self-paced learning
methods can hope to alleviate. '

(1) Programmed learning

The most common self-instructional method used
in education (apart from text-books) is probably programmed
learning. At present, programmed learning is used
in universities and colleges t0 a modest extent.
Billing(4l) has defined programmed learning as ‘'a
systematically designed and structured set of materials
or events through which the student achieves defined
learning objectives', and has listed the following
basic components of the approach:-

(1) /
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(i) Specification of broad aims and more detailed
. objectives in advance;
(ii) Construction of a test which will measure how
far students attain the objectives;
(iii) Design and construction of materials and
"situations from which the student will attempt
to achieve the objectives;
(iv) Validation of these materials by means of trials
with students; ‘
(v) Revision of the materials on the basis of the
trials,

The construction of self-instructional programs
is very flexible and may use the media of audiotapes,
printed pages, slides, film loops, models, overlays,
. actual samples etc., in many combinations,'

There are also several general styles which prog-
rammed materials can follow, the two most commonly used
being linear and branching programs.

(i) Linear programs were first developed by

42) The learning process proceeds

Skinner.

in a sequence of steps (frames) directed

towards desired goals. In this type of

program, there is only one path which the

student can take through the sequence of

frames.,

(ii) Branching programs were first used by Crowder.(43)

' In such programs, there are several routes

through the frames, due to the provision of
'remedial loops' which are designed to

rectify common misconceptions.

Programmed learning materials have been used in
some establishments to replace lecture courses, while
in others their role has been complementary to the
lecture. In both these functions, the method has
usually been used to enable students to gin 'mastery'

of /
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of desired factual material, 'Mastery' usually involves
students performing above some arbitrarily set level
(often 80%) in a subsequent test.

Experimental studies on the efficiency of
programmed learning indicate that programs are at least
as effective as lectures for teaching factual information,
(44)(45) while Owen, Hall, Anderson and Smart(46) have
claimed that programs are better than lectures for less
(47) and Teather(48)
confirmed these findings, and further suggested that

able students. Stavert and Wingate

programs take as little as two-thirds of the time for
average students to efficiently cover the same ground
as a lecture. Research into the optimum length of

(49) suggested that

programmed material by Barrington
-individual programs should last no longer than twenty-

five minutes.

(2) Keller plan

Self-instructional methods have completely
feplaced lectures in some educational institutions,
the best known personalised system of instruction
being Keller Plan courses, which are a form ?goindependent
of

Columbia University. Having received a prescribed

learning originally developed by F.S. Keller

set of objectives, students work largely on their own,:
and at their own pace, from units of various self-
instructional materials, each unit often representing

one week's work. When the student feels he has mastered
a given unit, i.e. feels he can satisfy all the'object-
ives, he presents himself for a test which he must

pass before going on to the next unit.  Although some
experiments have claimed that students learn information
better, work harder and find the Keller approach more
(51)(52)(53)(54)

concluded that con81stently

interesting than normal courses,
Linder and Whitehurst(52)
favourable student opinions towards Keller Plan courses

are not due to a 'novelty' effect, other workers such

as /
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as Bent,(56) Hendrick(57) and Young(58) were less
satisfied, claiming that results were not appreciably

improved although(both staff and students were working
59)

method arguing that 'mastery' of information in each

harder. Emerson also had reservations about the
unit is attained at the expense of the development of
Bloom's higher objectives (cognitive and affective)

and that Keller plan students may be getting 'more
training than education'. However, this need not be
the case if programmed materials are less heavily relied
on, and used only to.fulfil the objectives to which
they are best suited, namely lower cognitive skills,

The construction and assessment of a series of
self-instructional programs on transition metal chemistry
"are described in Chapter 4. These programs were designed
to complement a lecture course given to first year
chemistry undergraduates at Glasgow University.

(b) Discussion methods

' Intuitively, at least, it would appear likely
that, of all the teaching methods so far discussed in
tertiary science education, active discussion methods
offer the greatest potential for the development of the
broader objectives of science teaching such as
communication skills, problem solving skills, decision
making skills, critical thinking skills and attitudinal
'change} Courses involving an increased amount of student
involvement were recommended in 1972 by Beard,(Go) who
suggested that discussion and co-operative work in
small groups should occupy a significant proportion
of teaching time. Examples of such methods are becoming
increasingly common. A course with similar objectives
to Liverpool Uni%ersityfs. course in 'Science
Communication' (Chapter 1.4) has been developed at
Surreyv University by Elton.(61)
discussion /

In this course,
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discussion groups read and critically analyse topical
articles from newspapers and journals in both written
and oral form. Similar methods to develop skills in
cnmmunication and critical appraisal have been

62) (63)

described by Youmans( and Epstein.

Research evidence that even limited group discussion

can have an influence on subsequent oral work was

obtained by Erskine and Tomkin.(64)

Gaming and simulation techniques

One of the largest growth areas at all levels of
education at present is in the field of academic
gaming and simulation. The characteristics and
.possibilities'of this field will be discussed at some
length, as Chapters 5, 6 and 7 of this thesis describe
the development and attempted assessment of teaching
materials which are closely related to this subject
area, especially the simulation aspect.

. Gaming and simulation methods have been used for
many decades in such forms as war games in military
training, business games in industrial training and
flight simulation for tfaining pilots. The first
formal use of such techniques in education, however,
occurred little more thran a decade ago in America, and
even more recently in Britain. Most of the work so
far has been done in the social sciences, while the
potential for games and simulations in the pure sciences
has had little or no investigation.

-Definitions

The two generél components of the field, namely
simulations and games have been defined as follows:-

Simulation:- 'The representation of a situation
or environment by some analogue,
usually /
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usually of less complexity and greater
convenience and often with a compressed
time scale.'

Tansey and Unwin(65)(1969)

'An operating representation of the
central features of reality.'
cuetzkow 66) (1963)

'Activities which produce artificial
environments or which provide artificial
experiences for the participants in
the activity.'
(67)
McGarvey (1971)

'An on-going representation of
reality; it may be an abstracted,
simplified or accelerated model of
the process.' .

Bloomer! 68) (1973)

'A means for letting learners experience
things that otherwise might remain
beyond their imagination, a means to
practice skills safely and without
embarrassment, and'perhaps even
discover insight into the problems
now plaguing manking. '

Twelker(69) (1970)

'Simulation = 7real life -~ +task

irrelevant elements!
Twelker(7o) (1971)

'A simulation situation with an injected
element of artificial competition'
Tansey and Unwin(65) (1969)

'Any contest (play) among adversaries
(players) operating under constraints
(rules) /



(rules) for an objective (winning, victory
or pay-off)’
aot{™) (1968)

'Something enjoyable, however serious,

involving competition for specified

objectives and observing rules' '
Nesbitt(72) (1956)

'A situation when one or more players

compete for pay-offs, according to an agreed
set of rules! .
Bloomer(68) (1973)

Other definitions of games and simulations exist,
~but most re-state the general features listed above.

It appears from the above definitions that simulations
are characterized by the inclusion of the essential
features of reality and often involve co-operative
efforts, while games possess players, rules and the
element of competition.

The two concepts of games and simulations are
often treated synongmously in the literature, for
(73 saw no harm in interchanging

example Boardman
(74) exhibited a similar confusion.

the words, and Fines
It should be clear from the definitions given that

games and simulations are distinct teaching methods.
Bloomer(es)
following diagram into which she has introduced the

has neatly summarized the situation in the

term 'simulation game' to describe activities with
characteristics of both games (competition, rules,
players) and simulations (operational representations
of reality). A reasonably well-known example of each
category is also given.

31



SIMULATION

(competition, (properties (operational

rules, players) of both) representation
of reality)

e.g. Scrabble - ' e.g. Star River

The Relatibnship between Games and Simulations
(after Bloomer'®®) (1973))

Simulatibh methods

As Chapters 5, 6 and 7 describe the construction
and assessment of materials which are mofe akin to the
category of simulations than games, the remainder of
this section will be concerned with- the uses and
agssessment of simulations in education.

It was noted above that simulations are oper-
ational representations of reality, often involving a
‘po—operative rather than a competitive approach.
Simulation is a technique used for a number of'reasons,
often because the real life situation, whether it is -
to be used for concept or skill training, is too
complex, difficult or dangerous. In such cases
educational models of the situation are designed in
which the complexity of the real life situation is
reduced, i.e. the 'task-irrelevant elements'(7o) are
removed.

Tansey /
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Tanéeyﬁ75) has attempted to summarize some of the
aspects of simulation in the diagram below:-

INVOLVEMERNT

MAN-MACHINE

CO-OPERATIVE

ROLE-PLAY

ATTITUDE SHAPING
EFFORT

Some Aspects of Simulation

(adapted from P. J. Tansey, !?) 1971)

Apart from simulation games, . Tansey makes mention
of three other types of simulation, namely (1) case
studies, (2) role-play and (3) in-basket exercises.

(1) case studies have been defined by Walker(76)

as 'a study in detail of a particular event, problem or
| situation’'. This all-embracing definition covers a
whole spectrum from completely open-ended situations
to problems with clearlyﬂdefined limits. Walker claims
that / '




that case studies can be divided into three types,
(i) problem cases, (ii) illustrative cases and (iii)
case histories.

'(i) Problem cases are used to teach, train or analyse

patterns of behaviour;
(ii) Illustrative cases are used to demonstrate a
principle by using a concrete situation;

(iii) Case histories are often a blend of the above
two types since a description of a situation,
and its outcome enable a student to learn from
retrospection of the whole approach.

Claimed aims of case studies include:-(76)

(a) to encourage learning by doing;

(b) to develop generalizations by building up under-
standing on a framework of experience;

(¢) to promote interest and enthusiasm by providing
realism;

(d) +to introduce a multi-disciplinary approach.

'Daniels(77) has claimed that'case studies can be
of particular value in encouraging students to exercise
value judgements and moral evaluations, and often these
have to be made with due regard to practical consider-
ations.

(2) Role-playing exercises involve a high level

of student involvement. In such exercises, students
are put in the position of other people (e.g. a conser-
vationist, an industrial chemist, etc.) and placed in
situations in which they have to view possible courses
of action from the eyes of the person whose role they
have assumed. Intuitively it would appear that role
playing simulations could enable students to exercise
increased . empathy and tolerance. V

(3) In-basket exercises are used to introduce problems

into a simulated situation. Such exercises are often
used /
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used in teacher-training for example, to enable students
to learn how to cope with classroom situations which
may arise at any time.

Claimed benefits of simulation

One of the major reasons for using simulations
is that some positive transfer of training will hope-
fully occur, i.e. students will be able to use skills
gained during simulations in other situations. Three
types of positive transfer of learning have been

described: (i) lat?ra% and (ii) vertical transfer,
78

(70

suggested by Gagné, and (iii) parallel transfer

suggested by Twelker.

(i) Lateral transfer involves the application of
knowledge gained in one circumstance to a
broad variety of new situations at about the
same level of complexity;

(ii) Vertical transfer involves the application of
subordinate principles to the learning of
new principles, possibly at a higher conceptual
level; '

(iii) Parallel transfer involves the application of
the same operation to the same situation as
in the instruétional condition, but under
new conditions.

All three types of transfer may be appropriate
to the field of gaming and simulation, depending upon
the characteristics and objectives of the material
’usgd. It would, however, be difficult to justify the
use of simulated materials in education if no transfer
of learning occurred.

Tansey(79) has summarized the advantages of
simulation in education as being that:- '

(a) /
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(a) It motivates the participants;

(b) It uses techniques of co-operation as opposed to
competition;

(¢c) It enables teaching for the long range future to
take place even with students who are not
highly motivated to learn;

(d) It injects a feeling of realism and relevance
into a course;

(e) It enables complex problems to be simplified and
so the cru01a1 features are emphasised;

(f) It changes the social conditions under which
learning takes place, i.e. the tutor can take a
less dominant role than normal;

(g) Decision-making without censure is possible.

The student's decision can be discussed in the
light of its poésible eventualities,

Cruickshank(ao) bés listed a Similar set of
advantages for simulations, but has also included:-

(a) Simulations establish a setting wherein theory
and practice can be combined;

(b) Simulations are relatively safe in that decisions
can be made without physical or psychological
harm to either the student or community, although
this may detract from the realism aspect.

Bloomer(81)-has made similar claims for the-
simulation method, but has added:-

(a) sSimulations are especially useful where objectives
include changing students' attitudes and/or
where objectives are experiential;

() Simulations are useful where multi~disciplinary
subject matter has to be integrated and applied
to a common, often practical purpose. In such
situations the relevance of the exercise is
often obvious to the students;

(e) /
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(¢) sSimulations, especially role-playing exercises,
can breed strong identification and empathy.

Evaluation'of Simﬁiation techniQﬁés

Despite the manifold advantages which are often
claimed for simulations, as witnessed by the above
section, there is a paucity of good experimental evidence
to indicate that simulations actually achieve what
advocates of the method claim they achieve, However,
this lack of evidence does not imply that such claims
are unfounded, but reflects more on the inadequacy of
current assessment tools to measure the effectiveness
of simulation materials. Present instruments for
measuring achievement are mainly centred on conventional

"instructional methkods and often measure only knowledge

gained. The justification for using simulations,
however, is that they are supposed to develop skills
in such areas as communication, problem solving and
decision making, in addition to possibly changing
attitudes and behaviour patterns. Many evaluative
attempts in the area of games and simulations have
proved inconclusive due to the unsuitability of the
assessment device for measuring such skills and attitude
changes. Another reason for the lack of conclusive
results may lie in the standard of previous research,
which has been criticized by several workers in the
field. _ .

Many attempted evaluations of simulations have
been published, by far the majority of work being
American, However, desnite the quantity of work, it
has been claimed that very few well planned and tight
research attempts have been reported.

Fletcher(szl in 1971, and Wentworth and Lewis(83)

in 1973, have published useful and critical reviews of
research on evaluation of simulations in education.

Fletcher /



Pletcher criticized the approach of many researchers
who investigated particular simulations or games, each
study employing its own battery of tests to measure
different sets of variables. Such approaches made
attempts to replicate findings virtually impossible.

Among the reasons cited by Fletcher for the low quality
of available research were:- '

(2) A lack of standardized workable games and
| simulatiopé;
(b) sSimulations varied enormously in objectives,
structure and level of sophistication;
(c) Most simulations studied were not adequate models
of reality.

Fletcher, however, made little mention of the lack
of adequate evaluation methods which would appear to
be a major contributing factor to the level of research
quality.

Point (b) above is valid criticism only if one
is attempting to generalize on the uses of simulations.
One of the major attractions of simulation techniques
is the very fact that they are so versatile as to be
able to vary enormously in objectives and in
sophistication.

- Wentworth and Lewis were also very critical of
much of the research reviewed mainly because of
'inadequate testing procedures and research design,
use of unsophisticated statistics, and inability to
determine important wvariables', Despite their
reservations about the standard of much of the work,
Wentworth and Lewis concluded from the research which
had been done that:-

(a) Simulations do not appear to have any advantage
over other methods in teaching content, i.e. the
lower /
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lower cognitive aspects of learning. If content
learning is the major instructional goal, then
it appears that other techniques such as lectures,
programmed learning or reading may be more
effective.

(b) sSimulations appear to have a positive influence
on student attitudes. However, this may be due
to the novelty and quality of each exercise
rather than any other factor.

(c¢) Simulations appear to be influential in encouraging
students to become more actively involved in
the learning process.

Wentworth énd Lewis called for more research of.
better quality to confirm these tentative conclusions,
“and to provide soluitions to the many unanswered questions
which remain about the effects of simulation techniques.
They further suggested that a fruitful line of enquiry
may be to use observational evaluation instruments to
measure identifiable learning behaviours exhibited in
simulations and games, arguing that paper and pencil
assessment methods have limited measurement capabilities
when applied to simulations and games.

Some workers have argued that the worth of simu-
lations and games cannot be expressed by formal

(84) expressed this

evaluations and statistics. Tansey
view in 1973 and Bloomer(85) in 1975 argued that formal
measurement of 'input and output' in simulations is
often invalid as the so-called 'input and output''is
varied, complex and often cannot be specified with
certainty, let alone accuracy. In addition, simulations
involve complex human interactions which input/output

evaluation procedures ignore.

Walford(86) also argued that traditional evaluation
methods are often inapplicable to simulations citing
the following major objections:-

(a) /
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(a) Simulations usually involve complex mixtures of
cognitive and affective intention, and these
are not easily specified;

(vb) sSimulations are often open-ended and therefore
unpredictable in outcome.

Reasons such as these have been instrumental in

a trend towards subjective approaches to simulation

(87) (88)

evaluation, and while Taylor has called for

better methods of assessment for simulations, he has
suggested that, in the absence of a highly developed
evaluation science, subjective opinions should not go

unheeded.

On validity of evaluation methods, Shubik(sg)

- has criticised the small amount of attention paid to

sorting out different simulation uses and the
corresponding slow development of a range of assessment
and evaluation criteria relevant to particular uses.
This degree of discrimination could lead to the
construction of more evaluation procedures which could
then be applied to the particular objectives under
consideration in individual simulations.

Prom the above account of evaluation procedures
in gaming and simulations, it is apparent that research
in this area is still in its infancy, possibly due
to a combination of (a) the diversity of thought on the
direction of evaluation, (b) the poor quality of much

of the previous evaluation research and, (c¢) the difficulty

of devising assessment tools where attitude and broader
skill changes are involved.

Evaluation procedures which are at present available

will be discussed further in Chapter 4.

2.3 Matching Methods with Objectives

From the evidence presented in Chapter 1, it
could /
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could be argued that some of the skills desired of a
student studying chemistry could be broadly classified
under the following headings:-

(a) Lower cognitive skills - involving the ability
to retain specific knowledge and to apply it
in various circumstances. Such skills are.
included in Bloom's categories of knowledge,
comprehension and possibly application.

(v) Psychomotor skills - involving dexterity in
handling chemical apparatus allied to other
laboratory skills.

(e) Communication skills - involving the ability to
clearly impart information to others in both
oral and written form, and to enter into critical
discussion with one's peers.

(d) Decision making skills - involving the ability
to make balanced decisions on matters where
there may be several conflicting views or factors.
A decision may have to be made on the grounds
of ambiguous or incomplete information, but
once a decision has been made a student should
be able to defend it in the face of disagreement
from his peers. ‘

(e) Problem solving skills - involving the ability
to tackle new situations in a scientific fashion.
Included in this category are skills in identifying,
isolating and controlling variables so that
multi-variable situations can be tackled.

Another basic aspect is the ability to identify
relevant information which may often be included
amongst irrelevant data.

(f) Library skills - involving the ability to search
for and find required information efficiently.
Also included are skills in reading and precising
scientific papers, discriminating between fact
and speculation and the develosment of a healthy
scepticism / '
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scepticism towards the written word.

(g) Inter-personal skills - involving skills in
dealing with other people and the ability to
co-operate in a group to work efficiently on a
common task.

Most of the objectives of science teaching mentioned
in Chapter 1 can be accommodated under one or more of
the above headings. Skills involving Bloom's higher
cognitive objectives of analysis, synthesis and
evaluation fazll mainly into categories (c¢), (d4), (e),
(f) and (g) above, but some of the objectives of science
teaching including some which could be placed under the
headings of communication or inter-personal skills are
difficult to list under any of Bloom's cognitive or
“affective categories,

In addition to the seven headings given above, a
further much quoted aim of chemistry courses is the
'development of desirable scientific attitudes'.

This aspect of science education is extremely difficult
as, not only are the scientific attitudes thought
'desirable' subjectively chosen and open to disagreement,
but the extent, if any, to which scientific attitudes
can be developed éither by the specific inclusion of
affectively-orientated material in science courses or

in conjunction with the seven 'scientific skills' listed
above is, as yet, unknown.

The strengths and weaknesses of some of the
methods used in tertiary science education have already
been discussed in this Chapter. Table 2-1 summarizes
the suitability of lectures, laboratories, tutorials and
programmed learning to develop the seven skills of the
chemistry s tudent listed at the start of this section,
in addition to desired attitudinal traits.

Lect- /



Lower cognitive skills
Psychomotor skills
Communication skills
Decision making skills
Problem solving skills
Library skills
Inter-personal skills
Desired Attitudinal
traits

Table 2-1
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Lect~ | Labor- Tut- Prog-
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' Learn-
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(V)
(V)

(V)

Suitability of certain teaching

methods to develop desired skills

and attitudes

From the argument presented previously, the lecture

method is a useful, but not the only, method for. teaching

lower cognitive skills.

The method is, however, not

well suited for teaching the other six skills in Table

2-1 or for changing attitudes.

The main drawback of

the lecture situation is that the student is passive,
and the development of the other skills and attitudes

demand the student to be active.

The ‘laboratory situation is obviously suited to

developing psychomotor skills and may have some

potential in developing problem-solving, inter-personal,

and library skills, especially if open-ended work or

projects are involved.

related to safety and accuracy.

The laboratory may also
develop some of the desirable attitudinal objectives

However the potential

to develop such skills and attitudes is often ignored,

and students are given pre-planned experiments with a

set /
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set of explicit instructions on how to proceed. This
more usual laboratory approach leads only to a develop-
ment of manipulative skill, and to some familiarity
with materials.

The other major traditional teaching method in
universities, the tutorial, is also potentially useful
in developing problem solving and communication skills.
This is possible because in the tutorial situation,
the student is supposed to be active. Often, however,
he is not. As discussed earlier, the tutorial has a
habit of becoming a mini-lecture, almost totally dominated
by the tutor. In such cases, only increased under-
standing of previously covered lecture work is possible
(lower cognitive skills) and the chance to develop

"other skills is lost.

Programmed learning and other self-instructional
techniques have much value in teaching for lower cognitive
objectives, but the method is unsuitable for any of the
other skills, except perhaps problem solving which
programmed learning may be able to develop to a limited
extent. '

It is possible that if only the traditional
methods of teaching are applied in tertiary science
education, universities run the risk of directing all .
their efforts towards developing lower cognitive and
psychomotor skills, and leaving the development of the
broader skills and the formation of 'desirable attitudes'
to chance, in the hope that they will 'rub off' on the
students during their course. This opinion is not
only grdundless, as the evidence so far discussed suggests
that the broader skills have to be 'taught-for' and are
not the inevitable by-products of instruction, but also
potentially harmful to the student who will probably
be required to use these skills long after most of the
detailed scientific knowledge has been forgotten.
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INTRODUCTION TO MATERIALS "PRODUCED AND
ASSESSMENT METHODS AVAILABLE
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CHAPTER 3

INTRODUCTION TO MATERIALS PRODUCED AND
ASSESSMENT METHODS AVAILABLE

3.1 Materials Produced

(a) Simulation materials

'In order to make a conscious effort to develop
some of the broader skills of science discussed in
Chapter 2.3, and hence reduce some of the short-
comings of the traditional undergraduate chemistry
course, some specific simulation-type exercises were
produced. These exercises were deliberately designed
~to fill some of the gaps left by more traditional
instructional methods, as illustrated in Table 2-1, p. 43.
It has already been pointed out in the previous chapter
that simulation exercises may be effective in
developing commuﬁication, inter-personal, decision making
and problem solving skills, and may also have
possibilities in the area of attitude change. An
important advantage which simulations have over more
traditional methods is that they can be made to involve
a large amount of student activity.:

Three such exercises have been constructed, the
objectives, content and assessment of each will be
discussed in later chapters.

The three exercises are:-

l. Proteins as Human Food - a discussion exercise,

designed to develop lower cognitive, inter-
personal, decision making, but above all,
communication skills. This exercise will be
discussed in Chapter 5.

2, DPolywater - a case history to develop communi-
cation and library skills. The exercise uses
cognitive /
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cognitive chemical skills already possessed
by the students, and will be discussed in detail
in Chapter 6.

3. What Happens when the Gas runs out cees ? =~=. 8

problem case study involving problem solving,
decision making, communication and inter-

personal skills. This exercise will be discussed
in Chapter 7.

Each of these exercises was intentionally written
in a different style. Cowan(go) has argued that
academic games and simulations can be classified into
standard forms, and having decided upon which standard
form is suitable for a given purpose, the task of
~compiling an éxercise is made substantially easier.

It is hoped that the three alternative styles adopted
may prove the basis of other 31mu1at10ns, using
different subject matter. Cowan has claimed that the
basic structure of a simulation or game is virtually
unrelated to its content, and that once a staﬁdard form
for a particular type of simulation has been established,
the simulation 'can be readily changed from one subject
field to another with a minimum of creative effort!'.
However, a simulation user must be aware of the

specific educational objectives desired, as the standard
form of a simulation is strongly related to the type

of objectives to which that form may be directed, so
that *the transfer of a standard form from one field to
another depends on the compatability of the educational
objectives in both fields'.

(b) sSelf-instructional materials

In addition to the work on simulation materials,
it was felt that a certain section of a traditional
chemistry course would benefit from the production of
self-instructional programs which could be used in
conjunction with the lecture course. The course on
transition /



transition metal chemistry given to first year under-
graduates athlasgow University includes three-dimen-
sional and other concepts of a cognitive nature with
which the lecture, in itself, cannot cope adequately.

This complementary series of five programs, which
employs a tape/workbook/model approach, is discussed
in Chapter 4.

3.2 Available Assessment Procedures

It has been mentioned that the simulation exercises
devised were intended to develop in ‘students skills in
communication, decision-making, problem solving, library
~use, and inter-personal relationships, in addition to
assisting the development of desired attitudinal traits.

The self-instructional material produced was
primarily concerned with the attainment of cognitive
objectives,

Cognitive assessment procedures

The assessment procedures in common use are
concerned almost entirely with the attainment of cognitive
objectives, e.g. knowledge gained; such procedures
include:~- ‘

(1) Essay-tvpe questions

Within one question, this procedure tries to
test knowledge, reasoning, written communication skills,
creative thinking and interpretation (including inter-
pretation of the implied objectives of the setter).
All of these skills are interwoven in a complex matrix
and much is left to the judgement of the marker, since
it is usually extremely difficult to tease apart these
skills and mark them independently. This results in
low reliability and low validity even when marking
schemes /
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schemes are given.

(2) Objective items

Types of objective items include multiple choice,
multiple completion, classification sets, situation
sets and reason assertion. Such items usually test at
Bloom's cognitive levels of knowledge, comprehension
and application. Advantages of objective methods
include absolute reliability, easy statistical analysis
and wide coverage of desired subject matter. They
may, however, have low validity.

(3) Unique answer questions

In such questions the student must supply the
answer rather than select from a set of choices. As
the answer is unique the questions can be scored
reliably. Large subject matter coverage is possible
and different skills can be examined individually.

In the teaching materials produced for this thesis,
assessment of the attainment of purely cognitive
objectives was usually done by means of multiple choice
objective items, although in some cases unique answer
gquestions were employed. ’

Non cognitive assessment procedures

The simulation materials produced were concerned
with the development of broader scientific skills and
desired attitudinal traits rather than with purely
cognitive outcomes,although such outcomes were bound
up in them. It was mentioned in Chapter 2.2, p. 37,
that, at present, evaluation methods to measure the
educational outcomes and effectiveness of simulation
materials are not well developed, and traditional
assessment methods are often inappropriate.

The suitability of assessment techniques is further
restricted /
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restricted by the necessity of having procedures which
are simple in application, acceptable to students, and
as valid and reliable as possible, Such conditions
1limit the choice to methods which could be broadly
classified under two headings:- (a) observational
techniques and (b) self-reporting techniques.

(a) Observatinnal techniques

When certain attitudinal objectives are involved
or when development of communication skills is a major
aim of an exercise,direct observation of individual or
group behaviour can be of use in monitoring achievement.
Closed circuit television or simply recording on.
audio-tape the activities in a group session, can act
- as a permanent record of an exercise so that subsequent
‘analysis of the session can be attempted. The analysis
can be in the form of simply noting the numbers and
pattern of communications within a group or may reach
the complexity of providing insight into the social
psychology of groups and the personalities of group
members, The latter can be attempted if the system

of Interaction Process Analysis(gl

, developed by

‘R.F. Bales, is adopted. There are, however,
difficulties associated with Bales' method, and training
and practice in its use are required if it is to be

used successfully.

(b) Self-reporting techniques

Several such techniques have been devised, several
of which are discussed below.

(i) The Thurstone scale(gz) which was first developed

in 1929, involves the collection of a large number of
statements expressing some attitude to a topic under
consideration. A number of 'judges' (at least 25)
then rate the statements in one of nine categories
ranging from extremely favourable to extremely hostile,
and /
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and a score from 1 to 9 is assigned to each statement
according to how favourable the judges feel each
statement is. A person completing the scale selects
only those statements which most closely represent his
attitude to the topic in question, and is them given
an 'attitude score' which is the median or mean score
of the items selected.

The disadvantages of this attitude assessment
technique lie largely in its cumbersome and tedious
organisation, the fact that scale values are influenced
by the attitudes of the judges, and that an individual's
final score hides information on the patterns of
attitudes expressed. '

(93)

simpler to devise and administer. Essentially a

(ii) ILikert scales , developed in 1932, are much

Likert rating scale consists of a list of statements,

and the person answering has to make a judgement on
every statement, often selecting one response from.a
number of degrees of agreement and disagreement. The
number of points on the scale depends on the requirements
of the setter, although the provision of an even number
of possibilities makes it impossible for students to

take refuge repeatedly in a completely neutral category.

As with Thurstone scales, it is statistically
unwise to add together scores for separate statements
on a Likert scale to obtain an overall attitude score.
This may only be done if the statements are measuring
the same dimension and if the frequency of responses
from agree to disagree form a normal distribution,
which is extremely difficult to obtain in practice.

It should, however, be possible to use Likert-
type scales to recognise. variations in attitudes and
opinions b comparing students! responses to individual
statements in a test administered before and after a
teaching / '



teaching unit designed to modify such opinions.

(iii) The Semantic Differential technique first
developed by Osgood, Suci and Tannenbaum(94) in 1957,
has been used as a tool for various types of assessment

to measure connotations of any given concept for an
individual. Word pairs of antonyms such as valuable/
worthless and interesting/boring are joined by a seven
point scale from +3 to -3 including zero.

The method assumes that the word pairs are
oppoéites, but this assumption may not always be valid
as different words may have different meanings to
individual students. A major advantage of the method
is that it isivery rapid to construct and complete.

Hadden(95) has pointed out that rating scales such
as +3 to -3 or 1 to 5,not only in semantic differential
techniques but also in other assessment techniques,
are often statistically groundless, and if used, are a
basic fault of such techniques. This is because the
scores are on ordinal and not interval scales, e.g.

a person who 'strongly agrees' with given statement and
is given a score of 3, does not necessarily agree

three times more strongly than a person who 'slightly
agrees' with the statement and is given a score of 1.
Such scores provide only an indication of the relative

strength of opinions or attitudes between different
people. A further criticism has been that adverbs
such as extrermely, very, fairly, slightly, etc. do not
mean the same to all people, and hence the interval
between, say, 'slightly interesting' and 'fairly
interesting' on a rating scale may not be the same as
the interval between 'fairly interesting' and 'very
interesting' to sSome students.

(iv) Situational techniques were first described by
Handy and Johnstone(96) in 1973, and have recently been
used / '
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used by Haddpn.(gs) Such techniques attempt to assess
the modes of thought and scientific attitudes of
students, as compared to their attitudes to science,
Students are involved in tackling a problem or
situation which in itself need not be of a scientific
nature, but which requires students to think scientifically
to solve it, for example by controlling variables.

Such situations involve students using the 'broader
skills' of a science education such as problem solving
and decision making skills and rely little on previous
lower cognitive skills.

Although little work has so far been done on the
use of this technique, it would intuitively appear
that they should have a reasonably high validity
- compared to the rather artificial assessment procedures
discussed in (i), (ii) and (iii). One problem may be
that the method is cumbersome, and gquestions may be
difficult and time-consuming to construct and apply.

(v) Rating objectives by means of a grid in which

the objectives of an exercise are listed and the student
asked to indicate whether each objective has been

'well achieved' through to 'not a?hiived at all' has

97

other workers. The rating is usually done on g five-

been reported by Vesper and Adams in addition to
point scale, but variations are possible. Most of the’
statistical criticisms levelled at other rating scales
discussed also apply to this method if responses are
scored on an ordinal scale, However, this method may
‘prove useful in some cases where no other suitable
technique exists for assessing the achievement of certain
objectives, or as a check on the validity of other
measures.

Assessment of simulation materials

Each of the above techniques for assessing confidence,
attitudes, opinions and the broader skills of science
has / ‘



has certain drawbacks, and no single technique is the
best in all situations. It is probably most profitable
to use a multi-media assessment approach using
alternative methods as a check on the validity of other
measures and to identify if a pattern of responses is
evident, although a score on one scale cannot be directly
'compared to a score on another.

In the three simulation exercises discussed in
Chapters 5, 6 and 7 a combination of Likert, semantic
differential, situational, objective rating, objective
multiple choice and observation techniques were used
to assess their educational value - the precise
subset of techniques being dependent upon the type of
objectives and skill being assessed. The reasons for
~ the particular choice of assessment approaches for indi-
vidual exercises will be discussed in the relevant
chapters. |
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CHAPTER 4

SELF-INSTRUCTIONAL PROGRAMS ON TRANSITION
METAL CHEMISTRY

4.1 Introduction

The first year chemistry course at the University
of Glasgow includes a series of eight lectures which
provide an introduction to transition metal chemistry.
This lecture course is the basis of work done in
subsequent years on transition metal chemistry, so it
is of particular importance that students obtain
'mastery' of the topic in their first year.

All of the objectives of the course on transition
metal chemistry belonged to Bloom's lower cognitive
categories and it has been argued in Chapter 2.3 that
the lecture method can adequately achieve such
objectives. However, for this particular part of the
course, it was felt that the lecture method alone was
insufficient, the major disadvantage being that a grasp
of three-~dimensional concepts was necessary to fully
understand much of the topic. It is impossible,
however, to communicate efficiently three-dimensional
ideas to large groups of students in a lecture situation
since, beyond a few yards, even the best three-dimensional
models appear two-dimensional to the students.,

The scale of the problem is illustrated by the fact
that over 250 students attend each chemistry lecture
in the first year at Glasgow.

Other, more general drawbacks of the lecture
situation have been discussed in Chapter 2, and include:-

1. Little feedback can be obtained from the students;

2. The rate of presentation is controlled by the
lecturer; '

3., Students are passive in lectures;

4. /



4, Students have little opportunity to review or
consolidate their learning.

It has also been demonstrated by Johnstone and
Percival(gs) that attention declines with time during
a lecture and that breaks in student attention are

equivalent to times of inferior learning. Thus material

taught towards the end of a lecture, or during a

break in a student's attention, has less chance of
being assimilated by the student. This research has
also indicated that student attention patterns improve
if a variety of teaching methods are used in a lecture.

To complement the lecture in achieving the lower
‘cognitive objectives associated with the first year
- transition metal chemistry course, it was decided to
construct a series of self-instructional programs which
would be self-paced and employ three-dimensional models
and a 'construction kit' with which a student could
build and study structures for himself. A further
advantage of producing self-instructional materials on
transition metal chemistry is that, not only could the
students use the material to complement the lecture
course, but the programs could also be used for revision
before examinations and before subsequent study of
more advanced transition metal chemistry in the second
and third years of the chemistry course.

4,2 Design of the Self-Instructional Materials

As the material was required to supplement a
lecture course,and not to provide analternative for it,
the programs were designed to aid the students achieve
'mastery' of some of the objectives of the lecture
course,

The'content‘of the programs was based on the
lecture content, but laid more emphasis on aspects

of /
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of the topic which could not be taught effectively by
lecture, and little or no emphasis on some other aspects
which were adequately dealt with in the lecture
situation. The content of the material was decided
upon in collaboration with the lecturers involved in

the course and with due regard to the course objectives.

Since a great deal of the material on transition
metals was suitable for discussion and description,
and often required the use of models, it was decided
that 'traditional' written programmed material was
inappropriate. Each of the programs involved the
use of a workbook which was divided into 'frames'
with some basic material given in each frame. Sufficient
space was left in each frame for a student to add his
~own notes if required, and to answer questions posed
in the program.

Provision of a workbook served to keep the students
active during the course of each program, and also acted
as a permanent record of the program as students were
allowed to keep their workbooks. In each program, the
workbook was accompanied by a taped commentary provided
in cassette form, while three of the five programs
involved the use of models and a construction kit, and
one involved a series of overlays to help illustrate
a certain point. The media used in the programs were
relatively cheap and easy to produce and could be
easily altered or reproduced if required.

The programs were of a 'linear’ type,(42) and
were made available to students immediately after the
relevant section of the course had been covered in
lecture form.

4.3 Objectives of the Programs

The parts of the transition metal chemistry course
which /
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which were thought would benefit from a programmed
treatment involving tapes, workbooks and models were
gathered under five headings, each of which provided
a basis for an individual program. The five programs
were entitled:-

Program 1 : The Language of Transition Metal Chemistry;

Program 2 : Naming Co-ordination Compounds and
_ Complex Ions;
Program 3 : Symmetry and Isomerism in Transition

, Metal Complexes;
Program 4 : Crystal Field Theory;
Program 5 : Colour and Magnetic Properties in
Transition Metal Chemistry.

The objéctives of each program were made known to
the students both at the start of the workbook and the
taped commentary, as research has indicated that student
achievement is enhanced if the student has prior know-
ledge of the behavioural objectives of a unit of
work.(gg)

The objectives of each program, phrased in
behavioural terms, are given below.

Program 1 On completion of this program, a student
should be able to:-

l. point out the position of the transition elements
in the periodic table, and realise which ones
are concerned with the filling of d sub-shells
and which with the filling of f sub-shells;

2.. define the term "oxidation state", and appreciate
that a characteristic feature of transition
metals is that they can possess a variety of
oxidation étates;

3., recognise that an eiement is a transitionelement,
given its electronic configuration;

4, write down the electronic configuration of a
transition /



transition element in a given oxidation state;

5. define the terms "coordination compound" and "complex
ion", in transition metal chemistry;

6. define the term "ligand" in transition metal
chemistry;

7. appreciate that certain ligands can interact with
a central transition metal ion via more than one
bonding site;

8., define the terms uni-, bi-, tri-, tetra-, penta-

‘and hexa- dentate ligands;

9, given the oxidation of a metal in a complex ion
and the ligands present, write down the resultant
charge on the complex ionj; .

10, define the terms "inner coordination sphere" and
"outer coordination sphere" of a transition metal
ion;

11, state some of the methods available to "count"
the number of ions present in a coordination
compound, and also the method used to estimate
-the number of free chloride ions present in a
coordination compound;

12, define the term "coordination number" of a transition
metal ion, and write down the coordination number
of a transition metal in a given complex ion.

Program 2 On completion of this program, a student
should be able to:-

1. correctly name a coordination éompound or complex
ion, given its molecular formula;

2. conversely, given the name of a coordination compound
or complex ion, write down its molecular formula.

Program 3 On completion of this pfogram a student
should be able to:-

1, define what is meant by an octahedral complex, and
realise that such complexes can be represented

in /
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in several equivalent ways;

2. define the term "isomer" in transition metal
chemistry;

3., define what is meant by the cis or trans arrangement

of ligands in octahedral transition metal complexes;
4, define "geométric isomer" and "chiral isomer" and
be able to distinguish between the two;
5. given the molecular formula of a transition metal
.complex, draw any geometric isomers and chiral
isomers which may be possible in the complex.

Program 4 On completion of this program, a student
should be able to:=-

1., draw the shapes of the five individual 4 orbitals,
paying particular attention to their orientation
in space;

2, define the term "degenerate orbitals";

3, explain what is meant by the term "spherical
approximation';

4, explain the effect of the spherical approximation
upon the energy level of a set of five d orbitals
compared to their energy level in the free ionj

5. explain the splitting of the five 4 orbitals in
an octahedral ligand field to give three t2
orbitals at a lower energy level than in the
spherical approximation and two eg orbitals at
a higher energy level than in the spherical
approximation;

6. define the term "crystal field splitting energy, Ao.

Program 5 On completion of this program, the student
should be able to:=-

1. explain why most transition element compounds are
coloured;

2. state the factors affecting the size of Ao - the
crystal field splitting energy - in octahedral
transition /



transition metal complexes;

3., define high spin and low spin complexes;

4, draw the d electron configuration for both high
spin and low spin complexes of a transition metal
ion with a given number of d electrons;

5. state the two factors which influence whether a
transition metal complex is in a high spin or low
spin situation;

6. define the terms "paramagnetic", "diamagnetic"
and "ferromagnetic";

7. write down the expected magnetic moment, in Bohr
magnetons, of a complex with a given number of
unpaired electrons.

4.4 Design of Individual Programs

Pfdgiamll
Purpose: to introduce the basic terminology and
vocabulary of transition metal chemistry,
much of which was required in subsequent
programs.

Materials: 18 frame workbook (p. 87 )
24 minute taped commentary (p. 99 )

Program 2

Purpose: +to enable students to gain mastery of the
well defined rules for naming transition:
metal complexes and coordination
compounds.

Materials: 11 frame workbook (p., 11ll)

16 minute taped commentary (p. 116 )

. Program 3

Purpose: to introduce symmetry and isomerism in
transition metal chemistry and to enable
mastery / |
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maétery of other three-dimensional
relationships.
Materials: 13 frame workbook (p. 123)
20 minute taped commentary (p.130 )
9 models (photographs included in appended
tape script)
Construction kit (photograph on p.132)

.The construction kit enabled s tudents to make
ball and stick models and isomers of certain octahedral
transition metal complexes, and hence study three-
dimensional relationships. Uni-dentate ligands were
represented by single balls, while bi-dentate ligands
were represented by two balls attached together by
~means of a suitably sized spring.

Prdgram 4

Purpose: to develop crystal field theory, requiring
a grasp of three-dimensional concepts,
with particular reference to the shape
and orientation in space of the five 4
orbitals.
Materials: 9 frame workbook (p. 140)
17 minute taped commentary (p. 145)
2 models (photographs included in appended
tape script)
Overlays

Program 5

Purpose: to use crystal field theory to explain the
phenomena of colour and magnetic
properties in transition metal chemistry.

Materials: 14 frame workbook (p. 153)

20 minute taped commentary (p. 161)
2 models (photographs included in appended
tape script).

Organisation /
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Organisation

Three sets of materials and the necessary hardware
for each program were made available in the science
self-teaching laboratory. The programs could be used
by students at any time without compulsion. Although
it was suggested that students should work through
programs 1 to 5 sequentially, it was possible for
students to select individual programs to attempt to
rectify particular weaknesses., '

Students were encouraged to work through each
program at their own pace and, if necessary, use any
program any number of times. '

4,5 Assessment of Programs

The evaluation of the effectiveness of the programs
was done in two ways:-

(a) A diagnostic assessment of the programs was
designed to show up weaknesses or misleading
parts, and to assess the 'mastery' value of
the material.

(b) A comparison of the subsequent performance on a
transition metal chemistry question set in a
formal degree examination was made between
students who completed relevant programs and
those who attempted none of the programs.

(a) Diagnostic assessment of the programs

It was decided that any form of test had to be
concise, quick for the student to do, and that the
same test should be used for pre- and post- assessment,
otherwise differences may have been due to different
tests. Objective test items were used to fulfil these
criteria. The items used in each test were related
to the objectives of the program(s) which were being
evaluated. 4'The objectivesof each program are listed

in /
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in Chapter 4.3 (p. 59-62).

Programs 1, 2 and 3 were evaluated by individual
tests while programs 4 and 5 together were evaluated
by a single test since the objectives of the programs
were closely related. Items were scored by awarding
1 mark for a correct response and 0 for an incorrect
or omitted response, and were answered on a computer
card to enable easier analysis. Pre-test items were
answered on pink cards while post-test items were
answered on yellow cards.

Students were encouraged not to guess by the
provision in each item of a 'don't know' option.

Differences in the performance of individual

- students were not studied, but changes in the overall
performance in individual items were analysed, and the
results related to the objectives and efficiency of

the programs. This was done as the tests were designed
to be diagnostic of the programs and not of the students.

An attitude questionnaire was attached to each
post-test to obtain a general indication of ease,
interest and value of individual programs, in addition
to the time spent on each program. . Space was also
available for any further comments the student wished
to make.

The programs were assessed over the two sessions
1973-74 and 1974-75. Unfortunately, in both sessions
the lecture course in transition metals was not completed
until less than four weeks before the degree examination
in first year chemistry, so there was little time
available for students to use the later programs in the
series, However, a sufficient number of students
attempted each program for a valid assessment to be
made. Only students who completed both pre- and post-
test for a particular program were used in the item
analysis. ‘

The combined /



The combined totals of students for the two
sessions who'attempted both pre- and post-tests for any
particular program are given below:-

Students Students
(both tests) (one test only)

Test 1

(Program 1) - 133 44
Test 2 |

(Program 2) 136 21
Test 3 |

(Program 3) : 92 28
Test 4 , '
(Programs 4 and 5) 57 24

In addition to the numbers listed above, several
students completed programs without attempting either
the pre- or post-test. This was obvious from the
number of workbooks used. The results for the two
sessions were combined as it was assumed that no major
differences existed in the chemical ability of the
students studying first year chemistry in two consecutive
years. The lecture course and the lecturers were
identical in both years.

Item analvsis for test 1 (Program 1) -

The test, which contained eight objective items,
can be found in the appendix on p. 171.

The frequency of responses for options A, B, C,
- D and E for questions 1 to 8 in test 1 are given in
Table 4-1 for 133 matched pairs of pre- and post-tests.

3
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Differences in pre- and post-test facility values
were tested for significance using the following

formula(loo) -
-5 1 1

Z =6—;-——P2 \theré dPl - 2, =/PQ(-N-1 +ﬁ2)
Pl ’ P2 = sample proportions
Nl ’ N2 = sample sizes
p = NlPl + N2P2

Nl + N2

Q@ = 1-p

In Test 1 all differences between pre- and post-
" test facility values were significant above the. 1%
level. As the program, and hence the pre-test, was
done after the lecture course, the measured differences
were a direct result of using the program, so it would
appear that the objectives of program 1 were being
achieved,

One possible weakness of program 1 was indicated
from the responses to item 1, in that in the post-test
over 16% of the students failed to appreciate that
elements with incomplete f shells of electrons are
classified as transition elements.

Further analysis of Test 1 involved an examination
of student responses in pre- and post-test, and the
results are given in Table 4-2.
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ITEM 1 2 3 4 5 6 7 8
Right - 65 70 | 91 102 35 84 |91 |33
Right
Right - 2 0 2 2 0 2 0 3
Wrong
Wrong - 34 |38 |17 |13 |64 |21 |22 |57
Right
Wrong— 25 |11 4 2 | 13 1 2 5
Wrong
Don't know-— 6 6 8 14 | 17 24 18 33
Right
Don't know-> 1 0 1 | o 4 1 0 2
Wrong
Facility Value
(Pre) .50 .59 .70 .78 .26 .65 .68 27
(Post) |(.79) [(.92) [(.95)(.97)|(.87)](.97)[(.98)|(.92)

Table 4-2 Pre/Pbst Response Comparison for

Test 1 (133 students)

It would appear that, with the possib;e exception
of the point made about f shells that no serious
misconceptions were apparent in program 1.

Item analysis for Test 2 (Program 2)

This test which contained five objective items
can be found in the appendix on p. 173.

The item by item analysis and the pre/post test
comparison for Test 2 are given in Table 4-3 and Table
4-4, respectively.



ITEM

<

Option ' 1 2 3 4 5
A 3 96 53 33 16
(0) (134) (0) (8) (2)
B n 4 45 7 89
(17) (0) (132) (3) (130)
c 45 10 6 7 10
(117)| (0) (1) 0y | (37"
D 7 | 1 | 9 |78 | 5
(2) (2) (3) | (125) (1)
E 10 12 23 13 16
(0) (0) (0) (0) (0)
Facility Value .33 .71 .33 .56 .65
(.86) | (.98) | (.97) | (.92) | (.96)
Difference in |[Sig. 1%|Sig. 1%|Sig. 1% |Sig. 1%|[Sig. 1%
Facility Values

Table 4-3 Item by Item Analysis

for Test 2 (Program 2)(13%36 students)

ITEM 1 2 3 4 5
Right -5 Right 57 95 43 70 88
Right — Wrong 0 1 2 6 1
Wrong —>Right 52 27 66 44 27
Wrong —> Wrong 17 1 2 3 4
Don't know —>Right 8 12 23 11 15
Don't know —» Wrong 2 0 0 2 1
Facility Value
(pre) | .33 | .70 | .33 | .56 | .65
(Post)| (.86) | (.98) | (.97) | (.92) | (.96)

Table 4-4  Pre/Post Response Comparison for

Test 2 (136 students)



In general, program 2 would appear to be reasonably
satisfactorj in terms of achieving the objectives of the
program, namely the mastery of the nomenclature system
in transition metal chemistry.

The biggest single misconception appeared to be
in the order in which ligands should be named (item 1).
123% of the students continued to list the ligands
alphabetically without regard to whether the ligands
were charged or uncharged.

A1l differences between pre~ and post-test facility
values were significant at the 1% level,

Item analysis for Test 3 (Program 3)

This test contained eight objective items
related to the objectives of the program, and is
appended on p. 175.

The item by item analysis is given in Table 4-5,
while the pre/post-test comparison is summarised in
Table 4-6 .
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ITEM 1 2 3 4 5 6 7 8
Right 78 55 24 23 40 38 16 22
Right
Right 0 1 0 2 2 1 3 1
Wrong
Wrong —s* 11 17 39 29 23 21 23 26
Right
Wrong
1 2 4 1 2 11 23 4
Wrong
1 —D%
Pon't  know=72 2 15 19 29 23 15 13 30
Right
Don’t know—=> 0 > 6 8 > 6 14 6
Wrong
Facility Value
(Pre) .85 *60 .26 .27 .45 .42 .20 .28
(Post) (.99) (.95) (.89) (.88) (.93) (.80) (.56) |(.85)
Table 4-6 Pre/Post Response Comparison for
Test 3 (92 students)

For this test, all differences between pre- and
post-test were significant at the 1$ level except for
item 1, where the difference was significant at the 5$

level, due to the high facility value in the pre-test.

Items 3, 6, 7 and 8 each contained at least one
distracter which collected between 10$ and 18$ of the
responses. The reason for this was probably that each
of these items involved the students thinking three-
dimensionally without the aid of models. Item 7 was
particularly poorly done in the post-test (facility value
0.56) with 23 of the students continuing to select a
wrong answer and a further 14 students who were 'don't
knows' 1in the pre-test selected the wrong answer in

the post-test. In addition, each distracter attracted

over /
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over 12% of the students. The reason for this
relatively poor performance in item 7 was probably that,
not only did the question require students to be able
to visualize structures written in two dimensional form
as three-~-dimensional, but an additional process of
mentally 'rotatihg' the structure was involved. In
all other items, this additional 'mental rotation!
process was not required, and the post-test facility
values did not fall below 0.80, indicating reasonable
mastery in general. -

Ifem‘aﬁalysis for Test 4 (Prozrams 4 and 5)

As the objectives of programs 4 and 5 were closely
related, both programs were assessed by means of one
" test containing 7 objective items. This test is
appended on p. 178. |

Items 1, 2 and 3 are directly related to program
4 on crystal field theory, while items 4, 5, 6 and 7
are concerned with program 5 on colour and magnetic
properties in transition metal compounds, which were
explained in terms of crystal field theory.

An item by item analysis is dpntained in Table
4-7 while pre/post test response comparison is given
in Table 4-8. |
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ITEM 1 2 3 4 | 5 6 7
Right— 22 22 31 11 24 19 15
Right
Right— 0 o | 1 1 1 1 1
Wrong
Wrong— 29 19 14 19 13 15 10
Right
Wrong-> 1 1 0 6 3 1 1
Wrong
Don't know— 4 |15 |11 |16 |12 |19 | 26
Right
Don't knbw-9 1 0 0 4 | 2 2 3
Wrong '
Facility Value
(Pre) | .39 | .39 | .56 | .21 | .44 | .35 | .30
(Post) {(.96) |(.98) |(.48)(.81){(.89)((.93)](.89)

Table 4-8 Pre/Post Response Comparison for
Test 4 (57 students)

All differences in facility value between pre-
and post-tests were significant at the 1% level, In
no item did the facility value fall below 0.80 in the
post-test.

, In only one item (item 4) did over 10% of the
students select any one distracter in the post-test.
The fact that more highly charged transition metal ions
produce large crystal field splitting energies in
complex ions does not appear to have been fully
appreciated by some students as the numbers selecting
distracter B in item 4 dropped only slightly. This
may be due to lack of emphasis in the program,

In every item in every test, significant improve-
ments were noted between pre- and post-test. Apart
from /
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from the effect of the programmed material, a further
factor involved in this improvement may be that doing
a pre-test before the instruction enhanced the learning.

(101) supports this view, It

Research done by Hartley
is possible that doing a pre-test may emphasise the
designer's objectives in the mind of the student,
and the student may learn from the program with

particular reference to the pre-test items.

Attitudes to programs'l, 2, 3, 4 and 5

On completion of each post-test, the students
were asked to indicate how useful, easy and interesting
they found the program(s) just completed. In addition
they were asked to note approximately how long they
" took to complete each program. A similar assessment

method was used by Hogg(loz)

at Aberdeen in part
evaluation of programmed learning materials in

chemistry.

Results are given in Table 4-9, Not all the
students who completed the pre- or post-test completed
the questionnaire, and vice versa. Consequently the
numbers of students assessing each program vary slightly
from the numbers discussed previously.
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In genpral, it would appear from Table 4-9 that
the programs were favourably received by the students.
Program 3 seems to be the one which the students found
most difficult and most tiring. Students also generally
spent longer on program 5 than on the other programs.
It is probably not coincidental that program 3 laid
most emphasis on three-dimensional relationships, which
the student had to master by means of models and the
construction kit.

It is significant that there was a wide variation
in the times taken to complete each program, indicating.
that the students were controlling the rate of learning,
rather than the learning rate being media controlled.

A further piece of evidence to indicate the
potential of programmed learning methods in chemistry
was obtained from a questionnaire given to all first
year chemistrylstudents in mid May, 1975. When asked
which learning activities or situations best suited
the student, personally, to learn desired subject
material in chemistry the responses were:-

Lectures and lecture notes (64.4%)
Self-instructional programs (22.0%)
Text books ( ﬁ.B%)
Other methods ( 5.8%)

A further question revealed that just over 55%
of students had actually used any of the self-
instructional programs in chemistry.

(v) Performance of students in degree examination

The diagnostic assessment of these programs
indicated that in the short-term, the programs proved
useful in enabling students to master the subject matter
contained in the programs. However the post-test was
usually done immediately after the completion of each
progran / '
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program and hence measured short-term recall and
comprehension.

It was decided to investigate if the programs had
a longer term effect by comparing the performance in
a subsequent degree examination of students who had
used the programs on transition metal chemistry, with
those students who did not use any programs.

"FPirst year chemistry students were given the
opportunity to use the programs on transition metal
chemistry immediately after the lecture course in session
1974-75. The degree examination in June 1975 contained
one written question valued at 10 marks on the transition
metal course.

Question in written paper

The first year degree examination is divided
into two sections. Section A is an objective test
containing twenty items, while section B is a written
paper containing eight questions, all of which must
be attempted,

The content of the question of transition metal
chemistry is appended on p.181. The question examined
aspects of the course which were covered in programs 1,

2 and 3 of the self-instructional series. It was
therefore, decided to compare the performance of students
who did at least the first three programs against students
who did no programs. Students who covered programs )
1 and/or program 2 only were not included in the
comparison. From the pre-test and post-test returns,

78 students who did at least the first three programs
were identified, of whom 66 sat the degree examination

- the remainder gaining exemptions. A further 17
students were identified who had done fewer than three
programs. The rest of the class (312 students) were
assumed to have studied none of the programs.

The performance /
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The performance of the students who studied at
least three programs and the performance of those who
studied no programs is given in Table 4-10.

Question
_ Students 1 2 3 4 5 6 7 8
At least 3 |MEAN|[6.45!3.85]|6.62(5.71[1.89({2.00(5.11(4.02

prog¥ams \ S.D.|2.55(2.10]2.45[2.61{2.21}1.79|2.96(2.72
n=66)
No programs|MEAN [5.73%[3.30|5.75|4.11]2.06|1.22]|2.93[3.60

(n=312)[S.D. |2.63|2.02{2.73|2.88 2.5111.37/3.2415.08

¥ $ransition metal question

‘Table 4-10 Performance of Program users and

non-program users in all written questions

All scores in Table 4-10 are presented out of a
possible 10, In fact, questions 1, 2 and 8 were out
of a possible 7, 8 and 15 respectively, but the scores /
were adjusted to fall into line with the other
questions. Question 7 was concerned with transition
metal chemistry. Straight comparison between
performances in question 7 is invalid as it is obvious
from the other scores that those students who used the
programs performed generally better than those who did
not use the programs, scoring better in 7 out of the 8
questions in the paper. It is disturbing that those
who could benefit most from the provision of self-
instructional programs were less likely to use them.,

In an attempt to relate the scores of non-program
users to those of program users, a regression line was
calculated. This was then used to predict scores of
program-users given the mean scorés of non-program
users. (Scoresﬂfor question 7 were not included in
the calculation of the regression equation.)

The regression equation was -

~s

Y /



~
Y = 1.119 X + 0.243

.4
where Y

X

i

predicted mean score of program users,

i

mean score of non-program users.,

The correlation coefficient between mean scores of program
and non-program users was calculated -~ +this was
r = 0.968.

‘The standard error of estimate (Sy.x) was also
calculated -

Sy.x = Syl -1 = 0.493

(The standard error of estimate is used in the same
manner as a standard deviation is used in a normal
~distribution.)

From the regression equation, the predicted mean
score for question 7 was 3,52 out of 10 for program
users, compared to the mean score of 5.11 out of 10
which was actually achieved. This difference is
significant above the 0.1% level. Thus those who did
at least three programs would appear to have performed
significantly better in the transition metal chemistry
question than those who attempted no programs. The
relative performance of program usérs and non-program
users in the degree examination is summarized in
Diagram 4-1. |

However, the situation is slightly more complex
if one looks at question 7 in more detail. Question
7'(appended on p.181) consisted of two parts. Part (a)
involved drawing four geometrical structures for isomers
of a chromium (111) complex (Program 3) and naming any
one of them (Program 2).

Part (b) involved calculations involving the
mole concept, and depended upon the ability of students
to remember the @ a+emic > weights silver and chlorine
in order /
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in order to work out the formula weight of silver
chloride.

" The breakdown of mean scores in question 7(a)
and 7(b) was analysed, and the results summarized in
Table 4-11. The scores for parts (a) and (b) have
been adjusted to scores out of 10 (they were originally
out of 5). The predicted scores for parts (a) and
(b) have been calculated from the regression equation.

Question Actual mean scores Predicted mean
scores
(out of ten) (out of ten)

Students Ta | Tb Ta+b 7a b 7a+b
At least 3
programs 6.06 | 4.16 5.11 3435 3.71L | 3.52

(n=66)
No programs :

'Table 4-11 Analysis of performances in

parfs (a) and (b) of question 7

The difference between observed and predicted
scores for question 7(a) are significant above the
0.1% level, while the differences for question 7(b)
are not significant. ‘

ihus the significant differeﬁces between observed
and predicted mean scores for question 7 as a whole
are almost entirely due to the sﬁperior pe:formance
in- part (a) by those who studied the first three
programs on transition metal chemistry. Question 7(a) |
examined materia% directly covered in programs 2 and 3.
The reason for the lack of significant difference between
performances in part (b) is probably due to the fact
that students had to know certain molecular weights
before attempting the problem which also involved
calculations /
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calculations using the concept of the mole -~ a topic
not covered in the programs.

Conclusions

It would appear from the diagnostic assessment
that few ambiguities exist in the programs, and that
the programs enabled students to gain short-term
mastery of the topic.

In addition to enhanced short-term recall, the
perférmance in a subsequent degree examination indicated
that the programs contributed to longer term retention
of the subject matter covered, although the statistical
analysis of the degree examination performances was
. complicated by the fact that students who used the
programs tended to have a generally higher ability in
chemistry than those students who did not use any
programs. u
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TRANSITION METAL CHEMISTRY

WORKBOOK 1

THE LANGUAGE OF TRANSITION METAT, CHEMISTRY

OBJECTIVES : As given in Chapter 4.3
Frame 1 -
i THE PERIODIC TABLE
% giving atomic number and chemical symbol for cach element
1 2
4 e
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We shall consider only

v

d-block elements in this program.




Prame 2

1l s orbital at each

' energy level

3 p orbitals at each
energy level

5 d orbitals at each
energy level

7 £ orbitals at each
energy level

Each orbital can
accommodate 2 electrons

Question : What is the electronic configuration of
Calcium (atomic no., = 20) ?

Answer :

88

Frame 3 /
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Prame 3
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Frame 4
Oxidation State
-3e” 34 X
Co (metal) 3 Co (free ion)
oxidation state : 0 | +3
e ~2e” 24 .
Ni (metal) > Ni (free ion)
oxidation state : 0 +2

Polyatomic Molecules e.g, Cul , FeCl3

Polyatomic Ions e.g. [Fe(CN)6]4- , Ebr04]2_

Assigned oxidation states‘ e.g, 0 =-2, Br, Cl,
F, I ="'1
(CN) = -1, H=4+1

Question : What is the oxidation state of Fe in FeCl3 ?

Answer :

Question : What is the oxidation state of Cr in [cr0,]%” <

Answer :
Frame 5
(o —=3° 3 oot or Co(111)
oxidation state 0 +3
electronic configuration [Ar]3d7482- [Ar]3d64so
a d6 ion

Oxidation state of Fe in [FeOi]z- ioh is +6, ( Pe(Vl) )

Question : /



Question :

Answer :

What is the electronic configuration of
Pe(V1l), given that the electronic

~configuration of Fe in the zero oxidation

state is

[Ar]3d64s2 ?
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Question : What is the oxidation state of manganese
‘in [un(cN) ] 2

Answer :

Questioh : What is the electronic configuration of
manganese in the above oxidation state,
given that 1ts electronic configuration

is [Ar] 3d5 4s in the zero oxidation state?

Answer :
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Frame 7

Co(111) + H,0 — [Co(H20)6]3+
| A Complex Ton

[Co(H20)633+ + excess Cl'-—)[CoClé]3-
A Complex Ion

Complex ions behave as single ions.

Prame 8

Regard [Fe(CN)6]4" as [Fe2+ + 6(cy)"14

.. charge on complex ion = +2 - 6 = -4

Question : What is the oxidation state of Fe in
[Pecl; (H,0)]2"

Answer :

Question : /



Question : What is the value of the charge x on the
‘complex ion [Ni(NH3)3Cl3 X when Ni(11)
is present ?
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Answer :
Frame 9
(a) (K+)4 [Fe(CN)6]4_ - a coordination compound
2 T
counter complex
ion ion
(b) [Co(NH3)6]3+ (c1 ~ )3 - a coordination compound
T
complex . counter
ion ion
Frame 10
[bo(NHB)SClJ cl, -~ a coordination compound
inner outer
coordination coordination
sphere of sphere of
Co(111) co(111)
dissolve

[co(NHy) C115F 4 201 ©

inner free ions
coordination
sphere

K, /
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K, C[re(om)] —2issolve , 4x* 4 [re(ow) T
“ —— ——
outer inner : Free ions inner
coordination coordination coordination
sphere of sphere of sphere
Fe(1l) Pe(11)
Frame 11

dissolve 2+ o)
[co(m)4c1] €1, (s01id) > [co(mig)g 01177 + 201

3 jons altogether

Number of ions in solution detected by

(a) conductance measurements, or
(b) depression of freezing point.

Number of free chloride ions in solution indicated by
titration with silver nitrate (Ag NO3).

Total number of chlorines in the coordination compbund
found by analysis which gives the empirical formula of
the compound.

Prame 12

(a) [Fe(CN)6]4- consider as [re?t + 6(cn) @14

T T

transition 6 cyanide
metal ion ligands
Fe(11)

(v) [Pt (mHg),c1,]%*

]\ 6 ligands -~ 4 ammonia ligands
P(1V) + 2 chloride ligands



Fréme 13

Charged ligands e.g. cN @ ’

Ligands are Nﬁciéophiles

. Q}CD, : ?rCD,
1@, 1 p®  : 0H®
o0 oo ’ oo

Uncharged ligands e.g. H29. y o NH3 sy CO , NH2 - CH2

NHp - CH,
Nucleophilic attack of ligands e.g.
. H H
s0 AN
: x® 0.7
¢
T | n+

Question :

If a ligand acts as a nucleophile, or
electron donor, what is the role of the
transition metal ion in this situation ?
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Answer :
Frame 14
Monodentate Ligands - "One Toothed"
Examples a® , :r®, o®, ¢ WHg , HO ,
OHQ, :F® , etc,

Frame 15 /



Frame 15

Bidentate Ligands - "Double Toothed"

Examples ethylene diamine (en)
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CH2 - CH2
/ \
(or 1, 2 diamino ethane) NH, NH,,
® ®
0 0 .
_ N - _
oxalate ion /C - C\ ® = potential
’ 20 20 nucleo-
(O () philic
® & bonding .
site
Frame 16 , :
NH, M, = <:::f—_‘t::>>
(a) ' ‘
a chelate
NH2 NH2 : NH3 NH
~N m more stable than A e

Ni
chelate ring

FPrame 17

o0 o0 2
®
® ® = potential
nucleophilic
Diethylene triamine (dien)

. . bonding site
- & tridentate ligand



Question : How many potential nucleophilic bonding
‘sites are there in the ethylene diamine
triacetate ion ?
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()
CH //o
2 - c‘§ 0
CH, - N _ 0@ The ethylene
AN S diamine
) triacetate
0 ion
CH, - NH = CH,-C~ ‘
2 2 N
(9)
Answer :
. Prame 18
Coordination Number:
eqordination number
of transition metal
(a) [00014] 2- 4
(v)  [co(mmy) c1]2 6

Question : What is the coordination number of (Cr(111)

in the tCr(en)201é]+ ion ?

Answer




TRANSITION METAL CHEMISTRY
Tapéd Commentary for Program 1

THE LANGUAGE OF TRANSITION METAL CEEMISTRY

To gain maximum benefit from this series of five
programs, you should use them to reinforce your lecture
notes, and not to replace them, You should have a
working knowledge of electronic configuration before
you start this program. '

For this program, all you require is this taped
cassette, and Workbook 1. No slides or models are
required. During the course of this program, you
are occasionally asked to answer a question. When
_ you hear this sound (*), stop the tape and write down
your answer in the allotted space in the workbook.
You may stop the tape at any time to revise points
which you find difficult. Space is provided in the
workbook if you wish to take notes from the program.

Objectives for Program 1 : As given in Chapter 4.3.

Frame 1

The transition elements are those elements having
filled or partly filled d or f sub shells of electrons.
The periodic table in the workbook indicates those
elements with filled or partly filled d shells in blue
shading, and those with filled or partly filled f shells
in red. Altogether, about 60 of the known elements
are classified as transition elements and all are
metallic in nature.

There are 3 rows of d block transition metals.
The 1st, 2nd and 3rd rows are concerned with filling
the 3d, 44 and 54 electronic subshells respectively.
There are 10 elements in each row as each d subshell
can accommodate 10 electrons.

Similarities /
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Similarities between transition elemenﬁs are more
marked vertically down a group. Thus, for example,
nickel (At. No. 28) shows more chemical resemblance
to palladium and platinum than to cobalt or copper.

Elements in the first row of the f block transition
elements are called Lanthanons, and are concerned with
filling the 4 f electronic subshell, while second row
elements in the f block are called the Actinons and
involve filling the 5f subshell. Each row contains
14 elements as each f orbital can accommodate 2 electrons
and there are 7 f orbitals in a given energy level,

For the remainder of this series of programs we
shall confine ourselves to a study of d-block transition
, metals.

Frame 2

An easy way to remember the order in which elect-
ronic orbitals are filled in an element of given atomic
number is illustrated in the workbook. Having written
down the orbitals as shown, merely follow the arrows
downwards to get the order of filling of orbitals.

Using this diagram it should be possible to work out the
electronic configuration of every element in the
periodic table, remembering a filled s orbital contains
2 electrons, a p subshell contains 6 electrons, a d sub-
shell 10 electrons, and an f subshell 14 electrons.

In each energy level, there are 3 p orbitals, 5 d
orbitals and 7 f orbitals.

Write down the electronic configuration for
calcium (At. No. 20).  (¥)

2 6

2p6 332 3p 4s2. From
the diagram we can see that the 3 d orbitals are next
to be filled and this involves the 1lst row transition

The answer is 132 2s

elements.,

Frame 3 /'
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Ffémé 3

The electronic configuration for the 1lst row
transition elements are listed here. In each case,
the first part of the electronic configuration is the
same as that of Argon, so the electronic configurations
have been written in a shorthand manner, with only the
valency electrons'being named, The 3 d shell is
steadily filled along the series except at Chromium
3d54s1, and Copper 3d104sl, where there is a slight
discontinuity. Here 1 electron is taken from the 4 s
orbital and put in the 3 d shell. This is because
3 d and 4 s orbitals are very similar in energy, and an
extra stability is obtained when the d shell is exactly
half filled with 5 electrons, or full with 10 electrons.
More energy is therefore gained from this extra

stability than is lost in putting an electron from the
4 .s orbital into a 3 4 orbital. This is called the
filled and half-filled d shell effect.

Prame 4

Ions of transition metals are usually positively
charged. The oxidation state of a transition metal
can be defined as the positive charge or effective
positive charge on the metal ion. It is easy to see

3+ and Ni2+ are +3% and

that the oxidation states of Co
+2 respectively. However, the situation is slightly

more involved when the metal ion is not free but in

a polyatomic molecule or ion. Examples of such molecules
and ions are given in the workbook. To work out the
oxidation state of the metal, in such complexes, we
arbitrarily assign oxidation states of -2 to oxygen,

-1 to the halogens, +1 to hydrogen etc., i.e. we assign

~ the commonly occuring oxidation state of the ions of

these elements.,

Thus in Cu0 (copper oxide), as oxygen is in the
-2 oxidation state and as there is no overall charge,

copper /
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copper must be in the +2 oxidation state.

In the ion [Pe(cN) 147, each ¢N” or cyanide ion
is assigned an oxidation state of -1, and as the overall
charge on the ion is -4 the Fe must be in the +2 oxidation
state as +2 - 6 = -4,

What is the oxidation state of iron in iron
chloride FeCl3 ? (%)

The answer is that iron is in the +3 oxidation
state as each chlorine is assigned -1 oxidation state,
so to achieve electron neutrality the iron must be in
the +3 oxidation state.

What is the oxidation of chromium in the [br04]2_
“jon ? (%)

Here the chromium is in the +6 oxidation state.

Each oxygen is assigned an oxidation state of -2
and so 4 oxygens give a total charge of -8. As the
overall charge on the ion is only -2, chromium must be
in the +6 oxidation state.

Note that in such polyatomic ions as [Cro ]2-,
an oxidation state of +6 does not mean that Cr6 ions
are present in an ionic lattice, but only that in this
ion, having arbitrarily assigned oxygen to have a =2
oxidation state, each chromium has an effective charge
of +6.

Prame 5

Consider a transition metal such as cobalt. In
the elemental form it is in the zero oxidation state
and has a valency electron configuration of 3d7 432.
If we now look at a cobalt ion in the +3 oxidation
state the electronic configuration is now 3d64so.
This illustrates an important general f eature of

transition /
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transition metal chemistry which is that when transition
metal ions are formed, the s electrons in the valency
shell are alWaXs lost first, followed by the d electrons.
As the s and d electrons are of similar energy d electrons
can easily be removed after the s electrons have been
removed., The cobalt3+ ion is called a d6 ion, as 6 4
electrons are present and no s electrons are left.

When writing compounds containing transition metal ions,
it is conventional to write the oxidation state of the
metal concerned in Roman numerals after the name or
chemical symbol of the transition metal concerned.

Hence we would write a cobalt S+ ion as Co(1lll) as in

the workbook. Iron in the +6 oxidation state is encoun-
tered in the [?e04]2- ion and we write iron in this
oxidation state as Fe(V1). What would be the

" electronic configuration of iron in the +6 oxidation

state, given that the electronic configuration of the
valency shell of iron in the zero oxidation state is

3a® 482 2 (¥)

The valency shell electronic configuration of
iron in a +6 oxidation state would be 3d° 4s° , that
is, we would have a d2 ion. Remember that the s.
electrons in the valency shell are always lost first,
followed by the d electromns.

Frame 6

A feature of the d block transition elements is
that they exhibit a wide variety of oxidation states.
The range of oxidation states for each of the 1lst row
transition metals is shown in the workbook. Cobalt,
for insfanoe, can exist in the +2, +3 or +4 oxidation
state. The range of oxidation states is even greater
for 2nd and 3rd row d-block transition elements.

In the first row, the widest range of oxidation
states is given by manganese, from +2 as in MnO and
MnCl,, to +7 as in Mn207 and the [MnOé]
permanganate /
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permanganate ion.

What would be the oxidation state of Mn in the
[Mn(CN)G]S_ ion shown in the workbook, and write down
the manganese with its oxidation state in Roman
numerals. (*)

The oxidation state of Mn is +3 in this complex.
Each cyanide group is given an oxidation state of -1,
80 Mn has to be in the +3 oxidation state to give an
overall charge of -3 in the ion. Mn in the +3
oxidation state is written Mn(111l).

What is the electronic configuration of Mn in the
+3 oxidation state, given that in the zero oxidation
state, Mn has the valency shell configuration 3d5 482 ?

(*)

Mn3+ would be a d3 ion, with electronic configuration
3d4 450. The s electrons are again lost first as
usual.

FPrame 7

PRI . +
Transition metal ions such as manganese 3 ’

2+ , nickel 2+, cobalt S+

iron etc, are never found

as free ions except in the gas phase,. In the liquid
or solid phase, transition metal ions become linked to
other species and are never found in isolation. For
instance if a cobalt (111l) compound is dissolved in
pure water, a new ion is formed, namely [Co(H2O)é]3+
in which the water molecules are bound to the transition
metal ion. If an excess of chloride ions is now added
the species [COC16]3- is formed. The chlorides in
this species are not free ions and cannot be detected
by any of the conventional tests for chloride ion.

Ions such as these are called complex ions and behave

as single ions, for example, the [00016]3_ ion behaves
as one large anion with a triple negative charge.

Frame 8 /
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The resultant charge on a complex ion is the
algebraic sum of the charges of the constituent ions

or molecules. For example, the complex ion [Fe(CN)6]4-

can be regarded as being made up of one Fe2+ ion and
6 CN~ ions although these ions do not behave as
individual ions in the complex ion. Thus the
resultant charge on the couplex ion is +2 - 6 = -4
which is what is found.

Consider the complex [Fe015(H20)]2' in the work-
book. Write down the oxidation state of iron in this
complex ion. (*) Iron is in the +3 oxidation state
here, Each chlorine has a -1 oxidation state and HZO
- is uncharged, thus the overall charge of -2 for the
complex ion is only possible when PFe(11ll) is present.

What is the value of the charge x on the complex
ion [ﬁi(NH3)3013]x when Nickel is in the +2 oxidation
state? (%)

Here the overall charge is -~1. NH3 groups are
uncharged, but each chlorine has a charge of -1. Thus
X =42 - 3 = =1,

Frame 9

In order to ensure overall electrical neutrality,
complex ions are always present with counter ions.

For example, when the complex ion is negatively
charged, as in complex (a) in the workbook, the

counter ions are positively charged. When the complex
ion is positively charged, negative counter ions are
present as in (b). '

Such complex compounds are called coordination

compounds and consist of an overall electrically
neutral arrangement of a complex ion and counter ions.
Both examples on the frame are typical coordination
compounds.

Frame 10 /
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Frame 10

"Consider the coordination compound [Co(NH3)50£]012
shown in the workbook. The chloride ion and 5 NH3
groups in the complex ion are strongly bound to the
metal ion and cannot act as individual ions or
molecules., The groups are said to be in the inner
coordination sphere or in 1lst sphere of influence of

the metal ion.

The chloride counter ions can however act as free

ions in solution, as these ions are less tightly bound
to the cobalt ion and are said to be in the outer
coordination sphere of the transition metal, or 2nd
sphere of influence.

In the coordination compound K4[?e(CN)6], the 6
cyanide ions are in the inner coordination sphere of
the iron2+ ion and the 4 potassium ions are in its
outer coordination sphere.

Frame 11

As has been stated before, the ions or molecules
in the inner coordination sphere of a complex are
tightly held to the transition metal and hence cannot
be detected chemically. For example, in a solution
of the compound shown in the workbook, only 3 ions would
be detected using conductance measurements, namely 1
complex ion + 2 free chloride ions. The chloride ion
in the complex ion would not be detected by this method.
Another method of determining the number of species
present in solution, namely depression of freezing
point, would also indicate 3 ions present.

Titration with silver nitrate to detect the amount
of free chloride ions present would indicate only 2
moles of free chloride ions per mole of coordination
compound. The chloride in the complex ion would not
be detected. In a case of this sort, the total number
of chlorides in the complex would have to be determined

by /

10
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by analysis which would give the empirical formula of
the compound.

Prame 12

Let us look more closely at complex ions.
Complex ion (a) in the workbook can be considered to

consist of 1 iron2+

ion and 6 cyanide ions.

However, in the complex ion, neither the iron ion nor
the cyanide ions act as free ions, but rather the
complex ion behaves as one large ion. The ironz+ ion
is the transition metal ion in the complex ion, and we
call the other ions or molecules in the complex, such
as the cyanide ions in this case, 1igands. These
ligands are the nearest neighbour ions or molecules to
" the central metal ion and constitute the inner
coordination sphere around the central metal ion. A
ligand is therefore any ion or neutral molecule which
is bonded to a transition metal in its inner cdoordination

sphere,

- Correspondingly a complex ion consists of a tran-
sition metal ion surrounded by a series of ligands which
need not all be the same as is shown in complex ion
() in the workbook. Here the Pt4f ion is surrounded
by 6 ligands, 4 of which are uncharged ammonia molecules
and 2 of which are chloride ions.

~Frame 13

A ligand is a donor of electrons or, in other
words, & nucleophile. Generally a ligand possesses

1 or more lone pairs of electrons which can be donated
to the positively charged transition metal ion.

Ligands need not-be charged as in the case of cyanide
or chloride ions, but may also be uncharged, as in the
case of ammonia and water molecules. The important
feature of a ligand is that it must have available lone
pairs of electrons which.it can donate to a metal ion.
In this / '



In this role, ligands can be regarded as nucleophiles.
If the ligand is acting as an electron donor, or
nucleophile, what, therefore, can we say is the role of
the transition metal ion in this situation? (*)

We can say the metal ion is acting as an electro-
phile or electron acceptor.

FPrame 14

.Ligands of the type shown in the workbook are
called monodentate ligands. Such ligands have only
one position or site at which they can potentially
bond to a transition metal ion. We can consider
monodentate ligands to be 'one-toothed' ligands.

| FPrame 15

It is possible to have polydentate or multi-
toothed ligands. These ligands have more than one
potential bonding site in each molecule or ion. For
example, a bidentate ligand has 2 potential bonding
sites per molecule and can be considered as a 'double-
toothed' ligand.

Examples of bidentate ligands are ethylene diamine
or more systematically 1, 2 diamino-ethane, often called
'‘en' for short, and the oxalate ion.

In ethylene diamine the 2 terminal amine groups
each have lone pairs on the nitrogen and there are
therefore 2 potential nucleophilic bonding sites per
molecule, Similarly in the oxalate ion 2 lone pairs
exist on each negatively charged oxygen, so this is also
a bidentate ligand. |

Prame 16

The ethylene diamine molecule can attack a
transition metal ion from both nucleophilic centres to
form /

108




form a ring as shown in figure (a). The shorthand way
of drawing &n ethylene diamine group attached to a
transition metal ion in this way is shown in figure (D).
The ring formed by a bidentate ligand attached to a
transition metal ion is called a chelate,

These chelate arrangements tend to be more stable
than if 2 mono-dentate ligands were attached instead.

. A 5 membered chelate ring such as is formed by
en is comparable in stability with the 6 membered
organic rings.

FPrame 17

Diethylene triamine (or dien for short) shown hére,
- is an example of a tridentate or triple toothed ligand.
There is a potential nucleophilic bonding site on each
nitrogen, in the form of a lone pair of electrons.

How many potential bonding sites are there in
the ethylene diamine triacetate ion which is also
shown in the workbook?  (*)

There are 5 nucleophilic bonding sites in the
molecule; 1 at each nitrogen and 1 at each of the
three terminal carboxylate groups., Therefore, the
ethylene diamine triacetate ion is a pentadentate

ligand.

Prame 18

The coordination number of a transition metal

ion is the total number of nucleophilic ligand sites
which are bonded to the central metal ion in its inner
coordination sphere. Note that this is only equal to
the number of ligands present when monodentate ligands
are involved. A bidentate ligand has 2 nucleophilic
sites per molecule, and therefore a metal ion bonded
to say 3 bidentate ligands will have a coordination
number / '
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number of 6, Similarly a metal ion surrounded by 1
pentadentaté ligand and 1 monodentate ligand in its
inner coordination sphere will again have a coordination
number of 6, as a pentadentate ligand bonds to the

metal in 5 places.

In complex (a) in the workbook, the Co?* ion is

surrounded by 4 monodentate ligands and thus has a
coordination number of 4. In complex (b) the 003+
ion in the complex is surrounded by 6 monodentate

ligands and so has a coordination numb